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Abstract

Background To unravel how the integrity of nuclear and mitochondrial circulating cell-free DNA (cfDNA) contributes
to its plasma quantity in colorectal cancer (CRC) patients.

Methods CfDNA from plasma samples of 80 CRC patients stratified by tumour stage and 50 healthy individuals were
extracted. Total cfDNA concentration was determined and equal template concentrations (ETC) were analyzed by
quantitative real-time PCR (gPCR) resulting in small and long fragments of KRAS, Alu and MTCO3. The obtained data
was also examined relative to the total cfDNA concentration (NTC) and diagnostic accuracy was estimated using
receiver operating characteristics.

Results Total cfDNA levels were significantly higher in CRC group compared to healthy control and increased with
tumour stage. Long nuclear fragment levels were significantly lower in CRC patients in ETC but not NTC condition.
The integrity indices of nuclear cfDNA decreased from controls to patients with highly malignant tumor. Mitochon-
drial cfDNA fragment quantities were strongly reduced in early and late stages of tumor patients and prognostic value
was higher in ETC. Predictive models based on either ETC or NTC predictor set showed comparable classification
performance.

Conclusion Increased blood cfDNA concentration in late UICC stages inversely correlate with nuclear cfDNA integrity
index and suggest that necrotic degradation is not a major cause for higher total cfDNA quantity. The diagnostic and
prognostic value of MTCO3 is highly significant in early stages of CRC and can be evaluated more comprehensively,
using ETC for gPCR analysis.

Trial registration The study was registered retrospectively on DRKS, the german register for clinical trials
(DRKS00030257, 29/09/2022).
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Introduction

Colorectal cancer (CRC) is among the three most com-
mon diagnosed cancer and cause of death in developed
countries [1]. The risk of developing colorectal cancer
increases with age and its malignant progression lasts
about 10—15 years, thus offering time for an early diag-
nosis [2]. The survival chances for cancer patients also
depend strongly on the disease stage and can be signifi-
cantly improved by early detection [3].

In industrialized countries, screening for CRC is ini-
tially made using guaiac-based fecal occult blood tests
(gFOBT) or haemoglobin-based fecal immunological
tests (FIT). Subsequently, CRC can be detected and mon-
itored endoscopically (colonoscopy) which represents the
gold standard method for CRC examination, but lacks a
comprehensive application in routine diagnostics [4]. The
use of fecal-based tests such as gFOBT or FIT are widely
criticized among clinical experts, since the average sensi-
tivity of stool blood tests are substantially limited [5, 6].
In addition, false-positive test results can be obtained due
to cancer-unspecific internal bleedings, thus leading to
potentially unnecessary follow-up examinations [7].

In order to improve the early detection and survival of
CRC, highly sensitive, low-priced diagnostic tools should
be developed. Currently, the molecular genetic analysis
of circulating cell-free DNA (cfDNA) in the bloodstream
of patients (“liquid biopsy”) has proven to be a promis-
ing approach [8]. CfDNA fragments are released from
normal and tumor cells as a result of cellular degrada-
tion processes or exocytosis [9, 10]. In multiple cancer
entities, including CRC, the concentration of cfDNA
in patient plasma was found to be significantly higher
compared to healthy control subjects [11]. Several stud-
ies demonstrated that the sensitivity and specificity of
cfDNA quantification is superior compared to gFOBT,
reviewed in Petit et al. [12].

A further improvement of cfDNA-based diagnostics
was proposed determining the length of the cfDNA frag-
ments [12-14]. This approach comprises the amplifica-
tion of a short (~ 100 bp) and a long fragment (~ 250 bp)
of cfDNA markers via quantitative real-time PCR (qPCR).
The ratio between long and short fragments forms the
so-called DNA integrity index (DII) and is believed to
represent the difference between apoptotic and necrotic
cell degradation processes. It has been shown that as
a result of necrosis, genomic DNA fragments with a
length of>250 bp are formed, whereas apoptotic nucle-
ase activity results in a fragment length of <180 bp [15]. It
is assumed that cancer cells presumably initiate necrotic
cell death due to an active suppression of p53-medi-
ated apoptosis [16]. For CRC, some studies reported an
increased DII [13, 14, 17-20], whereas others presented
a different view, challenging the hypothesis of elevated
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necrotic cell death associated with increased cfDNA lev-
els in the plasma of tumor patients [21-27].

In addition to nuclear cfDNA (n-cfDNA) analysis,
quantification of cell-free mitochondrial DNA (mt-
cfDNA) in blood plasma was shown to improve early
detection of CRC [21, 28], presumably due to higher copy
number per cell [29, 30]. Currently, research on the asso-
ciation between an altered mt-cfDNA concentration and
presence of CRC resulted in unclear data. A systematic
analysis of DNA integrity index with nuclear and mito-
chondrial markers in distinct tumour stages of CRC has
not been published yet.

The aim of this study was, first, to analyze total cfDNA
concentration in CRC patients with different histo-
pathological stages. Second, to quantify fragments of
well-known n-cfDNA markers KRAS and Alu, as well
as mt-cfDNA marker MTCO3 independent from total
cfDNA levels and third, to examine the integrity index.
We also assessed whether our data can be compared to
previous work, that measured these markers as a func-
tion of total cfDNA concentration. Finally, we evaluate
the diagnostic accuracy of our approach comparing the
discriminative ability of all markers and their ratios (a)
independent (“equal template concentration”—ETC) and
(b) in relation to the total ¢fDNA concentration (“nor-
malized to total cfDNA”—NTC).

