


Chapter 4

Analytical sensitivity and stability 
of DNA methylation testing  

in stool samples for colorectal  
cancer detection

Linda JW Bosch, Sandra Mongera, Jochim S Terhaar sive Droste,  
Frank A Oort, Sietze T van Turenhout, Maarten T Penning,  

Joost Louwagie, Chris JJ Mulder, Manon van Engeland,  
Beatriz Carvalho, Gerrit A Meijer

Cell Oncol . 2012, Aug;35(4):309-15



Chapter 4

 
90

Abstract
Background: Stool-based molecular tests hold large potential for improving 
colorectal cancer screening. Here, we investigated the analytical sensitivity of a DNA 
methylation assay on partial stool samples, and estimated the DNA degradation in 
stool over time. In addition, we explored the detection of DNA methylation in fecal 
immunochemical test (FIT) fluid.

Materials and Methods: Partial stool samples of colonoscopy-negative individuals 
were homogenized with stool homogenization buffer, spiked with different numbers 
of HCT116 colon cancer cells and kept at room temperature for 0, 24, 48, 72 and 
144 hours before DNA isolation. Analytical sensitivity was determined by the lowest 
number of cells that yielded positive test results by DNA methylation or mutation 
analysis. DNA methylation in FIT fluid was measured in 11 CRC patients and 20 
control subjects.

Results: The analytical sensitivity for detecting DNA methylation was 3000 cells 
per gram stool, compared to 60000 cells per gram stool for detection of DNA 
mutations in the same stool samples. No degradation up to 72 hours was noted 
when a conservation buffer was used. DNA methylation was detected in 4/11 CRC 
FIT samples and in none of the 20 control FIT samples.

Conclusions: Methylation based stool DNA testing showed a high analytical 
sensitivity for tumor DNA in partial stool samples, which was hardly influenced 
by DNA degradation over time, provided an adequate buffer was used. The 
feasibility of detecting DNA methylation in FIT fluid demonstrates the opportunity 
to combine testing for occult blood with DNA methylation in the same collection 
device.
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Introduction
Implementation of population-wide screening for colorectal cancer (CRC) is an essential 
step to reduce high mortality rates from this disease. While fecal immunochemical 
testing (FIT) represents the current state of art for stool tests, there certainly is room for 
improvement in terms of sensitivity and specificity 1,2. Stool-based molecular tests, based 
on the detection of aberrant DNA, RNA and proteins have been extensively studied. 
Especially the detection of DNA hypermethylation has gained much attention in the 
past decade and has shown to be a relatively easy method that has yielded promising 
results 3-8. So far, most stool-based DNA tests are based on collection of the whole stool 
specimen thereby hampering logistics and sample handling, especially for population-
wide screening. The use of partial stool samples would simplify this process but test 
performances on these sample types have not been widely studied. In addition, it has 
been shown that the combination of testing for DNA methylation and FIT has potential 
to increase the detection rate of CRC 6. Combined testing in the same collection device 
would simplify sample collection and logistics, with potential higher participation rates 
in screenees.

A main indicator of test performance is sensitivity, usually refered to as “test sensitivity”, 
indicating the percentage of cases with colorectal cancer that have a positive test result. 
At the basis of this type of sensitivity lies “analytical sensitivity” which reflects the 
minimal amount of molecules tested for, in this case tumor DNA, present in stool that 
is needed to render a positive test outcome. In addition, another important factor that 
may influence test outcomes due to the implications of preanalytical storage conditions 
and duration is the rate of DNA degradation in stool over time. This has not been well 
defined so far. 

In the present study, we aimed to determine the analytical sensitivity of a stool DNA 
methylation assay on partial stool samples as well as the degradation of DNA in stool 
over time. Furthermore, we performed a pilot study to detect DNA methylation in FIT 
fluid in a small series of CRC patients and controls. 

