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Abstract

Deregulation of  the apoptotic pathway, one of  the hallmarks of  tumor growth and -progression, 
has been shown to have prognostic value for tumor recurrence in rectal cancer. In order to 
develop clinically relevant biomarkers, we studied the methylation status of  promoter regions 
of  key apoptosis genes in rectal cancer patients, using methylation-sensitive restriction enzymes. 
DNA was extracted from fresh-frozen tumor tissues of  49 stage I-III rectal cancer patients 
and 10 normal rectal tissues. The results of  this pilot study were validated in 88 stage III tumor 
tissues and 18 normal rectal tissues. We found that methylation of  the intrinsic apoptotic pathway 
genes Apaf1, Bcl2 and p53 correlated with the apoptotic status (M30) of  the tumor. Combined 
survival analyses of  these three genes, on the basis of  the number of  genes showing high 
methylation (all low, 1 high, 2 high or all high), showed shorter patient survival and recurrence-
free periods with an increasing number of  methylated markers. Multivariate analyses showed 
significant differences for overall survival (p=0.01; HR=0.28 (0.09-0.83)), cancer-specific survival 
(p=0.004; HR=0.13 (0.03-0.67)) and distant recurrence-free survival (p=0.001; HR=0.22 (0.05-
0.94)). The shortest survival was observed for patients showing low methylation of  all markers, 
which – as was expected - correlated with high apoptosis (M30), but also with high proliferation 
(Ki-67). The study of  epigenetic regulation of  apoptosis genes provides more insight in the 
tumorigenic process in rectal cancer and might be helpful in further refining treatment regimens 
for individual patients.
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Introduction

Apoptosis is one of  the major pathways frequently deregulated in cancer (1-3). Deregulation 
of  this pathway provides the tumor cell with a survival advantage and thereby promotes tumor 
growth and -progression. The apoptotic process is complicated and can be activated by stress or 
damage to the cell (intrinsic pathway), or by external factors (initiation by the immune system; 
extrinsic pathway), with both pathways converging at the level of  the caspase cascade. This 
cascade eventually leads to cleavage of  key proteins for cell structure and -function, causing 
fragmentation of  the DNA, membrane blebbing and ultimately removal of  the destructed cell 
by macrophages (4). Previous studies have demonstrated that high levels of  apoptosis in rectal 
cancer specimens correlated with low levels of  local tumor recurrence (5-7). A malfunctioning 
apoptotic pathway could also explain a poor response to anti-cancer treatment strategies such as 
pre-operative radiotherapy (RT).

Current treatment regimens of  rectal cancer patients include radical removal of  the primary 
tumor including all regional tumor cell deposits according to the Total Mesorectal Excision 
(TME) technique. In addition to TME surgery, the majority of  stage I and II patients and all 
stage III patients receive pre-operative RT in order to reduce the local recurrence rate (8), on the 
basis of  data provided by several large randomized clinical trials (9-11). Unfortunately, treating 
all rectal cancer patients with pre-operative RT results in overtreatment of  many individuals, 
as only a small number of  patients - those who would develop a local recurrence - potentially 
benefit from this treatment and not all of  these patients will respond to the therapy. Most of  the 
patients treated with pre-operative RT will suffer from the side-effects such as increased risks of  
poor anal and sexual function, small bowel toxicity with obstruction and secondary malignancies 
(12-14).

The goal of  this study was to investigate the regulation of  the apoptotic pathway through DNA 
methylation, in order to better understand the biological processes underlying tumor growth 
and -progression in rectal cancer. Epigenetic mechanisms, responsible for regulation of  gene 
transcription, have been shown to be deregulated in many cancers (15-18), thereby altering 
the expression levels of  many genes in tumor cells. We aim to develop biomarkers that will 
assist in treatment decisions in rectal cancer patients. For this study we chose to focus on the 
apoptosis genes Apaf1, Bcl2, p53, Fas (CD95), and TrailR2, as a review of  the current literature 
indicated these apoptotic proteins to have prognostic value in cancer (19-27). We hypothesized 
that methylation of  the promoter region of  these genes would represent deregulation of  the 
apoptotic pathway and, therefore, would correlate with patient survival and tumor recurrence 
in rectal cancer. Methylation assays were performed on DNA extracted from frozen tumor 
tissues of  patients enrolled in the Dutch Total Mesorectal Excision (TME) trial (28,29) using 
a methylation-sensitive restriction enzyme-based approach (30). We also assessed tumor 
cell proliferation status in this study, as a delicate balance may exist between apoptosis and 
proliferation in determining clinical outcome.

Materials and methods
Patient selection
Patients were selected from the study population of  the non-irradiated (TME surgery only) arm 
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of  the Dutch TME trial (28,29). We selected patients with no evidence of  disease after surgical 
resection of  the tumor and of  whom frozen tissue blocks were available (n=137) (28,29,31). 
Samples were collected between 1996 and 1999 and stored at -80ºC. The median follow-up 
time in this study cohort was 6 years. Trial eligibility criteria and follow-up protocols have been 
described previously (31-33). Informed consent for the use of  tumor specimens was obtained 
from all patients enrolled in the TME trial and the study has been approved by the Medical 
Ethical Committee of  the Leiden University Medical Center. For the pilot study, frozen tumor 
tissues of  49 patients with stage I, II, or III rectal cancer were collected. In addition, normal 
colorectal tissues, taken at least 5 cm away from the tumor, were collected from 10 patients 
included in this study. The validation study consisted of  a set of  88 frozen tumor tissues of  
patients with stage III rectal cancer of  whom sufficient frozen tissue was available, and 18 normal 
rectal tissue samples. Clinicopathological parameters of  all patients included in this study have 
been summarized in Table 1. This study was performed according to the REMARK criteria (34).

