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Abstract

Circulating tumor DNA (ctDNA) has high clinical potential in early cancer detection. The
renal system and the liver are involved in clearing circulating cell free DNA (cfDNA) from
the blood. Recent studies on mice show that inhibiting the liver’s ability to clear cfDNA
results in elevated ctDNA levels in blood samples. Emphasizing the need for studies in
humans exploring if markers of renal and liver function are associated with cfDNA and
ctDNA levels in the blood. The present study investigates if cfDNA level, ctDNA level and
ctDNA detection is affected in colorectal cancer (CRC) patients with clinical biomarkers
indicative of low renal and liver function. We requisitioned standard laboratory tests of
renal and liver function, measured within thirty days of curative intended surgery from 846
stage I-IIl CRC patients. For each patient, matching preoperative cfDNA and ctDNA data
was available. We investigated the correlation between impaired renal and liver function
and cfDNA level, ctDNA level, and ctDNA detection. The findings revealed that variation in
renal and liver function in stage I-1ll CRC patients did not affect cfDNA level, ctDNA level,
or ctDNA detection and that ctDNA test results remain stable over a wide range of renal
and liver biomarker results.

1. Introduction

Measurements of circulating tumor DNA (ctDNA) is an emerging tool for early cancer
detection, allowing for in-depth monitoring of treatment effect and disease progression [1-5].
Despite ctDNA detection technologies becoming increasingly sensitive, ctDNA is not detect-
able in all cancer patients. The ability to detect ctDNA is dependent on the level of ctDNA in
the blood, which again is determined by the release and clearance-rate of tumor DNA [6]. The
supply of ctDNA to the blood is driven by cancer cell turnover [7], which is closely linked to
disease stage and location [8]. In healthy individuals, the half-life of ctDNA in the circulation
is estimated to ~ 2 hours [8]. Circulating cell-free DNA (cfDNA) in blood has been reported
to be cleared via the liver and kidneys [9]. In support of this, increased cfDNA levels have
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been reported in patients with poor renal [10-12] and liver function [13,14]. Furthermore,
it was recently reported that transiently blocking the liver cfDNA clearance function in mice
increased the cfDNA level in circulation by up to 10-fold, and that this in turn increased the
sensitivity for detecting ctDNA in mice with small tumors [15].

Patients afflicted with cancer disproportionately suffer from liver and renal diseases when
compared to the background population. In patients with non-alcoholic fatty liver disease the
risk of colorectal cancer (CRC) is elevated 3-fold [16] and in patients with CRC abnormally
low renal function has an estimated prevalence of over 70% [17]. Furthermore, the presence
of a cancer in the body may in and of itself degrade the condition and function of the liver
and kidneys [18-20]. Hence, it may be hypothesized that CRC patients affected by poor liver
and renal function may have attenuated ctDNA clearance, and therefore augmented levels of
ctDNA. Potentially, ctDNA testing will be more sensitive in these patients than in patients
without liver and kidney comorbidities.

CRC patients in Denmark undergo a range of laboratory tests prior to curatively intended
surgery. These include creatinine, glomerular filtration rate (eéGFR), sodium, and potassium.
Collectively, these parameters estimate the fluid status and kidney function of a patient; Indeed,
estimates of eGFR form the foundation for diagnosing patients with chronic kidney disease.
Liver function is estimated via blood tests of bilirubin, alkaline phosphatase, and alanine trans-
aminase among others. The laboratory test data is archived and readily available, providing a
detailed view into the renal and liver function of CRC patients in the Danish healthcare system.
To investigate the impact of renal and liver function on cfDNA level, ctDNA level, and ctDNA
detection probability, we analyzed a cohort of CRC patients for which preoperative liver and
renal function laboratory tests as well as information of cfDNA and ctDNA level was available.

2. Methods
2.1. The patient cohort

The cohort for this study comprised consecutively recruited patients planned to receive

a curative intended surgical resection of stage I-III CRC. All patients were diagnosed and
treated in accordance with Danish guidelines (DCCG.dk). The participants were recruited
from 2012 to 2022 at nine hospitals in the Capital, Central and Southern Denmark regions. As
part of the study, patients had blood collected prior to and after surgery with the aim to retro-
spectively measure cfDNA and ctDNA. All patients gave written informed consent in accor-
dance with the World Medical Association Declaration of Helsinki. The project was approved
by The Central Denmark Committees on Health Research Ethics (case j. no. 1-10-72-3-18 and
j. no. 1-10-72-223-14).