Materials and Methods

Study lay-out for the analytical sensitivity and stability experiments

Partial stool samples were selected from seven subjects with normal colonoscopic 
findings. 1-2 grams of the samples were homogenized with stool homogenization buffer 
(provided by Exact sciences, Madison, Il USA), to protect DNA from degradation 9. The 
buffer was added in a 1:2 (w/v) ratio and a series of 250 μl homogenized samples was 
prepared from each stool sample, each homogenized sample thereby containing ~83 
mg stool. As a model of tumor cells shedded in stool, increasing numbers of HCT116 
tumor cells (50 to 50000) were spiked consecutively. For four of these samples, time-
series were prepared in replicates and left at room temperature for 0, 24, 48, 72 and/
or 144 hours before DNA extraction. One time-series was homogenized with autoclaved 
water instead of stabilization buffer to study the effect of the stabilization buffer. HCT116 
cells have promoter hypermethylation of CHFR and harbor a KRAS mutation in exon 1 
at codon 13 (Gly to Asp), which were used as a read-out for the specific detection of 
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tumor DNA. Each sample was controlled for the absence of these molecular features 
before HCT116 cells were spiked. Homogenized samples without any added cells and 
samples with buffer and cells only (without stool), were included as negative and positive 
controls, respectively. 

The presence of human DNA was analyzed in all samples by measuring ß-globin DNA. 
Promoter hypermethylation of CHFR was determined by a nested two-step MSP 
(nMSP) and/or by quantitative MSP (QMSP) in all seven homogenized stool sample 
series. In three of these series, KRAS mutation was checked for by nested PCR and 
sequencing. 

The analytical sensitivity was determined by taking the lowest number of added cells 
that yielded positive test results with MSP or mutation analysis. The degradation of DNA 
in stool was estimated by comparing the levels of CHFR methylation after the different 
incubation periods.

Stool sample collection and DNA extraction

All partial stool samples were collected before colonoscopy from subjects referred for 
colonoscopy at the VU University medical center in Amsterdam, The Netherlands. All 
colonoscopies were performed, or supervised, by experienced gastroenterologists. 
Inadequate bowel cleansings and incomplete colonoscopies were excluded. Sample 
collection was performed in compliance with the institutional ethical regulations, and 
stored without buffer at -20ºC until use (for storage lengths, see supplementary table 1). 
DNA was extracted using the QIAamp DNA Stool mini kit (Qiagen, Hilden, Germany). 250 
μl of homogenized stool was used as starting material for each DNA extraction and elution 
was done with AE buffer in a volume of 100 μl. DNA yields were measured using the 
Nanodrop 1000 UV spectrophotometer (NanoDrop Technologies Inc.). 

The FIT used were OC-sensor® (Eiken Chemical Co., Tokyo, Japan). FIT samples from 11 
CRC patients and 20 control subjects were collected from participants in a colonoscopy-
controlled FOBT study 10. The FIT buffer solution with stool (~2 ml) was removed from the 
device for DNA isolation. The FIT fluid was centrifuged for 1 minute at full speed (16000 
RCF) and the pellet was used for DNA isolation using the QIAamp DNA Stool Mini Kit 
(Qiagen). Elution was done with AE buffer in a volume of 55 μl.

ß-globin PCR

The presence of human DNA was determined using a PCR with human-specific primers 
against the ß-globin gene as described before 11 with some adaptations. Briefly, 
the magnesium concentration was increased to 2.5 mM and the DNA polymerase 
used was Amplitaq GOLD (Aplied Biosystems, Foster City, CA, USA). Two separate 
reactions were done for each sample, using 5 μl of undiluted DNA or 5 μl of ten times 
diluted DNA. PCR products were visualized on a 2% agarose gel containing ethidium 
bromide. 

KRAS mutation detection

KRAS mutation analysis was done by nested PCR reactions to amplify DNA fragments 
corresponding to exon one of KRAS. PCR reactions were carried out as described before 
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12,13. We used either 1 μl DNA or 1 μl of ten times diluted DNA as a template in the nested 
PCR reaction. Due to their low DNA concentration, samples containing only HCT116 DNA 
were amplified using 5 μl DNA input. Presence of KRAS mutation was determined by 
Vector NTI AdvanceTM 10 sequence analysis software (Invitrogen) and confirmed in 
both forward and reverse readings. Extracted DNA from HCT116 cells was used as a 
positive control for the presence of KRAS mutation. 