DNA extraction and enzyme digestion
DNA was extracted from frozen tissues using a Trizol-based protocol according to 
manufacturer’s recommendations (Life Technologies Corp, Bleiswijk, the Netherlands). DNA 
was dissolved in Tris-EDTA buffer pH 8.0 and quantity was measured using a Nanodrop 
spectrophotometer (Thermo Scientific, Wilmington, DE). To analyze the methylation status 
of  specific promoter regions, we used methylation-sensitive restriction isoschizomers MspI 
(New England Biolabs, Ipswich, MA; R0106L) and HpaII (New England Biolabs, Ipswich, MA; 
R0171L). The isoschizomeric restriction enzymes share restriction site C^CGG but whereas 
MspI cuts the DNA irrespective of  DNA methylation, HpaII is blocked by methyl groups at 
CpG dinucleotides. Reactions were optimized according to the manufacturer’s procotol (New 
England Biolabs, protocol “Optimizing restriction endonuclease reactions”). 250 ng of  DNA 
was used for each digestion reaction. Per reaction, 25 units of  HpaII and 100 units of  MspI were 
used in combination with their respective buffers (5μl) in a total reaction volume of  50 µl. Mock 
digestions were included for every sample, substituting the restriction enzymes with 5 µl 50% 
glycerol. Overnight incubation for 16 hours at 37°C of  all reaction mixtures was followed by heat 
inactivation for 20 min at 65°C, and subsequent cooling down of  the samples to 4°C. Incubation 
times and conditions were optimized using the active (non-methylated) housekeeping gene β2-
microglobulin (B2m) and the silenced (methylated) gene Myogenic differentiation 1 (MYOD1) 
that is only activated in muscle tissue. Methylated (universally methylated DNA, UMC; Millipore, 
Billerica, MA) and unmethylated (DNA from peripheral blood leukocytes, PBL, 5 different 
patients) controls were included in every digestion assay and on every PCR plate. We verified 
for every digestion procedure that >75% of  the DNA participated in the digestion reactions, 
measured as Ct>2 between the MspI- and mock-treated samples, and that the PCR product after 
digestion with HpaII was less than the product in the mock-treated samples. 

Real-time PCR
PCR was performed in duplicate for apoptosis markers Apaf1, Bcl2, TrailR2, p53 and Fas 
(CD95) using genomic DNA primers surrounding (but not including) at least two enzyme 
restriction sites per amplicon. PCR was performed using 20 ng DNA, 2 pmol/µl primers 
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and PerfeCTa® SYBR® Green SuperMix for iQ™ (Quanta Biosciences, Gaithersburg, MD, 
USA) in a final volume of  10 µl. Melting curves were used to ensure a single PCR product 
for each of  the markers, and PCR products were run on a 1% agarose gel to ensure for 
correct size of  the products. Quantitative PCR reactions were run on a 96 well CFX thermal 
cycler (BioRad, Benicia, CA). Methylated (UMC) and unmethylated controls (DNA from 
PBL) were included on every PCR plate. Thermal cycling reactions were as follows: hotstart 
for 3 min at 95°C, followed by 40 cycles of  denaturing for 10 sec at 95°C and annealing/
extension for 30 sec at the optimal melting temperatures for each primer set, as indicated 
below. Primer sequences and melting temperatures per primer set were as follows: Apaf1 
Forward 5’- TTGACTGCTCCGCTGTC -3’; Apaf1 Reverse 5’- TCCCCACCTCTGGTTCT 
-3’ (Tm 63°C); Fas Forward 5’- CCAACTTCCCAGGTTGAA -3’; Fas Reverse  
5’- GCACAAATGGGCATTCC -3’ (Tm 63°C); p53 Forward 5’- GTATCTACGGCACCAGGTC 
-3’; p53 Reverse 5’- CATGACAAGTAAGGGCAACT -3’ (Tm 62°C); Bcl2 Forward  
5’- GGTCCCGTGGATAGAGAT -3’; Bcl2 Reverse 5’- GCAGATGAATTACAATTTTCAG 
-3’ (Tm 56°C); TrailR2 Forward 5’- CCTGGGAAGGGGAGAAGAT -3’; TrailR2 Reverse  
5’- AGTTGAGGGAGGCACTTGG -3’ (Tm 60°C). Primer sequences for methylation controls 
B2m and MYOD1 were as follows: B2m Forward 5’- GCCTTCTTAAACATCACGAG 
-3’; B2m Reverse 5’- CCAGCCAATCAGGACAA -3’ (Tm 58°C); MYOD1 Forward  
5’- TACAGCCGCTCTACCCAT -3’; MYOD1 Reverse 5’- CTCCAACACCCGACTGC -3’ (Tm 
60°C). Methylation percentages were calculated as follows: methylation percentage = 2^- (Ct 
HpaII-treated samples – Ct mock-treated samples) x 100%. The amount of  product detected 
after digestion with MspI was used to calculate the percentage of  the DNA that was digested by 
the restriction enzymes, using the following formula: 2^-(Ct MspI-treated samples – Ct mock-
treated samples) x 100%. 