Material and methods

Patients and samples

The study was conducted in accordance with the Decla-
ration of Helsinki and performed under STARD guide-
lines [31]. The study is officially registered on DRKS,
the german register for clinical trials (DRKS00030257).
Local ethics committee approval and informed patient
consent was obtained. All colorectal cancer patients
were > 18 years of age and had not been treated with
radiotherapy or chemotherapy prior to blood sampling.
Blood samples of 80 consecutive patients were collected
before surgical care. The CRC cohort included patients
with UICC stage I (n=21), UICC II (n=21), UICC III
(n=20) and UICC IV (n=18), confirmed after surgery by
histopathological examination according to established
standard diagnostic procedures. Blood samples from 50
healthy individuals were provided by Central BioHub®, a
commercial Biobank that hosts collections of human bio-
specimen for scientific research.

All blood samples were prospectively collected using
K2EDTA BD Vacutainer® Collection Tube (Becton Dick-
inson, Germany). On the day of venipuncture, plasma
samples were centrifuged at 2,000 x g for 10 min and the
supernatants were carefully removed, avoiding the buffy-
coat. Plasma aliquots of CRC patients and controls were
stored at —80 °C until analysis.
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Sample processing, total cfDNA extraction

and quantification

A total of 1 ml of blinded plasma samples from all
individuals were thawed at room temperature and
centrifuged at 16,000 x g for 10 min at 4 °C. The super-
natant was transferred to 1.5 ml tube and cfDNA
extraction performed using the QIAamp® Circulating
Nucleic Acid Kit (Qiagen, Germany) according to the
manufacturer’s protocol, except the column-based iso-
lation of total cfDNA, that was performed with centrif-
ugation at 2,000 x g instead of using the vacuum pump.
Extracted cfDNA was eluted with 50 pl elution buffer
and total cfDNA concentration was determined using
Qubit™ dsDNA HS Assay Kit and Qubit" 3.0 Fluo-
rometer (ThermoFisher, Fisher Scientific, Invitrogen,
Germany). The samples were stored at —20 °C prior to
quantitative real-time PCR (qPCR) analysis.

Quantity and integrity index of nuclear and mitochondrial
cfDNA

To measure n-cfDNA and mt-cfDNA marker quan-
tities, short and long fragments of KRAS, Alu and
MTCO3 markers were targeted with qPCR. Note, that
n-cfDNA markers in the plasma of healthy individu-
als and CRC patients were analysed independent from
their total cfDNA using equal template concentrations
(ETC). Technically, we believed that this experimen-
tal approach ensures equal molarity of components in
qPCR reactions, and therefore may help to precisely
evaluate, whether short and long cfDNA fragments
are either increased, decreased or unaltered in both
groups.

QPCR was performed on a Light-cycler 96 (Roche,
Germany). All cfDNA samples were diluted to a final
template concentration of 0.1 ng/pl and 2 ul used as
template. All qPCR reactions were performed with 15 pl
reaction volume containing 1 x PowerUp ' SYBR™ Green
Master Mix and 0.25 pM of primer. Human genomic
DNA isolated from pancreatic tissue was used as positive
and a no template control as negative control. Cycling
conditions consisted of initial denaturation at 95 °C for
2 min, and 40 cycles of of 95 °C for 15 s and 60 °C for
1 min. A standard curve with serial dilutions of genomic
DNA (0.005, 0.01, 0.025 0.05, 0.5 1.0, 2.0 ng/pl) was used
to calculate a logarithmic trend line and cycle threshold
(Ct) values of measured qPCR quantities returned along
the trend line. Resulting data (ng/ul) were used to deter-
mine plasma cfDNA concentration as follows: Plasma
cfDNA concentration=qPCR data (ng/pl) x extraction
elution volume (ul) = plasma volume (pl). The final data is
expressed in ng/ml using the mean values of qPCR tripli-
cates (ETC).
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To compare our results with existing data from litera-
ture, we calculated the absolute cfDNA quantity of short
and long cfDNA fragments by normalizing the data
with the dilution factor of each sample used to obtain
0.1 ng/pl template concentration (normalized to total
concentration—NTC).

The DNA integrity index was calculated as the ratio of
long to short fragments (e.g. KRAS 305/KRAS 67). Oli-
gonucleotides of KRAS 67, KRAS 305, Alu 115, Alu 247,
MTCO3 67 and MTCQO3 296 are depicted in Table S4.

Statistical analysis

First, the group of healthy individuals were compared
with the entire CRC cohort, and second, the CRC cohort
was subdivided by UICC stage and compared with each
other and with the control group. The case numbers
are sufficient to differentiate healthy individuals from
total CRC patients with medium effect sizes with suffi-
cient statistical power (80%) with regard to the analysed
cfDNA markers.

Data was analysed in three steps. First, total cfDNA
concentration, short and long fragment quantities and
DII scores were summarized descriptively by median
and interquartile range (IQR) and graphically presented
by boxplots. Additionally, average biomarker levels were
compared between analysis groups by Mann—Whitney
U-Tests (complete CRC cohort vs. controls) and Kruskal-
Wallis-Tests (controls vs. CRC cohort stratified by UICC
stage), followed by Bonferroni-Holm-adjusted multiple
pairwise comparisons in case of significant omnibus test
results.

Second, diagnostic accuracy was assessed separately
for each biomarker (stratified by ETC/NTC condition)
regarding the ability to distinguish between healthy and
CRC cohort individuals and individuals of the several
UICC stages, respectively. To keep the number of com-
parisons manageable, individuals with UICC stages I
and II, and stages III and IV were each grouped together
for further analyses. Optimal cut-off values were deter-
mined using the Youden’s index. To quantify diagnostic
accuracy sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV) and AUC with
95% confidence limits (CI) were calculated.