Sodium bisulfite conversion and MSP

DNA was converted with sodium bisulfite using the EZ DNA methylation kit (Zymo 
Research, Orange, CA, USA) according to the manufacturer’s instructions. To be able 
to compare the results within a time-series, a standard volume of 45 μl was used as 
starting material and finally eluted in 20 μl elution buffer. When the total yield exceeded 
2 μg, the sample was equally divided over two or more separate reactions, in order to 
prevent overloading of the columns. These separate reactions were pooled after elution 
and the final volumes were reduced by vacuum speed evaporation (Savant SPD Speed 
VacTM, Thermo Scientific) to the final volume of the samples that were treated in a single 
reaction.

nMSP and QMSP for CHFR, PHACTR3 and ACTB (used as an unmethylated reference gene)  
were done as described before 5,6,14. In all assays a control for methylated DNA (HCT116 
DNA or CpGenomeTM Universal Methylated DNA (Chemicon International (Millipore), 
Temecula, CA, USA), a control for unmethylated DNA (DNA isolated from white blood 
cells from healthy individuals or CpGenomeTM Universal Unmethylated DNA (Chemicon 
International) and a negative control (H2O) were used. 

Results

Analytical sensitivity of DNA methylation and mutation detection

Human DNA was detected in all tested stool samples, also in the samples in which no 
HCT116 cells were spiked. This latter DNA, most likely derived from the normal mucosa 
of the colon, was detectable independently of the length of the storage period of stool 
samples at -20oC or the pH of the stool samples (supplementary table 1 and figure 
1A). 

As for the detection of DNA from spiked HCT116 cells, CHFR DNA methylation was 
detected down to 50 spiked cells per ~83 mg stool sample, both with nMSP and QMSP, 
with a consistent detection limit for all stool samples of 250 spiked cells (figure 1A, 1B 
and supplementary figure 1). This corresponds with an analytical sensitivity of 3000 cells 
per gram stool. 

DNA mutations were more difficult to detect. In the one spiked stool sample, no KRAS 
mutations could be detected at all, despite good amplification reactions. For another 
stool sample we could detect mutations down to the sample spiked with 1000 HCT116 
cells. Small peaks in the electropherograms for the samples with 500 or 1000 spiked cells 
may have indicated a mutation as well, but no mutations were called by the sequence 
analysis software. In the third stool sample mutations were detected down to the sample 
with 5000 spiked cells, however some reactions were hampered by failure of amplification 
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before sequencing (figure 1C and supplementary figure 1). Overall, the detection limit 
for mutation detection could not be clearly defined, yet 5000 spiked cells was the lowest 
number detected, corresponding with 60000 cells per gram stool.

Stability of DNA methylation in stool at room temperature

Human β-globin was detected in nearly all stool samples up to incubation of 144 
hours at room temperature, including the stool sample homogenized with water. DNA 
methylation was detected with similar detection levels up to incubation periods of 72 
to 144 hours, when stool samples were homogenized with buffer (figure 2). In the stool 
sample homogenized with water, no DNA hypermethylation was detected from the first 
measurement point of incubation onward, which was 24 hours (supplementary figure 
1).

Detection of DNA methylation in FIT fluid

A recently identified CRC-specific stool DNA methylation marker, PHACTR3 (sensitivity 

Figure 1. Detection of human DNA, methylated DNA and KRAS mutation in stool-derived DNA. 
Stool samples were homogenized and spiked with increasing numbers of HCT116 cells. The pre-
sence of human DNA was revealed by amplification of the human housekeeping gene ß-glo-
bin. HCT116-derived DNA was detected by methylation analysis of CHFR and mutation ana-
lysis of KRAS. A. Amplification of human DNA by ßglobin PCR (upper panel) and detection of 
methylated CHFR by nMSP (lower panel). B. Detection of methylated CHFR byQMSP (upper panel).
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of 55-66% and specificity of 95-100% to detect CRC in whole stool samples) 6, was 
measured in FIT fluid of 11 CRC patients and 20 control subjects. The unmethylated 
reference gene ACTB was used for the detection of human DNA after bisulfite conversion. 
Although the total DNA yields were very low, ACTB was detectable in 9/11 CRC patients 
and 17/20 controls. From the samples positive for ACTB, 4 out of 9 (44%) CRC patients 
tested positive for PHACTR3 methylation whereas none of the 17 control subjects tested 
positive (see table 1). These detection rates are somewhat lower compared to the 
detection rates in whole stool samples 6, but the current data shows potential to detect 
DNA methylation in minute amounts of stool, as the used FIT collection device samples 
~10 mg of stool 15). 