Immunohistochemical staining and scoring
Whole tumor tissue sections (4μm) of  117 patients of  whom enough paraffin-embedded 
tumor tissue was available were IHC stained using a primary M30 antibody (Roche Diagnostics, 
Germany), staining for caspase-cleaved cytokeratin 18 (7). Whole tissue sections (4μm) of  40 
patients in the validation study, representative of  the complete series of  stage III patients, were 
IHC stained at predetermined optimal concentrations using anti-Apaf1 (ab53152; Abcam, 
Cambridge, UK), anti-Bcl2 (ab7973; Abcam, Cambridge, UK), or anti-p53 (M7001; Dako, 
Glostrup, Denmark). A tissue microarray (TMA) was constructed including 495 patients 
from the non-irradiated arm of  the Dutch TME trial. Three 1mm2 tumor tissue cores were 
punched from each tumor block and transfered to a recipient block using a TMA Master (3D 
Histech, Budapest, Hungary). TMA sections, including 119 patients of  our study cohort, were 
IHC stained at a predetermined optimal concentration with primary Ki-67 antibodies (Dako, 
Glostrup, Denmark; clone MIB-1). For all IHC stainings, tissue sections were incubated with 
the respective primary antibodies overnight (16 hrs). IHC staining was visualized using the Dako 
REAL™ EnVision™ Detection System, Peroxidase/DAB+, Rabbit/Mouse (Dako, Glostrup, 
Denmark). The level of  apoptosis was scored as the number of  M30-positive cells per mm2, as 
described previously (5). Patients were classified into high or low apoptosis groups, on the basis 
of  the median number of  M30-positive cells. The level of  proliferation (Ki-67) was scored as the 
percentage of  Ki-67-positive tumor cells. The average percentage of  positive cells per patient 
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(3 tumor cores) was used to classify patients into either high or low proliferation groups, on 
the basis of  the median percentage of  Ki-67-positive tumor cells. For Apaf1, Bcl2 and p53, the 
percentage of  positive tumor cells was scored in three different randomly chosen fields within 
the tumor tissue (similar to three tissues cores on a tissue microarray). For each tumor field, the 
percentages of  negative, weak, moderate and strong staining in tumor cells was scored. For each 
of  these categories, an average percentage was calculated over the three tumor fields. For each 
marker and for each patient separately, a histoscore – as a measure of  marker expression - was 
calculated as follows: histoscore = (0 x mean percentage negative tumor cells) + (1 x mean 
percentage weak positive tumor cells) + (2 x mean percentage moderate positive tumor cells) + 
(3 x mean percentage strong positive tumor cells). 

Statistical analysis
Only samples with a difference of  ≥2 Ct between MspI- and mock-treated samples and < 1 Ct 
difference between the supplicate PCR reactions were considered for statistical analyses. The 
distribution of  data of  each individual methylation marker was tested for normality using the 
Shapiro-Wilk test (35). Methylation levels of  each marker were defined as high or low methylation 
based on the median methylation percentage. Univariate and multivariate Cox proportional 
hazard models were used to statistically test the differences between the groups. Chi-square 
tests were performed to compare the level of  apoptosis (M30 staining) and the methylation 
percentage of  individual markers. Interpolation plots were made to visualize the correlation 
between methylation and protein expression (IHC staining) data for Apaf1, Bcl2 and p53. We 
then studied combinations of  two markers, both of  the intrinsic and the extrinsic apoptosis 
pathways (Apaf1 and Bcl2, Apaf1 and p53, Bcl2 and p53, Fas and TrailR2). The patient groups 
were divided into three groups: 2 high (both markers showing high methylation), 1 high and       
0 high (both markers showing low methylation). To obtain more power for statistical analyses, 
markers Apaf1, Bcl-2 and p53 were combined into a new variable. Data of  all three markers 
were available for 78 patients in the validation cohort. The combined-marker set was divided 
into four groups: all low (low methylation in all 3 markers), 1 high (1 out of  3 markers high 
methylation), 2 high (2 out of  3 markers high methylation) and all high (high methylation in 
all 3 markers). Univariate and multivariate Cox proportional hazard analyses were performed 
to assess the correlation of  the combined marker patient groups with overall survival (OS), 
cancer-specific survival (CSS), local recurrence-free survival (LRFS) and distant recurrence-
free survival (DRFS). Multivariate analyses included covariates age, gender, circumferential 
margin and tumor location. Kaplan-Meier curves were used to visualize differences between the 
combined marker patient groups. Cumulative incidence curves were calculated for CSS, LRFS 
and DRFS, accounting for death due to other causes (36). For all survival analyses we used a pre-
established patient group, the patient group with the expected shortest survival and recurrence-
free periods (the “all high” patient group), as the reference group. We assessed both apoptosis 
(M30) and proliferation (Ki-67) in the tumor specimens of  the validation cohort. Only patients 
with both M30 and Ki-67 data available (n=76) were included in these analyses. Combining 
both apoptosis and proliferation based on high versus low level of  IHC staining resulted in four 
patient groups: low apoptosis and low proliferation (n=16), low apoptosis and high proliferation 
(n=13), high apoptosis and low proliferation (n=16) and high apoptosis and high proliferation 
(n=31). Kaplan-Meier curves were used to visualize differences between the patients groups. 
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Results
Enzyme digestion assay
Using methylation-sensitive restriction enzymes, we investigated the methylation status of  key 
apoptosis genes Apaf1, Bcl2, p53, Fas and TRAILR2 in DNA extracted from frozen rectal cancer 
tissues. For quality control purposes, we verified performance of  the enzyme assays using control 
genes B2m and MYOD1. Based on optimization of  the assays using active housekeeping gene 
B2m and silenced gene MYOD1, incubation of  enzyme reactions was set to 16 hrs (overnight) 
at 37°C, followed by 20 min heat inactivation at 65°C and subsequently cooling the samples at 
4°C for one hour. The mean methylation percentages were 86% (78-100%) for MYOD1 and 
38% (18-68%) for B2m. Standard deviations for the controls included in every digestion and on 
every PCR plate ranged from 7.5-8.2% for UMC DNA, and from 0.14-1.71% for PBL DNA. 
The methylation percentages of  these controls ranged from 65-100% for UMC DNA, and from 
1-6.5% for PBL DNA. For every digestion procedure, we verified that >75% of  the DNA was 
actually digested in the digestion reactions, measured as Ct ≥2 between the MspI- and mock-
treated samples, and a lower Ct value after digestion with HpaI as compared to the product in the 
mock-treated samples. Correct PCR product sizes were confirmed by running the products on a 
1% agarose gel. Based on these results, we continued with statistical analyses of  the patient data. 