To assess the combined performance of the biomark-
ers to differentiate between healthy individuals and indi-
viduals with CRC, as well as patients with different UICC
stages, a relaxed multinomial logistic LASSO (least abso-
lute shrinkage and selection operator) regression model
with tenfold cross-validation to select optimal penalty
was performed. In this approach, a penalty term in the
regression equation reduces the absolute value of the
regression coefficients (possibly to zero) and therefore
regulates the impact that a single predictor may have on
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the overall regression (or inclusion at all) [32, 33]. Dur-
ing model fitting identifies two important penalty values,
one that minimizes the misclassification error and one
that represents a stronger penalty that is still within one
standard error of the minimum misclassification error.
For the reported models, we used the higher penalty
value, because it results in a sfimaller number of selected
predictor variables and thus more externally valid mod-
els. The relaxation undoes the shrinkage of the regression
coefficients (unpenalized regression) of those predictor
variables with regression coefficients greater than zero.
Estimated multinomial logit coefficients were exponenti-
ated and reported as relative risk ratios.

This approach offers some important advantages over
classical regression analysis: 1) the selected predictors
(corresponding regression coefficients are greater than
zero) are more robust for future predictions, as this
approach is less susceptible to random noise in the pre-
dictor values; 2) problematically high intercorrelations
between the predictor values (multicollinearity) can be
adequately taken into account; 3) overfitting to the data
is avoided.

Diagnostic accuracy performance in predicting dis-
ease status was assessed using all biomarkers of the ETC
condition or the NTC condition and a combined set of
markers of both conditions, with healthy individuals as
reference category and individuals with UICC stages 1/11
and III/IV each collapsed in one category.

Diagnostic accuracy performance in predicting dis-
ease status was assessed using all biomarkers of the ETC
condition or the NTC condition. Data analysis was per-
formed with R version 4.2.1 (R Software Foundation,
Vienna, 2022), especially utilizing the “epiR” package
(version 2.0.50) to calculate diagnostic accuracy values,
“pROC” (version 1.18.0) to calculate and display ROC-
curves [34], and “glmnet” (version 4.1-4) to fit logistic
LASSO regression models [32].
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Results

Patient characteristics

The study cohort comprised 80 CRC patients (47 males;
median age: 68 years, IQR: 61—75) and 50 self-reported
healthy individuals (29 males; median age: 57 years, IQR:
55—66) as controls. UICC staging of the CRC cohort and
further demographic characteristics are summarized in
Table 1.

Generally, increased age was associated with higher
total cfDNA fragment concentrations (r¢=0.31; P,
justea=0.008) in the complete sample analysis. Significant
correlations between age and cfDNA fragment quantities
measured at ETC were primarily observed in the com-
plete sample analysis (Supplementary Table S1). With a
few exceptions, further stratification by disease status or
UICC stage resulted in a drop to non-significant associa-
tions. Normalized cfDNA markers (NTC) were not cor-
related with age, except the DII values (all P’s<0.021;
Supplementary Table S2). Subgroup analyses stratified by
UICC stage showed only occasional significant correla-
tions with age.

Quantification of total cfDNA

Total cfDNA extracted from plasma of all individuals
was measured using the PicoGreen method, resulting
in a median concentration of 8.39 ng/ml in all samples
(IQR: 4.57 — 8.35, range: 3.15 — 362 ng/ml). Compared
to healthy controls, CRC patients had significantly raised
levels of total cfDNA (P<0.0001), with a median (IQR) of
10.75 (6.86 — 19.87) compared to 6.10 (4.50 — 8.28). Com-
parison of controls with CRC-cohort of different patho-
logical grades showed significantly raised levels of total
cfDNA (Kruskal-Wallis-test: P=0.0084) for UICC-I
(P=10.0020), UICC-II (P=0.0030), UICC-III (P<0.0001)
and UICC-IV (P<0.0001). Specifically, the median (IQR)
in stage I was 8.87 (6.75 — 12.60) ng/ml, stage II 9.09 (6.17

Table 1 Patient characteristics and cfDNA concentrations in study groups

Characteristic by study group by UICC stage
Controls, CRC patients, P-value UICCI, uUICCI, UICC III, uICC1V, P-value
N=50 N=80 N=21 N=21 N=20 N=18
Gender 0.9327 0.3036
female 21 (42%) 33 (41%) 12 (57%) 6 (29%) 8 (40%) 7 (39%)
male 29 (58%) 47 (59%) 9 (43%) 15 (71%) 12 (60%) 11 (61%)
Age 57.0 68.0 <0.0001 66.0 720 64.5 69.5 06123
(55.0, 66.0) (61.0,75.2) (61.0,73.0) (63.0, 76.0) (58.5,74.0) (63.5,73.5)
Total cfDNA (ng/ml) 6.10 10.51 <0.0001 8.87 9.09 1246 20.66 0.0084
(4.50, 8.28) (6.92,19.83) (6.75,12.60) 6.17,14.22) (7.36,20.71) (9.74,37.24)

Reported values are frequencies (percent) and medians (IQR) and test results of group comparisons

CRC Colorectal cancer, UICC Union internationale contre le cancer, IQR Interquartile range
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— 14.22), stage I1I 12.47 (7.36 — 20.71) and stage IV 20.66
(9.74 — 37.24), respectively (Table 1 and Fig. 1).