Figure 2. Stability of DNA in stool 
over time. 
DNA methylation levels of CHFR 
in stool after different incuba-
tion times at room temperature.
Stool samples were homogenized 
with stabilization buffer (circles,
squares, triangles, and pentagons) 
or water (crosses), sub-samples
were spiked with increasing num-
bers of HCT116 cells and samples
were incubated at room tempera-
ture for 0, 24, 48, 72 and 144 h (t00,
t024, t048, t072 and t0144). Sub-
sequently DNA was isolated and
CHFR methylation levels were mea-
sured.
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Discussion
Stool-based molecular tests have 
excellent prospects for being the 
future screening tool for CRC 
detection8. Yet, there are several 
difficulties to overcome for 
implementation into large screening 
programs, such as collection and 
storage of samples. Many studies 
reported so far have been based 
on collection of the whole stool 
specimen 4-6,8,16-21, which is logistically 
challenging. In the present study 
the use of a stool DNA methylation 
assay on partial stool samples was 
investigated. The analytical sensitivity 
was determined, as was the estimated 
degradation of DNA methylation 
when stool samples were left at 
room temperature for up to seven 
days. In addition, to further simplify 
sample collection and logistics for 
test application, the possibility of 
detecting DNA methylation in FIT 
fluid was explored.

Using a dilution range of spiked 
HCT116 cells as a model for tumor 
cells shed in stool, an analytical 
sensitivity of a stool DNA methylation 
assay of 3000 cells per gram stool was 
established, whereas a DNA mutation 
assay on the same samples yielded 
an analytical sensitivity of 60000 cells 
per gram stool. This indicates that, 
by using standard detection methods 
without enrichment of target DNA, 
the DNA methylation assay was 
superior in our hands. It should be 
noted however that sensitivity for 
mutations may be increased by using 
other methods like those including 
enrichment-steps (target gene 
capture 22) or BEAMING technology 
23,24. 

These analytical sensitivity experiments reflect an in vitro model for detecting tumor 
derived DNA in stools, which should be considered when interpreting the data and 

Sample Name Total yield 
DNA (ng)

PHACTR3 
copies

ACTB 
copies

control subject 1 706 0 6

control subject 2 236 0 0

control subject 3 287 0 3

control subject 4 279 0 3

control subject 5 303 0 15

control subject 6 324 0 2

control subject 7 604 0 5

control subject 8 864 0 2

control subject 9 200 0 0

control subject 10 302 0 106

control subject 11 304 0 7

control subject 12 362 0 2

control subject 13 119 0 43

control subject 14 131 0 1

control subject 15 334 0 6

control subject 16 311 0 5

control subject 17 138 0 4

control subject 18 171 0 6

control subject 19 654 0 12

control subject 20 91 0 0

CRC 1 124 0 0

CRC 2 228 0 75

CRC 3 442 19 366

CRC 4 95 0 0

CRC 5 335 0 3

CRC 6 205 0 5

CRC 7 61 0 35

CRC 8 603 44 212

CRC 9 147 14 85

CRC 10 224 4 4

CRC 11 253 0 96

Table 1. DNA yield, methylated PHACTR3 copies and 
unmethylated ACTB copies as measured in FIT fluid

Abbreviations: FIT, fecal immunochemical test; PHACTR3, phospha-
tase and actin regulator 3; ACTB, beta actin
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especially when trying to extrapolate implications for real life stool DNA testing for CRC. 
However, analytical sensitivity of stool DNA testing simply can never be determined in 
vivo, since the amount input tumor DNA shed into the stools cannot be controlled for. 
Although the absolute detection rates of tumor DNA in stool may differ from those found 
in vitro, the observations that stool-based DNA methylation tests can detect low amounts 
of tumor DNA with high reproducibility is likely to hold in vivo as well. This also holds for 
the observation that an adequate buffer 9 can protect DNA from degradation for several 
days at room temperature, even at low concentrations of tumor DNA. 