2.2. Extracting data on laboratory test results

Laboratory test results of renal and liver function were requisitioned from the local “Clinical
Laboratory Information System Research Databases” (LABKA) in each of the involved Danish
regions. To gauge liver function, alkaline phosphatase, bilirubin and alanine transaminase
results were requisitioned. To gauge renal function, creatinine, eGFR, sodium, and potassium
results were chosen. The LABKA databases do not report precise eGFR results above 90 mL/
min/1.73m?2 Therefore, any eGEFR test result of >90 mL/min/1.73m? was registered as 90 mL/
min/1.73m? in this study.

2.3. Classification of laboratory test results

The laboratory results were categorized according to the reference range for each sample.
In Denmark, the hospital system is organized in five independent regions, each of which
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define the normal reference range for their laboratories. The reference range for a specific
patient’s test result was defined using the reference range specific to the Region the patient
was recruited from, accounting for age and sex where applicable [21-23] (S1 Table in S1 Text).
Based on the reference ranges the results for each patient were categorized as “Below refer-

» «

ence”, “Within reference”, or “Above reference”.

2.4. Tumor and cfDNA

The ctDNA quantification data included in this paper have been previously published in their
own right [24]. Detailed methodology is described there and in the associated methodology
papers (24-28). In brief, whole-exome sequencing was conducted on paired tumor and bufty
coat DNA samples from each patient. This data was evaluated for clonal mutations, selected
based on variant allele frequencies and estimates of cancer cell purity, tumor ploidy, and
allele-specific copy numbers [25]. Based on the available clonal mutations, ctDNA analysis
was conducted using either droplet digital PCR targeting a single, clonal, small-nucleotide
variant [26,27] or deep targeted panel sequencing of 12 genes frequently mutated in CRC [28].

2.5. Pairing biomarkers of renal and liver function to ctDNA test results

Laboratory test results were matched with the preoperative and postoperative cfDNA samples.
For patients with repeated laboratory measurements, the measurement closest in time to the
cfDNA blood collection was chosen. Only test results from within 30 days before the operation
were considered when matching results to preoperative ctDNA and ¢fDNA measurements.

2.6. Defining low renal function

In this study, we define a 30-day preoperative eGFR as the mean of all eGFR measurements
conducted in the month leading up to the operation. The formulas used by the regional
hospitals to calculate eGFR is available in S1 File. The median number of eGFR measurements
per patient in the month up to operation was 2 (IQR 1-3). The 30-day preoperative eGFR was
used to define whether a patient had low renal function or normal renal function. In accor-
dance with Kidney Disease: Improving Global Outcomes (KDGIO) guidelines (https://kdigo.
org) patients were categorized as having low renal function if their average eGFR was below
60mL/min/1.73m2

2.7. Statistical analysis

The ctDNA status (detected or undetected), ctDNA level, and cfDNA level were the dependent
variables whereas the laboratory test results were the primary explanatory variables. To investi-
gate the relationship between the liver function and the risk of a positive ctDNA call, binomial
logistic regression analysis was applied. The association between renal function and ctDNA test
results was similarly analyzed with a binomial logistic regression. A log-log regression was used
to analyze the relationship between the liver/renal laboratory test level and the ctDNA or ¢fDNA
level. Only ctDNA positive patients were included in the log-log regression analysis. All regres-
sion models were adjusted for patient age at date of operation and the pT and pN categories of
the tumor. In all analyses, the false discovery rate was controlled using the Benjamini-Hochberg
method. A significant result was defined as p < 0.05 after Benjamini-Hochberg adjustment. All
statistical analysis was conducted using the programming language R, version 4.3.1.

3. Results

In total, we included 846 stage I-III CRC patients. Patient characteristics are presented in
Table 1. We measured cfDNA and ctDNA preoperatively on all patients. Clinical routine
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biomarker levels indicative of renal function and liver function were available on different
subsets of patients (S2 Table in S1 Text).

3.1. Association between renal function and cfDNA and ctDNA

To explore the impact of renal function on ctDNA and c¢fDNA test results, we investigated
whether the sodium, potassium, creatinine, and eGFR levels were correlated to cfDNA level,
ctDNA level, and ctDNA detection status. None of the renal biomarkers were significantly
associated with cfDNA level, ctDNA level, or ctDNA detection status (Fig 1). Full regression
results are available in S3-S6 Tables in S1 Text.