Nuclear and mitochondrial cfDNA in CRC patients

versus healthy individuals

Median and IQR values of studied cfDNA markers are
summarized by study group in Table 2 (left panel) and
Fig. 2. At ETC, no significant differences between healthy
individuals and CRC patients were found in the short
nuclear cfDNA fragments KRAS 67 and Alu 115. How-
ever, for both long fragments (KRAS 305 and Alu 247)
significantly decreased concentrations in the CRC cohort
were observed (P=0.0021 and P=0.0003, respectively).
Conversely, short but not long fragmented markers
showed significant differences between controls and CRC
patients (each P<0.0001) in NTC condition.

The comparison of mt-cfDNA fragment concentrations
(MTCO3) between healthy individuals and CRC patients
yielded highly significantly decreased values in the CRC
cohort in both the ETC and NTC condition. The group
differences are slightly more pronounced in the ETC
condition.

Nuclear and mitochondrial cfDNA in different UICC stages

To decipher cfDNA marker concentrations in relation to
CRC progression, the CRC cohort was grouped by their
UICC stages (Table 2 right panel and Fig. 3). Principally,
the pattern of significant group differences in the ETC
and NTC followed the same as described above for the
comparison of healthy individuals and CRC patients.
Long n-cfDNA fragments (KRAS 305 and Alu 247) dif-
fered significantly between groups in the ETC condi-
tion, while short n-cfDNA fragments (KRAS 67 and Alu
115) showed significant differences in the NTC condi-
tion. Thereby, higher UICC stages were associated with
decreased long fragment concentrations in the ETC
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condition and increased short fragment concentrations
in the NTC condition.

For the mt-cfDNA marker MTCO3 (Fig. 3, two bottom
rows) similar results were obtained in both conditions,
however, more significant in ETC. While higher UICC
stages were generally associated with lower fragment
concentrations (especially in the ETC condition), a very
high variance was observed in individuals with UICC
stage III, which disturbed the overall trend.

DNA integrity indices of nuclear and mitochondrial cfDNA
Note that the DII values are not effected of the normali-
zation procedure and therefore are not depicted with
respect to the ETC and NTC conditions. Groupwise
medians (IQR’s) and non-parametric overall test results
are given in Table 2 (lower third). Results of adjusted
multiple groupwise comparisons are depicted in Fig. 4.
In both n-cfDNA fragments lower DII's were associated
with higher UICC stages. The MTCO3 296/67 index
showed no clear association with UICC stage.

Diagnostic accuracy of individual markers

The cfDNA marker cut-offs and DII scores to differ-
entiate between healthy individuals vs. CRC patients,
healthy individuals vs. UICC stage I/II, healthy indi-
viduals vs. UICC stage III/IV, and UICC stage I/II vs.
UICC stage III/IV are summarized in Supplemen-
tary Table S3. No single condition (ETC vs NTC) out-
performed the other across all markers and group
differences. Regarding the AUCs, in the NTC condi-
tion short n-cfDNA fragments yielded higher discrimi-
natory power than in the ETC condition. With one
exception (Alu 247 in UICC I/II vs UICC III/1V), the
long n-cfDNA fragments provide better differentia-
tion in the ETC condition. For the mt-cfDNA marker
MTCO3 the analysis showed mixed results. When one

10000 .
1000 #
L L ]
100
L ]
obd B 6
Healthy | I 1l IV
individuals

Fig. 1 Boxplots of total cfDNA concentrations in healthy individuals, the CRC cohort and CRC patients stratified by UICC stage. Note. Boxplots
present total cfDNA concentration (in ng/ml) by study group (left panel) and further subdivided by UICC stage (right panel). Roman numerals on
x-axis ticks refer to UICC stage. Stars indicate significant group differences in multiple Mann-Whitney-Tests (Bonferroni-Holm-adjusted in right
panel): * ... P<0.05,* ... P<0.01,*** .. P<0.001,**** . P<0.0001. CRC: colorectal cancer; UICC: Union internationale contre le cancer
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Table 2 Data of nuclear and mitochondrial cfDNA markers in healthy individuals, the CRC cohort and CRC patients stratified by UICC

stage
by study group by UICC stage
Healthy CRC patients, P UICCI,N=21 UICCIl,N=21 UICCII,N=20 UICCIV,N=18 P
individuals, N=80
N=50

Equal template concentration (ETC)