Pilot study results for individual markers
The patient cohort of  the pilot study was representative of  the complete non-irradiated patient 
cohort of  the Dutch TME trial with respect to the main clinicopathological parameters (Table 
1). Methylation percentages in the tumor samples were significantly different from the normal 
samples analyzed for Apaf1, Bcl2, TrailR2 and p53 (Figure 1). No significant differences were 
observed for Fas. Chi-square tests showed significant correlation of  a high methylation of  two 
of  the markers with a low level of  apoptosis based on M30 staining, with Apaf1 (p=0.03) and 
p53 (p=0.04). No significant correlation with apoptosis status was found for the markers Fas, 
Bcl2 or TrailR2 using Chi-square analyses. However, correlation analyses did show a negative 
correlation for these markers between protein expression and methylation index, indicating a 
decreasing amount of  methylation with a higher number of  apoptotic cells, with values between 
-0.2 and -0.3. No significant difference in methylation of  the individual markers, apoptosis (M30) 
or proliferation (Ki-67) was observed between the tumor stages (data not shown). Therefore, we 
continued with stage III patients for the validation study.

Validation study results for individual markers
In the validation study, we included only stage III rectal cancer patients, as large differences 
in patient survival and tumor recurrence are observed within this specific patient group 
(37,38), and these patients will likely benefit the most from finding new biomarkers that could 
complement the current TNM staging system. Patients included in the validation study were 
representative of  the non-irradiated patient cohort of  the Dutch TME trial with respect to 
the main clinicopathological parameters (Table 1). Mean methylation percentages in the tumor 
tissues in the validation study were similar to those found in the pilot study for all markers. 
The mean methylation percentages in the tumor samples were significantly different from the
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Patient characteristics are shown for both the pilot and validation study groups. The pilot study included stage I-III rectal 
cancer patients (n=49), the validation study stage III patients only (n=88). Variables listed are standard clinicopathological 
factors used in multivariate analyses, i.e. gender, age at randomization, TNM stage, tumor location, and circumferential 
margin involvement. P-values representing the difference between the TME trial patients and the pilot or validation 
study cohort, respectively, were calculated using a Student’s t-test.

methylation percentages in the normal samples included in the validation study (Figure 1). DNA 
methylation percentages of  the individual markers were not normally distributed. Therefore, the 
median methylation percentage for each individual marker was used as a cut-off  value to divide 
patients into low and high methylation groups. To verify that a lower methylation status indeed 
corresponded with higher apoptosis levels in the tumor, we compared the methylation percentage 
of  each of  the different markers to the known apoptotic status (based on M30 IHC data) in each 
of  the tumors. A representative example of  IHC staining results of  M30 staining is shown in 
Supplementary Figure 1. Chi-square tests showed significant correlation of  a high methylation 
of  Apaf1 (p=0.05) and Fas (p=0.01) with a low level of  apoptosis (Supplementary Figure 2A). 
Methylation of  the other markers (Bcl2, p53 and TrailR2) did show a similar correlation with 
M30 apoptosis levels, although not statistically significant. Linear regression using the number of

TABLE 1.  Patient characteristics of  the pilot and validation study cohort

Stage I-III 
patients TME

 trial (n=685)

Pilot study Stage III patients 
TME trial 

 

(n=281)