We further investigated whether patients with normal and low renal function differed in
their cfDNA and ctDNA levels (Fig 2). A correlation between increased cfDNA level and low
renal function (OR = 2.415 p = 0.007) was observed. However, after adjusting for patient age
and disease stage the association disappeared (OR = 1.380 p=0.369) (Fig 2A). No association
was observed between ctDNA level and renal function neither with or without adjustments for
age and low renal function were observed (Fig 2B). Full regression results are available in S7
Table in S1 Text.

3.2. Association between liver function and cfDNA and ctDNA

To explore the possible link between liver function and ctDNA and cfDNA levels, we analyzed
whether the bilirubin, alanine transaminase, and alkaline phosphatase were correlated to
cfDNA level, ctDNA level, and ctDNA detection rate (Fig 3). We found that elevated bilirubin
levels were correlated with increased cfDNA levels (R = 0.148, p = 0.022). However, there
were no statistically significant correlations to ctDNA level or ctDNA detection status. Neither
alkaline phosphatase nor alanine transaminase were significantly associated with cfDNA and
ctDNA levels nor with ctDNA detection status. Full regression results are available in S3-S6
Tables in S1 Text.

Table 1. Clinical characteristics of the study cohort.

Characteristic N = 846!
Age 71 (64, 77)
Sex
Female 383 (45%)
Male 463 (55%)
T stage
pT1 35 (4.1%)
pT2 90 (11%)
pT3 635 (75%)
pT4 86 (10%)
N stage
pNO 569 (67%)
pN1 180 (21%)
pNlc 6 (0.7%)
pN2 91 (11%)
Location
Left side 420 (50%)
Right side 387 (46%)
Rectum 39 (4.6%)
Median (IQR); n (%)

https://doi.org/10.1371/journal.pone.0319194.1001
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Fig 1. Association between liver function tests and the cfDNA level, ctDNA level, and ctDNA detection. (A) Scatterplots comparing cfDNA level (top) and
ctDNA level (bottom) to renal function test results. (B) Scatterplots comparing ctDNA level to renal function test results. In A and B dots are colored for the
reference range categories. A log-log regression was used to analyze the relationship between the laboratory test results and the ctDNA or ¢fDNA level. (C) Box
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plots depicting test results in ctDNA negative and ctDNA positive patients. The relationship between the laboratory test result and the risk of a positive ctDNA call
was analyzed with a binomial logistic regression. (D) Stacked bar chart showing the proportion of patients in each reference range category in ctDNA negative and
ctDNA positive patients. For eGFR, a result above 90 mL/min/1.73m2 was treated as 90 mL/min/1.73m2. All regression models were adjusted for patient age at date
of ctDNA sampling, and the pT and pN categories of the tumor. In all analyses, the false discovery rate was controlled using the Benjamini-Hochberg method. A
significant result was defined as p < 0.05 after Benjamini-Hochberg adjustment. Note that different patients can have different reference ranges depending on age,
sex, and region of origin. Therefore, the same laboratory result can be categorized in different reference range categories.

https://doi.org/10.1371/journal.pone.0319194.9001
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Fig 2. Box plot showing the cfDNA level (A) and ctDNA level (B) in patients with low renal function and patients
with normal renal function. The association was assessed using binomial logistic regression. The statistical analysis
was adjusted for pT stage and pN stage as well as age at sample date.

https://doi.org/10.1371/journal.pone.0319194.g002

4. Discussion

In this study, we investigated whether preoperative laboratory biomarkers of renal and liver
function were correlated to preoperative cfDNA level, ctDNA level, and ctDNA detection
in CRC patients. We paired cfDNA test results to data from the Danish healthcare system’s
LABKA databases.

We observed that patients with higher bilirubin levels tended to have higher levels of
cfDNA, though the association was minor. However, the increased cfDNA levels did not
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Fig 3. Association between liver function tests and the cfDNA level, ctDNA level, and ctDNA detection. (A) Scatterplots comparing cfDNA level (top) and
ctDNA level (bottom) to liver function test results. (B) Scatterplots comparing ctDNA level to liver function test results. In A and B dots are colored for the reference
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range categories. A log-log regression was used to analyze the relationship between the laboratory test results and the ctDNA or cfDNA level. (C) Box plots depicting
test results in ctDNA negative and ctDNA positive patients. The relationship between the laboratory test result and the risk of a positive ctDNA call was analyzed
with a binomial logistic regression. (D) Stacked bar chart showing the proportion of patients in each reference range category in ctDNA negative and ctDNA positive
patients. All regression models were adjusted for patient age at date of ctDNA sampling, and the pT and pN categories of the tumor. In all analyses, the false discovery
rate was controlled using the Benjamini-Hochberg method. A significant result was defined as p < 0.05 after Benjamini-Hochberg adjustment. Note that different
patients can have different reference ranges depending on age, sex, and region of origin. Therefore, the same laboratory result can be categorized in different refer-
ence range categories.