KRAS 67 2.08 1.77 0.7979 2.11 1.70 1.65 243 0.1836
(1.27,2.72) (145,2.72) (1.64,3.24) (143,241) (1.39,2.33) (141,2.76)
KRAS 305 2.06 1.23 0.0021 1.78 1.35 1.17 074 0.0037
(1.11,2.86) (0.76,1.81) (1.12,2.06) (1.01,1.87) (0.74, 2.46) (046,1.17)
Alu 115 7.64 7.26 04104 7.26 7.67 6.42 6.99 0.2771
(5.59,8.89) (6.18,8.15) (6.89,7.61) (6.32,8.36) (5.33,7.88) (6.01,8.07)
Alu 247 1.70 0.82 0.0003 1.06 0.74 091 0.76 0.5301
(0.78,2.92) (0.56,1.21) (0.72,1.62) (0.58, 1.54) (049,1.17) (0.45,1.13)
MTCO3 67 261 032 <0.0001 051 0.27 091 0.24 0.0406
(0.70, 8.45) (0.19,0.82) (0.16,0.79) (0.17,041) (0.27,4.09) (0.20,0.44)
MTCO3 296 1.82 030 <0.0001 036 0.22 043 0.24 0.0896
(0.60, 5.28) (0.17,0.73) (0.23,0.78) (0.17,0.38) (0.22,4.13) (0.14,0.49)
Normalized to total cfDNA (NTC)
KRAS 67 263 5.24 <0.0001 4.89 458 4.85 12.08 0.0099
(1.86,3.85) (2.76,9.34) (3.21,7.58) (1.89,5.88) (3.29,9.13) (4.70,21.31)
KRAS 305 2.50 361 0.0500 383 257 427 5.14 0.2609
(1.55,4.52) (1.90,5.27) (1.90,4.33) (1.92,3.83) (1.99,5.27) (2.03,7.81)
Alu 115 9.98 17.01 <0.0001 1467 14.30 18.19 36.64 0.0212
(7.19,13.86) (1091, 34.60) (10.45,27.50)  (9.07,2341) (10.76,32.48) (16.53,67.65)
Alu 247 237 2.28 0.7036 234 1.70 234 3.54 0.2047
(1.32,3.82) (1.25,4.94) (1.29,3.55) (0.99,3.72) (1.31,432) (1.80, 8.85)
MTCO3 67 336 1.04 0.0008 0383 0.65 237 1.23 0.0089
(0.92,12.64) (046, 3.10) (045, 2.84) (0.39,0.83) (0.62,9.20) (1.03,2.71)
MTCO3 296 2.25 0.87 0.0019 089 047 1.55 1.31 0.0334
(0.73,11.51) (0.44, 2.85) (0.47,3.05) (0.31,0.85) (0.54,8.13) (0.56, 1.81)
DNA integrity index (DIl)
Index KRAS 305/67 1.05 0.63 0.0003 0.81 0.74 0.69 0.38 0.0013
(0.73,1.46) (0.44,1.02) (0.50, 1.09) (0.54,1.08) (0.53,1.30) (0.22,0.53)
Index Alu 247/115  0.22 0.12 <0.0001 0.12 0.10 0.13 0.09 04174
(0.14,0.33) (0.08,0.18) (0.09,0.23) (0.09,0.17) (0.10,0.18) (0.06,0.14)
Index MTCO3 0.60 1.00 0.0046 1.07 0.97 0.99 0.98 0.2515
296/67 (0.46, 1.04) (0.81,1.10) (0.95,1.21) (0.86, 1.06) (0.74,1.07) (0.61,1.17)

Reported are median (IQR) values and results of the group comparisons by Mann-Whitney-U-test (healthy individuals vs CRC cohort) and Kruskal-Wallis-Test (UICC
stages). Concentrations (in ng/ml) in healthy individuals and CRC patients measured by qPCR using equal amounts of template and subsequently normalized to their
respective total cfDNA concentration

CRC Colorectal cancer, IQR Interquartile range, UICC Union internationale contre le cancer

of the groups to differentiate was the healthy controls,
diagnostic accuracy was better in the ETC condition,
but discrimination performance between UICC I/II and
UICC III/IV was superior in the NTC condition.

The total cfDNA concentration yielded one of the
highest AUCs in all four group differentiations rang-
ing from 0.69 to 0.82 (all P’s<0.007) and with sensi-
tivity indices of 81% up to 88%. The specificity for all
four groups was 62% (1), 57% (2), 74% (3) and 55% (4),
respectively and indicates the best CRC detection rate
for patients with later stadium III/IV.

Discriminative diagnostic accuracy of predictor sets

Results of the three LASSO multinomial regression
models to discriminate between healthy individu-
als (reference group) and persons with UICC I/II and
UICC III/1V, respectively, are depicted in Table 3. Both
models that based on only one predictor set (ETC or
NTC, respectively) showed roughly comparable clas-
sification performance with overlapping confidence
intervals of misclassification error rates. The regres-
sion model that incorporated ETC-predictors and
NTC-predictors, however, showed a substantially lower
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Normalized to cfDNA
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Fig. 2 Boxplots of n-cfDNA and mt-cfDNA marker concentrations by study group. Note. Boxplots present marker concentrations (in ng/ml) of gPCR
analysis using equal template concentrations (left panel) and normalized to total cfDNA concentration (right panel). Stars indicate significant group
differences by Mann-Whitney-Test: * ... P<0.05,** ... P<0.01,** ... P<0.001, *** ... P<0.0001. CRC: colorectal cancer

misclassification error rate (33.1%) and higher multi-
class AUC-value (AUC: 0.843) and outperformed each
single predictor set (Table 3). Corresponding ROC
curves of the models are depicted in Supplementary

Figure S1. Furthermore, the misclassification error
rates confidence interval of the third model, that incor-
porated variables of both predictor sets, does not over-
lap with the first two models.
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Discussion

A large number of studies have shown that higher total
cfDNA levels can be detected in the plasma of colorec-
tal cancer patients, although, especially in late tumour

stages [11, 12, 35, 36]. To date, it remains unclear how
the lengths of nuclear and mitochondrial cfDNA frag-
ments contribute to total cfDNA quantity and whether
they can be used as sensitive and reliable biomarkers in
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CRC diagnostics. It is considered that tumour-derived
necrotic DNA degradation results in ¢fDNA fragments
with a length of > 250 bp, whereas normal apoptotic cells
produces fragments of around 180 bp or less [15, 37]. An
increased ratio between long to small fragments (DII)
was found in a significant number of studies but others
did not support this theory [21-27].

Our study was designed to specifically address the
question whether short and/or long fragments were
altered in CRC patients compared to healthy individuals.
Therefore, we intended to precisely measure n-cfDNA
and mt-cfDNA independent from total concentration
of isolated cfDNA, arguing that the ratio between small
and long fragments in cfDNA samples from certain study
groups must remain identical.