Validation 
study

(n=49) (n=88)

n (%) n (%) p-value n (%) n (%) p-value
Gender

 Male 432 63.1 35 71.4
0.24

181 64.4 62 70.5
0.3

 Female 253 36.9 14 28.6 100 35.6 26 29.5
Age at randomization

 Mean 64.3 66
0.31

63.37 62.59
0.58 Standard  

 error 0.43 1.58 0.67 1.3

TNM stage
 I 209 30.5 14 28.6

0.13 n.a. II 195 28.5 25 51
 III 281 41 10 20.4 281 100 88 100

Tumor location
 Rectum 607 88.6 41 83.3

0.45
246 89.5 84 95.4

0.06
 Anal region 48 12.4 8 16.7 21 10.5 4 4.5

Circumferential margin
 Negative 555 81 36 73.5

0.34
187 66.5 67 76.1

0.1
 Positive 129 19 13 26.5 93 33.5 21 23.9
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Figure 1

Methylation values and means of  individual markers in normal, pilot and validation study tissues. Shown are 
methylation percentages for normal and tumor tissues (in both pilot and validation studies) for each of  the apoptosis 
markers separately. Mean methylation percentages are indicated with horizontal bars. Methylation percentages were 
calculated as follows: methylation percentage = 2^- (Ct HpaII treated samples – Ct mock treated samples) * 100%. 
P-values comparing the pilot and validation tumor samples with their normal counterparts were calculated using paired 
samples t-tests. N= normal, P=pilot series, V=validation series.

M30-positive (apoptotic) cells per mm2 in each of  the tumors and the methylation percentages of  
each of  the individual markers as continuous variables showed a significant correlation between 
the methylation status and apoptosis status for Apaf1 (p=0.03), Bcl2 (p=0.01) and p53 (p=0.04) 
(Supplementary Figure 2B). No significant correlation was found for markers Fas and TrailR2. 
Subsequently, we analyzed if  methylation of  the three markers Apaf1, Bcl2 and p53, correlated 
to protein expression (representative IHC staining results are shown in Supplementary Figure 1). 
As can be observed in the interpolation plots in Figure 2, Bcl2 and Apaf1 methylation correlated 
well with protein expression, with R2 values of  0.610 (Bcl2, Figure 2A) and 0.320 (Apaf1, Figure 
2B). For p53, methylation did not directly correlate with protein expression (Figure 2C), which 
might be explained by differences in p53 mutation status. Unfortunately, p53 mutation status was 
not known for these patients. Survival analyses did not yield any significant difference between 
samples with high or low methylation for any of  the individual markers, based on the median 
methylation percentage. Using Kaplan-Meier curves, we did observe that for Apaf1, Bcl2 and 
p53, high methylation in the tumor tissues was associated with shorter patient survival and 
higher probability of  tumor recurrence, although not statistically significant. We hypothesized 
that combining the intrinsic apoptotic pathway markers might result in better classification of  
rectal cancer patients in our study cohort.

Combined marker analyses
First, we studied combinations of  two markers within the intrinsic or the extrinsic apoptosis 
pathway. A trend towards statistically significant differences between the patient groups was 
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Figure 2

Methylation compared to protein expression for Apaf1, Bcl2 and p53. Interpolation plots show methylation 
versus protein expression for Apaf1, Bcl2 and p53. Protein expression was scored as percentage of  tumor cells showing 
negative, weak, moderate or strong IHC staining. The histoscore was calculated as follows: histoscore = (0 * percentage 
negative) + (1 * percentage weak) + (2 * percentage moderate) + (3 * percentage strong). R-squared values indicate the 
degree of  correlation between methylation and protein expression for each of  the markers.

TABLE 2.  Univariate and multivariate analyses of  combined markers Apaf1, Bcl2 and 
p53 in the validation series.

Overall survival Cancer-specific 
survival

Distant 
recurrence-free 

survival 

Local     
recurrence- free 

survival

HR
p-value

HR
p-value

HR
p-value

HR
p-value

(95% CI) (95% CI) (95% CI) (95% CI)

 Univariate analyses

 Combined marker 
 group  

0.44 0.05 0.19 0.01 0.28 0.006 0.14 0.21
(0.24-0.89) (0.04-0.68) (0.16-0.87) (0.04-1.04)

 Multivariate analysis
 Age 1.94 0.5 1.46 0.85 1.89 0.43 1.69 0.68
 Gender 0.68 0.32 0.72 0.47 0.84 0.69 1.29 0.75

 Circumferential 
 margin 2.1 0.1 3.04 0.03 4.62 0.005 6.29 0.03

 Tumor location 2.1 0.11 2.93 0.07 2.78 0.12 5.37 0.12

 Combined marker 
 group  

0.28 0.01 0.13 0.004 0.22 0.001 0.07 0.17
(0.09-0.83) (0.03-0.67) (0.05-0.84) (0.01-1.06)