https://doi.org/10.1371/journal.pone.0319194.9003

translate to increased ctDNA levels or ctDNA detection rates; if increased bilirubin levels
were indicative of decreased cfDNA clearance, we would expect the ctDNA level to increase as
well. None of the other investigated markers showed statistically significant associations with
cfDNA or ctDNA test results. We did find that patients with low renal function had increased
levels of cfDNA, but this association lost statistical significance when the analysis was adjusted
for patient age. This likely reflects that advanced age both associated with increased cfDNA
levels and lower renal function [29,30]. In addition we conducted a supplementary investiga-
tion of cfDNA levels in the postoperative setting (S2 File) and found no significant association
between postoperative cfDNA level and biomarkers of renal and liver function.

Our results suggest that CRC patients eligible for curative intended surgery do not experi-
ence abnormal ctDNA and ¢fDNA clearance based on their estimated renal and liver function.
The vast majority of the standard renal and liver marker laboratory test results were within the
normal reference ranges. One can expect that an effect on cfDNA clearance would be more
apparent in patients with severe liver disease and end-stage renal disease. Indeed, in patients
with nonalcoholic fatty liver disease, Karlas et al. found that disease severity correlated with
higher cfDNA levels [14]. Additionally, Coimbra et al. found that cfDNA was elevated in
patients who suffered from end-stage renal disease [11]. It may therefore be that the liver and
renal function of the included CRC patients is not low enough to affect ctDNA clearance.
Patients with much lower renal and liver function, than those included in this study, can be
found in Denmark, but these patients would very rarely be candidates for curative intended
surgery in the Danish healthcare system.

Although our results indicate that ctDNA clearance inhibition does not occur naturally
in stage I-IIT CRC patients, Martin-Alonso et al. [15] found that blockage of liver-mediated
cfDNA clearance in mice resulted in increased ctDNA concentrations. If also effective in
humans, this could have great implications for future ctDNA testing, as low ctDNA concen-
trations is the most challenging aspect of ctDNA detection. However, if liver-based ctDNA
clearance was already inhibited in a subset of CRC patients, the ctDNA priming strategy based
on inhibiting liver clearance might have limited effect. Our observation that ctDNA levels are
stable across the range of liver biomarkers indicate that this should not be a concern.

While ctDNA detection is primarily utilized as a strong predictor of cancer relapse, ctDNA
level in the blood and its growth rate also has utility as a prognostic marker [27]. The vari-
able ctDNA levels detected in blood samples remains a challenge for the field though [8].
Improving our understanding of what factors determine ctDNA level in patients will allow
researchers to better account for biological variation when they use ctDNA level as a prognos-
tic indicator. Indeed, much work is being done identifying which patient parameters influence
ctDNA availability [31-33].

While using hospital databases to gather data on blood-based clinical biomarkers allowed for
a highly representative dataset on a large cohort of CRC patients, it comes with some limita-
tions. Most of the clinical biomarkers were collected on the discretion of attending clinicians.
The availability of some biomarkers will therefore be subject to confounding by indication.
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Additionally, when using the laboratory databases, analyses of continuous measures were
limited for markers with values below or above the quantifiable range. Our study focused on
laboratory test results in the short 30-day period before curative intended surgery as this period
is the standard length of the Danish preoperative CRC cancer work-up program. However, this
has the limitation of not meeting KDGIOs recommended 3-month sampling period for assess-
ing long-term renal function. While most of our patients had multiple eGFR measurements in
the 30-day period, a minor fraction had just a single eGFR measurement (n = 181 37.6%). These
singular measurements provide important information, yet will not account for the patient’s
biological variance in eGFR. Finally, ctDNA samples and clinical biomarker samples were not
always collected on the same day, which may introduce some variance.

In summary, this study indicates that variation in liver and renal function among patients
with localized CRC does not influence ctDNA level or ctDNA detection. While more research
is required to elucidate factors governing ctDNA release and clearance, implementation of
ctDNA priming strategies in a human setting could potentially increase ctDNA levels, thus
radically increasing ctDNA test sensitivity. For now, it is encouraging that abnormal liver and
renal function does not need to be considered when conducting ctDNA testing, as the ctDNA
clearance can be considered robust across a wide range of test results in CRC patients under-
going curative intended treatment.
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