The advantage of the method used in the current setting is its applicability for high 
throughput screening. The use of partial stool samples and the protocol used in the 
current study are in principle well suited for full automation. In addition, the current 
study shows proof-of principle of detecting DNA methylation in FIT fluid. Although 
small numbers were tested, it demonstrates the opportunity to combine occult blood 
testing with DNA methylation analysis using material from the same collection device, 
which would open up opportunities for increasing the detection rate of CRC without 
complicating logistics. Recent developments in technology showing multiplex DNA 
methylation analyses with high analytical sensitivity, such as the Quantitative allele-
specific real-time target and signal amplification (QuARTS) technology, further provide 
opportunities for detecting multiple DNA methylation markers in small amounts of stool 
samples 22,25. Combinations of DNA methylation markers that show low or no background 
signal in normal colon tissue, as is described for NDRG4, BMP3 and VIM 25, are particularly 
promising to increase sensitivity. Nevertheless, because a portion of CRCs have no or 
low frequencies of methylated genes, the so-called CpG Island Methylator Phenotype 
(CIMP)-negative tumors 26, it might be hard to reach 100% sensitivity with methylation 
markers only. The combination of methylation markers with different markers, like FIT, 
has shown to result in a high test sensitivity 6,27 and is of particular interest when analyses 
can be performed on the material from the same collection device.

In conclusion, in the present study we show a high analytical sensitivity of a stool DNA 
methylation assay on partial stool samples, which remains consistent even after storage 
at room temperature for at least 3 days when the sample is collected in a stabilization 
buffer. The use of partial stool samples for DNA methylation analysis, perhaps as small 
as the samples collected for FIT, would be beneficial for a screening setting. Moreover, 
partial stool samples would simplify logistics, sample handling and storage, compared 
to whole stool samples, and may provide opportunites for automization of the analysis 
process. 
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Supplementary figure 1. DNA methylation and mutation analysis in different stool samples
Detection of CHFR methylation as measured by nMSP (A) and detection of KRAS mutations (B) in stool 
samples homogenized with stabilization buffer (stool nr 1, 2a, 2b, 3, 4, 5, 6 and 7; see supplementary 
table 1) or water (stool sample 2c) and spiked with increasing numbers of HCT116 cells. In addition, re-
plicate sub-sample series of stool samples 1, 2a, 2b, 2c, 3 and 4 were incubated at room temperature for 
0, 24, 48, 72 and/or144 hours. Open squares represent detection of normal DNA, filled quares represent 
detected HCT116-derived DNA by CHFR methylation (A) or KRAS mutation (B), striped squares represent 
a possible detection of KRAS mutation, but not detected by the software. -, failed reaction; na, not analy-
zed; *, sample consisting of buffer and cells without stool.

Supplementary Figures and Tables
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Supplementary figure 2. 
Detection of methylated 
CHFR by QMSP (upper pa-
nel) and nMSP (lower panel) 
in stool homogenized with 
autoclaved water. u, unme-
thylation-specific amplicons; 
m, methylation-specific am-
plicons; *, sample consisting 
of autoclaved water and cells 
without stool.

Stool 
sample

Age of the 
individual

Stool storage at 
-20ºC (months)

pH of homogenized 
stool DNA concentrations (ng/ul)

1 63 13 NA [35.6-49.7]

2a 71 16 7.5 [23.2-29.8]

2b 71 19 7.5 [22.2-33.3]

2c* 71 19 6 [36.6-51.5]

3 50 17 8.0/8.5 [34.9-40.0]

4 89 21 8 [60.8-74.6]

5 49 26 7.5 [55.7-83.4]

6 20 38 7.5 [22.1-27.3]

7 39 30 8 [39.9-55.6]

Supplementary table 1. Characteristics of the stool samples for the analytical sensitivity and 
stability test

*, homogenized with autoclaved water; NA, not analyzed