Univariate and multivariate analyses are shown for combined markers Apaf1, Bcl2 and p53. The “all high” group (with 
high methylation of  all three markers) was used as the reference group. Combined marker groups were defined as 
follows: all high (high methylation in all 3 markers), 2 high (2 out of  3 markers high methylation), 1 high (1 out of  3 
markers high methylation) and all low (low methylation in all 3 markers). Hazard ratios are shown for both the univarite 
and the multivariate analyses, with a 95% confidence interval for the combined marker group. Statistically significant 
values (p<0.05) are indicated in bold.
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observed for the combination of  Apaf1 and Bcl2 for LRFS, with p = 0.09 (HR 0.59, 95% 
CI 0.33-1.09) in univariate and p = 0.1 (HR 0.58; 95% CI 0.28-1.17) in multivariate analyses. 
Also for the combination of  Bcl2 and p53 a trend was observed in multivariate analyses for 
DRFS, with p = 0.07 (HR 1.51; 95% CI 0.96-2.38). For the other combinations, no significant 
differences were observed. To obtain more power for statistical analyses, all three intrinsic 
pathway markers (Apaf1, Bcl-2 and p53) were combined into a new variable. Methylation of  
markers Apaf1, Bcl2 and p53 was combined into one variable, on the basis of  the number 
of  markers showing high methylation (all low, 1 high, 2 high, or all high). Methylation of  the 
three combined markers showed a correlation to apoptosis status as measured by M30 (p=0.07). 
Cox proportional hazard models were used to assess the differences in patient survival and 
tumor recurrence between the groups in both univariate and multivariate analyses (Table 2). In 
univariate analyses, significant differences were observed for overall survival (p=0.05), cancer-
specific survival (p=0.01) and distant recurrence-free survival (p=0.006). Multivariate analyses 
included covariates gender, age at the time of  surgery, circumferential margin and distance to 
the anal verge. Significant differences were observed for OS (p=0.01), CSS (p=0.004), and 
DRFS (p=0.001). No significant differences were observed for LRFS, in neither univariate 
nor multivariate analyses. The differences in patient survival and tumor recurrence between 
the combined marker groups were visualized using Kaplan-Meier survival curves (for OS) and 
cumulative incidence curves (for CSS and DRFS) (Figure 3). The curves indicated that the more 
markers show high methylation, the shorter the survival and recurrence-free periods. The patient 
group with high methylation for only one out of  the three markers (“1 high” group) showed the 
best survival, directly followed by the patient group with two out of  three markers showing high 
methylation (“2 high” group). The patient group with high methylation of  all three markers (“all 
high” group) showed even shorter survival and recurrence-free periods, but the shortest survival 

Figure 3

Survival curves of  combined markers Apaf1, Bcl2 and p53. Intrinsic apoptotic pathway markers Apaf1, Bcl2 and 
p53 were combined based on the number of  markers showing high methylation. Only patient with data for all three 
markers available were included in the survival analyses (n=78). The resulting combined marker groups were: all low (low 
methylation in all 3 markers), 1 high (1 out of  3 markers high methylation), 2 high (2 out of  3 markers high methylation) 
and all high (high methylation in all 3 markers). A. Kaplan-Meier curves were made to visualize differences in patient 
survival and tumor recurrence between the different methylation groups for OS. Survival times were calculated as the 
time from surgery till an event (death or recurrence, resp.). Cumulative incidence curves were calculated for CSS (B) 
and DRFS (C).

Figure 3  
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and disease-free periods were observed for the patient group with low methylation on all three 
markers (“all low” group). In addition to low methylation of  Apaf1, Bcl2 and p53 in the “all 
low” combined marker patient group, low methylation of  Fas and TRAILR2 was observed for 
96% and 81% of  the patients in this group, respectively. No difference in patient characteristics 
was observed between the combined marker groups that could explain these results, suggesting 
that other tumor-intrinsic factors might be responsible for the shorter patient survival and 
recurrence-free periods.

Proliferation and apoptosis analyses
In order to explain the survival and recurrence data observed for the “all low” combined marker 
patient group, we also assessed tumor proliferation (as measured by Ki-67 IHC staining, see 
Supplementary Figure 1) for patients in the validation study. Only patients with both M30 and

Figure 4

Apoptosis and proliferation for combined markers Apaf1, Bcl2 and p53. Apoptosis (M30, IHC) and proliferation 
(Ki-67, IHC) were combined and compared to the methylation percentages of  the markers Apaf1, Bcl2 and p53. Patients 
with data for all markers available (n=78) were classified into high or low apoptosis or proliferation groups based on the 
median number or percentage of  positive tumor cells, respectively. A. For all combined marker groups, the number of  
patients in each of  the combined apoptosis-proliferation categories was determined. B. Kaplan-Meier curves were made 
to visualize survival differences for the combined apoptosis-proliferation categories. 
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Ki-67 data available (n=76) were included in the analyses. Missing data were due to unavailability 
of  tumor specimens or missing punches on the TMA sections. In the “all low” group showing 
low methylation of  Apaf1, Bcl2 and p53, 15 out of  22 patients (68%) showed both high apoptosis 
and high proliferation (Figure 4A). For the other combined marker groups (1 high, 2 high and 
all high), the same numbers of  patients were observed in each of  the combined apoptosis-
proliferation groups. As shown in Figure 4B, this also translated into differences in survival 
for each of  the combined apoptosis-proliferation patient groups, although not statistically 
significant (p=0.19). The patient group with both high proliferation and high apoptosis indeed 
showed the shortest survival, which corresponds to the poor survival observed for patients with 
low methylation of  all three apoptosis markers. 