In agreement with previous findings applying fluores-
cent-based ¢fDNA quantification methods reviewed in
Petit et al. [12], we detected a higher concentration of
total cfDNA in plasma samples of CRC patients com-
pared to healthy controls. In addition, the level was
observed to increase with the pathological stage of CRC,
suggesting an increase with tumour malignancy.

Using equal cfDNA concentration (ETC) as template
for qPCR analysis, control and CRC patients showed
similar levels of both KRAS 67 and Alu 115 markers.
This outcome also remains unaltered in all stages of
CRC, highlighting that there is no measurable difference
in short n-cfDNA fragment levels between healthy and
cancer group at ETC condition. However, regarding long
fragments of both n-cfDNA markers KRAS 305 and Alu
247, a significant decrease was detected comparing both
cohorts. Strikingly, decreased levels of long n-cfDNA
fragments was also observed in later stages of CRC,
although with a statistical significance only in stage IV,
indicating that advanced tumour malignancy inversely
contribute to n-cfDNA stability. Likewise, significantly
reduced DII scores were detected for both KRAS 305/67
and Alu 247/115. Primarily, significant reductions were
observed in UICC stage IV, with the most pronounced
decrease of long n-cfDNA fragments. Importantly, the
results changed profoundly when the qPCR data was
normalized to the actual cfDNA concentration of each
sample (NTC). We believe that this approach mostly
resembles previous qPCR analysis, in which cfDNA
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Table 3 Estimated regression coefficients of the three relaxed multinomial LASSO models
Predictors ETC predictor set NTC predictor set ETC and NTC
predictor set
uicci uicc v uvicci uicc v uicci/n uicc mnv
Equal template concentration (ETC)
KRAS 67
KRAS 305
Alu 115
Alu 247 0927 0.906 0.600 0458
MTCO3 67
MTCO3 296 0.947 0.955 0.894 0.923
Normalized to total cfDNA (NTC)
KRAS 67
KRAS 305 1.1 1.199
Alu 115 1.001 1.002
Alu 247 1.026 1.072
MTCO3 67 0.998 0.999 0.968 0.995
MTCO3 296 0.985 0.991
Independent
(Intercept) 1.351 1.196 1.112 1.049 2.300 1816
Index KRAS 305/67 0.924 0.647
Index Alu 247/115 0374 0.348 0.224 0.196 0.691 0.768
Index MTCO3 296/67
Total DNA ng/ml Plasma 1.000 1.003 1.008 1.033
Misclassification error 0.408 (0.379,0.436) 0.446 (0.410,0.482) 0.331(0.300, 0.361)
Multiclass AUC 0.813 0.775 0.843

Regression coefficients are reported as relative risk ratios with healthy individuals as reference category. Predictors without coefficient values were dropped by LASSO
regression procedure. Misclassification error indicates percentage (95% confidence interval) of non-correctly categorized individuals as assessed by tenfold cross

validation

UICC Union internationale contre le cancer, ETC Equal template condition, NTC Normalized to Total DNA condition

samples were analysed via qPCR independent from its
concentration. Accordingly, the level of short n-cfDNA
fragments significantly increases in the CRC cohort and
with higher pathological stages. This result demonstrates
that the n-cfDNA concentration is generally higher in the
plasma of CRC patients and confirmed previous find-
ings [13, 14, 18, 20-28]. For long n-cfDNA fragments at
NTC condition, the calculated quantities of both KRAS
305 as well as Alu 247 did not significantly differ between
healthy individuals and all stages of CRC patients.
Although, we noticed a slight increase in the level of both
markers from stage II to IV, this observation was without
statistical significance. At this point, our findings differed
from previous studies, that reported elevated cfDNA lev-
els including long fragmented markers [20-22, 25, 27].
Nevertheless, Mead et. al. reported increased median
levels of total cfDNA and Alu 115 rising from control to
benign polyps and cancer group, whereas long fragment
levels of Alu (247) and Linel (300) were comparable or
even lower in CRC patients compared to individuals with

benign polyps [21]. Of note, Bhangu et al. reported a
significantly decreased median level of Line 297 in total
CRC patients as well as patients with either stage I-1II or
stage IV compared to control individuals. However, in
contrast to increased levels of Alu 115, no significant dif-
ference between controls and patients was found for Line
79 [26]. Furthermore, the integrity index of patients with
different histopathological stages of CRC were reported
to significantly decrease in stage IV compared to stage
II. This observation might be explained by an increase
in the level of Alu 83 that was more profound compared
to that of Alu 244 [22]. A significantly decreased DII was
also observed by Yoriiker et al. and Sinha et al., with both
research groups investigating multicopy transposable ele-
ments such as Alu in stage IV CRC patient plasma com-
pared to healthy controls [23, 27]. Pu et al. found similar
median fragment levels of Alu 219 in CRC patients with
stage 0, I and II, while only patients in stage IV were
found to be significantly higher compared to control
individuals. In contrast, Alu 115 values were significantly
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higher in stage L, II and IV, thus resulting in a decreased
cfDNA integrity in all stages compared to healthy con-
trols was observed [25].

We assume that, under NTC condition, the level of
especially short n-cfDNA fragments in the plasma of
CRC patients increases proportional to the level of total
cfDNA, particularly in advanced stages of CRC. In con-
trast, long n-cfDNA fragments did not, suggesting that
increased levels of total cfDNA in CRC patients is not
associated with raised necrotic cellular degradation. This
result is also in accordance with a recent view, whereby
increased tumor-derived cfDNA quantity predominantly
comprises shorter fragments compared to healthy indi-
viduals [23-25]. In further support to our view, Mouli-
ere et al. reported that the median-size distribution of
cfDNA in the plasma of metastatic CRC patients were
lower compared to healthy individuals utilizing Atomic
Force Microscopy [38]. In this context, several recent
studies applying next generation sequencing (NGS)
techniques on cfDNA extracted from plasma of cancer
patients revealed significantly lower levels of long frag-
mented cfDNA [39, 40].