Discussion

Changes in the regulation of  the apoptotic process, one of  the hallmarks of  cancer (1,2), 
provides tumor cells with a survival advantage and could hence promote tumorigenesis. 
Epigenetic aberrations have been shown to contribute to the process of  tumorigenesis in many 
ways (16). As the outcome of  the apoptotic pathway has been proven to correlate with patient 
outcome parameters in rectal cancer (6), we hypothesized that studying the epigenetic regulation 
of  the apoptotic process might provide more insight in this crucial but complicated cellular 
process. Furthermore, it may bring us one step closer to the discovery of  new clinically relevant 
prognostic biomarkers in rectal cancer.

In this study, methylation of  key apoptosis genes using a restriction enzyme-based protocol 
was correlated to patient survival and tumor recurrence. We showed that combining multiple 
markers (intrinsic pathway markers Apaf1, Bcl2 and p53) resulted in better patient stratification 
and therefore better prognostication as compared to the individual markers or combinations of  
only two markers. With little modifications, including varying amounts of  enzyme and DNA 
added to the digestion reactions, the enzyme-based protocol presented in this paper can be used 
to analyze small amounts of  DNA without any loss of  DNA due to prior processing steps, 
which is a major advantage compared to the current bisulfite modification-based methods used 
to detect DNA methylation. In a clinical setting this approach will be useful, as the amount of  
DNA available for analyses, usually derived from tumor biopsies, is limited and should be used 
with great care. 

Current literature indicates that methylation of  apoptosis proteins Apaf1, Bcl2 and p53 have 
prognostic value in various cancers (26,39-42). In colorectal cancer, reduced Apaf1 expression 
was found to be associated with tumor progression and adverse prognosis (25,43). High co-
expression of  Bcl2 and p53 proteins was found to be associated with poor prognosis in colorectal 
cancer (44), gastric MALT lymphoma (45) and B-cell lymphoma (45,46). Piris et al. suggested 
aberrant expression of  both p53 and Bcl2 to be part of  a multistep process of  dysregulation 
of  the apoptotic machinery critical for progression of  tumors (46). Abnormal expression of  
p53 itself  has been related to a poor patient prognosis in colorectal cancer (47). Methylation of  
the investigated apoptosis markers Apaf1, Bcl2 and p53 has been reported in various cancers, 
including lung cancer (Bcl2; 39), renal cell carcinoma (Apaf1; 40), melanoma (Apaf1; 41) and 
ovarian cancer (p53; 42). 



Chapter 3

50

3

To our best knowledge, the study presented here is the first study combining methylation data 
of  several apoptosis genes at the same time, on the basis of  their functions in the intrinsic 
apoptotic process (48). The methylation percentages of  the combined markers Apaf1, Bcl2 
and p53 correlated significantly with the apoptotic status of  the tumors (M30 IHC staining) 
and disease outcome (patient survival and disease recurrence). We therefore conclude that 
gene promoter methylation status can be a useful surrogate marker for the apoptotic status 
of  individual tumors, but also provides additional information about specific apoptosis-related 
genes as compared to a ‘general’ apoptotic status as determined by M30 staining. 

Previous research of  our group has shown that the risk of  a local recurrence is lower when 
tumor intrinsic levels of  apoptosis are high (6). In this study we showed that low methylation 
is correlated with higher levels of  apoptosis, indeed correlating with better survival and longer 
recurrence-free periods. This finding is supported in literature, where high expression of  Apaf1 
and Bcl2 was reported to be significantly correlated with better overall survival (49). Although 
mean methylation levels were significantly lower in tumor tissues as compared to normal tissues 
for all of  the markers suggesting higher apoptotic activity, in individual tumors we found that 
higher levels of  methylation of  the combined markers Apaf1, Bcl2 and p53 correlated to 
shorter patient survival and recurrence-free periods as compared to the patients showing low 
expression of  one or two of  the markers. The patient group showing low methylation of  all 
three markers, however, did not comply with our expectations, as this patient group showed 
the shortest survival and recurrence-free periods. To explain this phenomenon, we studied cell 
proliferation in addition to apoptosis. We observed that patients showing both high apoptosis 
and high proliferation, of  which 68% of  the patients corresponded to the “all low” combined 
marker group, showed the shortest survival. This finding is supported by literature, in which 
both increased apoptosis and increased proliferation were reported in rectal tumors with lymph 
node metastases as compared to non-metastatic tumors (50). The distorted balance between the 
apoptosis pathways and cellular proliferation in the “all low” combined marker group hence 
might explain the observed survival data. Dysfunctioning of  the apoptotic pathway could not 
be demonstrated in this patient group based on the results presented for the studied apoptosis 
genes, as methylation was reported to be low for all five markers. Of  course, there might be 
other apoptotic factors involved that could compromise proper functioning of  the apoptotic 
pathway in this patient group, which have not been investigated in this study. Epigenetic 
mechanisms other than DNA methylation at gene promoters could also be involved in the 
regulation of  apoptosis gene expression in these tumors, as was suggested by the work of  
Hinoue et al. (51). Using a genome-wide approach, cancer-specific methylation of  multiple gene 
regions has been described in CpG island methylator phenotype (CIMP)-high colorectal cancers, 
with characteristic genetic and clinical features. In addition, 48 of  112 genes were also found 
to be transcriptionally downregulated in non-CIMP tumors, but this could not be correlated to 
higher DNA methylation at these specific regions, suggesting involvement of  other (epigenetic) 
mechanisms. In contrast to these genome-wide studies, a more pathway-focused approach was 
used in our study that facilitated the identification of  new biomarkers in rectal cancer prognosis.

In conclusion, in this study we found that methylation of  apoptotic genes is correlated with the 
overall apoptotic status of  a tumor, and that this status can be used to assess clinical outcome 
in terms of  patient survival and tumor recurrence. The methylation analysis presented using 
methylation-sensitive restriction enzyme digestion provides a biological explanation for the 
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differences in apoptotic status in individual tumors. High methylation of  combined intrinsic 
apoptosis pathway markers Apaf1, Bcl2 and p53, suggesting deregulation of  the apoptotic 
pathway, was associated with poor prognosis in our study cohort of  colorectal cancer patients. 
High proliferation and high apoptosis were observed when methylation of  the intrinsic apoptosis 
pathway markers was low. The study of  epigenetic regulation of  apoptosis genes will provide 
more insight in the tumorigenic process in rectal cancer and might be helpful in further refining 
treatment regimens for individual patients.
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Supplementary files

Supplementary Figure 1

Representative IHC staining results of  individual markers. Shown are representative IHC staining results of  the 
individual markers M30, Ki-67, Apaf1, Bcl2 and p53 on the tumor of  one patient included in our study. Images were 
taken at a 20x magnification and scales are indicated in the figures. Apoptosis using M30 was scored as the number of  
positive cells (indicated with arrows), proliferation using Ki-67 was scored as the percentage of  positively stained tumor 
cells. For Apaf1, Bcl2 and p53 a histoscore was calculated on the basis of  staining intensity and the percentages of  
positive cells (as discussed in Materials and Methods). 
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Supplementary Figure 2

Chi-squared and linear regression analyses validation study.  A. Chi-squared analyses comparing M30 staining with 
the methylation status of  all individual markers in the validation study (high or low based on median expression) are 
shown, including the χ2 p-values. B. Scatter plots of  the linear regression models are shown for each of  the individual 
markers in the validation study are shown in panel, including the linear regression p-values.

Supplementary TABLE 1 (next page)
Univariate and multivariate analyses are shown for the combinations of  two markers. Hazard ratios and 95% confidence 
intervals (95% CI) are shown for both the univariate and multivariate analyses, as well as the p-values. Patient groups for 
the combined marker analyses were defined as follows: 2 high (both markers showing high methylation, 1 high and 0 high 
(both markers showing low methylation). OS= overall survival; CSS= cancer-specific survival; LRFS= local recurrence-
free survival; DRFS= distant recurrence-free survival. Trends (p ≤ 0.1) are indicated in Italic.  
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Supplementary TABLE 1.  Univariate and multivariate analyses of  combinations of  2 markers

 Apaf1 and Bcl2

OS CSS LRFS DRFS

HR
p-value

HR
p-value

HR
p-value

HR
p-value

(95% CI) (95% CI) (95% CI) (95% CI)

 Univariate analyses

 Combined markers
0.89 0.4 0.83 0.3 0.59 0.09 1.01 0.9

(0.66-1.19) (0.58-1.18) (0.33-1.09) (0.70-1.44)

 Multivariate analysis

 Combined markers
0.92 0.6 0.95 0.8 0.58 0.1 1.12 0.6

(0.66-1.27) (0.64-1.39) (0.28-1.17) (0.76-1.66)

 Apaf1 and p53

OS CSS LRFS DRFS

HR
p-value

HR
p-value

HR
p-value

HR
p-value

(95% CI) (95% CI) (95% CI) (95% CI)

 Univariate analyses

 Combined markers
1.13 0.4 1.09 0.6 0.89 0.7 1.17 0.4

(0.84-1.53) (0.76-1.57) (0.50-1.61) (0.81-1.69)

 Multivariate analysis

 Combined markers
1.14 0.5 1.16 0.5 0.83 0.6 1.26 0.2

(0.81-1.59) (0.78-1.70) (0.43-1.61) (0.85-1.88)

 Bcl2 and p53

OS CSS LRFS DRFS

HR
p-value

HR
p-value

HR
p-value

HR
p-value

(95% CI) (95% CI) (95% CI) (95% CI)

 Univariate analyses

 Combined markers
1.13 0.4 1.11 0.6 0.82 0.5 1.3 0.2

(0.82-1.55) (0.76-1.64) (0.46-1.46) (0.89-1.96)

 Multivariate analysis

 Combined markers
1.15 0.4 1.17 0.5 0.75 0.4 1.51 0.07

(0.79-1.67) (0.76-1.79) (0.38-1.49) (0.96-2.38)

 Fas and TRAILR2

OS CSS LRFS DRFS

HR
p-value

HR
p-value

HR
p-value

HR
p-value

(95% CI) (95% CI) (95% CI) (95% CI)

 Univariate analyses

 Combined markers
0.97 0.8 0.79 0.2 0.92 0.8 0.85 0.3

(0.74-1.28) (0.58-1.09) (0.56-1.53) (0.62-1.16)

 Multivariate analysis

 Combined markers
0.92 0.5 0.79 0.2 0.87 0.6 0.85 0.3

(0.69-1.22) (0.57-1.11) (0.49-1.52) (0.61-1.18)
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