The analysis of short and long fragments of MTCO3
revealed a highly significant decrease of both markers
in CRC group at ETC condition. Moreover, both frag-
ment levels were significantly reduced in almost all
stages of CRC with the exception of stage III. Consider-
ing the relevance of especially early stages (I and II) for
CRC detection, our data suggests an improvement for
cfDNA-based diagnostics using mitochondrial mark-
ers. Of note, decreased mt-cfDNA levels were also found
when normalizing our data to the total cfDNA con-
centration (NTC). However, this approach remarkably
reduced the difference in mt-cfDNA quantity between
CRC and control group as well as UICC stages, rela-
tive to the data obtained from equal template concen-
tration. Thus, our findings may have unravelled a weak
point of using unequalized total cfDNA concentrations
as template in gPCR-based CRC diagnostics (NTC) and
provides additional evidence for the usefulness of our
approach (ETC). Surprisingly, although weak, the DII of
mt-cfDNA fragments in CRC patients was significantly
higher compared to healthy individuals. This observation
was in contrast to the DII of n-cfDNA and may be due
to significant differences between healthy individuals and
CRC patients in long and short MTCO3 fragment levels.
At this point, our data further suggest a fundamental dif-
ference between n-cfDNA and mt-cfDNA with regard to
its integrity. However, we can only speculate whether this
difference is due to an alternate origin or mode of degra-
dation. Of note, mitochondrial DNA lacks a nucleosomal
core structure and it was recently published that plas-
matic mt-cfDNA is more stable compared to n-cfDNA
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[41]. In addition, it was reported that a substantial
amount of entire cell-free mitochondria with intact res-
piratory metabolism are present in human plasma, next
to its known presents in microvesicles [41]. Nonetheless,
in our view, the prognostic value of mitochondrial DII is
questionable at this point, since there is no significant dif-
ference between the UICC stages. Even so, we confirmed
previous findings in which MTCO3 was used as a poten-
tial biomarker, whereby mt-cfDNA concentration in CRC
patients decreases significantly compared to healthy indi-
viduals [28]. With regard to other mitochondrial target
sequences, specifically MTND1, Mead et al. reported an
increased mt-cfDNA level in polyp and cancer popula-
tion compared to control individuals. However, in com-
parison to an increased Alu 115 quantity, no difference
in mt-cfDNA concentration was found between poly and
cancer group [21]. Strikingly, several recent studies dem-
onstrated a significantly higher mt-cfDNA concentration
(copy number) in plasma of healthy controls compared to
CRC patients applying NGS-based approaches [40, 42].

Generally, we believed that the contribution of tumour-
specific n- and mt-cfDNA might be far too low to explain
the elevated total cfDNA level or changes in the DII in
plasma of CRC patients. It is therefore necessary to con-
sider other non-malignant cells or cellular processes as
a major source of cfDNA. This is supported by research
that has shown that stromal, endothelial and immune
cells also constitute to the microenvironment of tumour
tissue either to support or to oppose cancer formation
[36, 43]. Therefore, although it is plausible that senescent
tumour cells in CRC patients are frequently undergoing
necrosis, cancer cell death might be covered by enhanced
apoptosis from yet unknown cell origin.

An additional important objective of this study was to
determine marker-specific cutoffs for the diagnostic use
of biomarkers to differentiate groups. Specifically, we
report the cut-offs for the following group differentiations:
1) healthy control versus total CRC patients, 2) healthy
control versus CRC patients with UICC stage I and 1II,
group 3) healthy control versus patients with stage III and
IV, and group 4) UICC stage I and II versus stage III and
IV. Therefore, we either used the data measured unrelated
to (ETC) or dependent on the total c¢fDNA concentra-
tion (NTC) (Table S3). Of note, total cfDNA concentra-
tion measured spectrophotometrically yielded one of the
highest AUC:s in all four group differentiations and indi-
cates the best CRC detection rate for patients with later
stadium III/IV. With regard to previous studies, in which
a comparable detection method was used, our results per-
formed moderately better. For early stages (I/II), an AUC
of 0.64 (P=0.03) with 42% sensitivity and 75% specificity
and for later stages (III/IV) an AUC of 0.63 (P=0.003)
with 63% sensitivity and 75% specificity was reported [44].
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El-Gayar et al. distinguished CRC patients from healthy
donors with an AUC of 73% (P=0.004), a sensitivity of
68% and a specificity of 65% [14].

For the evaluation of diagnostic potential using single
markers, best results were obtained for both mt-cfDNA
fragments in the ETC condition, thus highlighting the
potential of mt-cfDNA biomarkers in early stage CRC
detection. This result is in agreement with data from
Mead et al, in which ROC curve analysis of a single
mt-cfDNA marker were able to significantly (P<0.001)
differentiate patients (polyps and CRC) from healthy con-
trol [21]. For single nt-cfDNA marker quantities, highest
diagnostic accuracies were obtained for longer fragments
of KRAS and Alu in the ETC condition and shorter frag-
ments KRAS and Alu in the NTC condition. However,
detection of CRC with high sensitivity and specificity
was only reached in advanced tumour progression (UICC
stages III and IV), suggesting a subordinate importance
of these markers for early diagnosis. In consistency with
our results, several studies reported a clear discrimina-
tion between healthy and advanced or metastatic CRC
populations with a high sensitivity and specitivity of sin-
gle nt-cfDNA markers with most of them targeting the
Alu sequence [18, 21, 26, 27].

In our study, the DII of nt-cfDNA and mt-cfDNA
proved to be effective determinants to significantly dif-
ferentiate the aforementioned groups. However, we
conclude that DII scores from both n- and mt-cfDNA
markers in our analysis did not performed superior com-
pared to single markers, and especially with regard to
the total cfDNA concentration. In our view, this could be
explained by the fact that DII determination as the ratio
between long and short fragment quantities is limited by
the discriminatory capability of either of its “best” sin-
gle marker. For example, at ETC condition, the median
quantity of Alu 247 fragments performed best, whereas
in the NTC condition Alu 115 seemed to be a more reli-
able marker (Figs. 2 and 3).

Using LASSO multinomial logistic regression, a mod-
ern and robust statistical technique that circumvents
multicollinearity problems between predictor variables
that is able to identify important predictors and pro-
vide robust estimates, we investigated the relationship
between biomarkers and UICC stages of colorectal can-
cer. We applied this modelling approach to different sets
of predictor variables and evaluated the predictive accu-
racy of the different models using misclassification error.
Both models based on a single set of biomarkers (ETC or
NTC) resulted in approximately equal diagnostic predic-
tion accuracy, whereas the model that included biomark-
ers of the ETC and NTC condition had approximately
30% lower misclassification error rates. Interestingly, only
long fragmented biomarkers were selected as predictors
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in the final model, with the exception of the MTCO3
marker (67 bp).

Conclusions

In conclusion, this study suggests that cfDNA represents
a cost effective alternative to diagnose and monitor cer-
tain types of cancer including CRC. However, it is nec-
essary to prove its reliable clinical application in settings
ideally outside from case control studies. This might be
achieved by utilizing quality assured biospecimen of
larger population-based biobanks collected at multiple
time points in the life time of individuals. A major con-
tribution of our work to the field of research is the novel
approach we applied to quantify short and long frag-
ments of n-cfDNA and mt-cfDNA markers. Our qPCR
analysis in ETC condition was conducted with equal
fixed template concentrations of isolated cfDNA sam-
ples from both patients and healthy individuals, thus,
following the argument that the ratio between short and
long fragments should be unaltered regardless the dilu-
tion factor of cfDNA used as template. Our results sug-
gest that the increased amounts of total cfDNA found in
the bloodstream of CRC patients cannot be associated
with elevated necrotic degradation processes since the
quantity of large genomic cfDNA fragments were found
to decrease with pathological cancer stage. Moreover,
we observed reduced short and long mt-cfDNA levels,
a result that presumably became less abundant if undi-
luted cfDNA was used as template considering that total
cfDNA concentration is higher in CRC patients.

Finally, however, the limitations of the present study
must also be pointed out. Due to the case—control design
of the study, a systematic result-distorting effect due to
differences between the study groups (e.g. age, nutrition,
lifestyle etc.) cannot be ruled out. In this regard, a corre-
lation between age and total cfDNA as well as some bio-
marker quantities was observed (Supplementary Tables
S1, S2). These correlations seemed more pronounced
in ETC compared to NTC indicating significant differ-
ences between both conditions for data evaluation. Nev-
ertheless, a comparable median age in UICC stages and
clear trend for various single biomarker quantities can
be found in both ETC and NTC. Thus, it is possible that
the inclusion of additional influencing factors, for exam-
ple in the form of covariates in the multivariate regres-
sion model, could change the diagnostic significance of
individual biomarkers. Further studies are necessary to
validate the promising potential of our approach using a
combined set of genomic and mitochondrial fragments
to detect CRC and to differentiate between its clinico-
pathological stages. Moreover, it remains an open ques-
tion whether our findings and prognostic models can be
transferred to other types of cancer as well.
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Abbreviations

cfDNA Circulating Cell-free DNA

n-cfDNA  Nuclear cfDNA

mt-cfDNA  Mitochondrial cfDNA

CRC Colorectal Cancer

ETC Equal Template Concentrations

NTC Normalized Template Concentrations

qPCR Quantitative Real-Time Polymerase Chain Reaction
KRAS Kirsten Rat Sarcoma Virus

Alu Arthrobacter luteus

MTCO3 Mitochondrially Encoded Cytochrome C Oxidase IlI
DRKS German Register for Clinical Trials

gFOBT Guaiac-based Fecal Occult Blood Test

FIT Fecal Immunological Test

DIl DNA Integrity Index

STARD Standards for Reporting of Diagnostic Accuracy Studies
ulcc Union for International Cancer Control

IQR Interquartile Range

LASSO Least Absolute Shrinkage and Selection Operator
cT Cycle Threshold
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Additional file 1: Figure S1. Multiclass ROC curves of the multinomial
regression models discriminating between healthy individuals and
patients with UICC I/Il or UICC llI/IV as well as between UICC I/l and UICC
lII/1V, respectively. The models incorporate either predictor sets in ETC

or NTC condition as well as both together. Table S1. Spearman rank
correlations (95%-Cl) between age and biomarker concentrations (equal
template concentrations - ETC) for complete sample and stratified by
disease status, as well as UICC stage. Table S2. Spearman rank correlations
(95%-Cl) between age and biomarker concentrations (normalized to total
cfDNA - NTC) for complete sample and stratified by disease status, as well
as UICC stage. Table S3. Diagnostic cut-offs of cfDNA markers in the ETC
and NTC condition between 1) Healthy individuals vs. Total CRC patients,
2) Healthy individuals vs. UICC stage I/1l, 3) Healthy individuals vs. UICC
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cleotides used in the gPCR analysis.
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