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Abstract
Background and aim: Diversity in the biology of colorectal cancer (CRC) is associated 
with variable responses to standard chemotherapy. We aimed to identify DNA 
hypermethylated genes as predictive biomarkers for irinotecan treatment of patients 
with metastatic CRC.

Materials and Methods: The presence of DNA methylation for a selected panel of 
22 genes was assessed by methylation specific PCR (MSP) on primary tumors of 
185 patients with metastatic CRC treated with first-line capecitabine (CAP, n=90) or 
a combination of capecitabine and irinotecan (CAPIRI, n=95) in the phase 3 CAIRO 
trial. Methylation status of each gene was correlated to progression free survival 
(PFS) by treatment regimen. Genes for which methylation status associated with 
response to irinotecan, were validated in 166 patients treated with first-line CAP 
(n=78) or CAPIRI (n=88). 

Results: Decoy Receptor 1 (DCR1) was identified as a novel hypermethylated gene in 
CRC. In CAPIRI treated patients, DCR1 methylation was correlated with a shorter PFS 
compared to patients with unmethylated DCR1 (hazard ratio [HR]=0.4 (95%CI =0.3-
0.7), p = 0.0009). In patients with methylated DCR1, PFS did not improve with CAPIRI 
treatment, compared to treatment with CAP (discovery set: HR=0.8 (95%CI=0.5-1.3, 
p=0.4); validation set: HR=1.1 (95%CI 0.7-1.7, p=0.6)), in contrast to patients with 
unmethylated DCR1 (discovery set: HR=2.5 (95%CI 1.7-3.3, p=0.00004); validation 
set: HR=1.7 (95%CI 1.1-2.0, p=0.004)).

Conclusion: CRC patients with methylated DCR1 did not benefit from adding 
irinotecan to capecitabine therapy, indicating that DCR1 methylation status may guide 
selection of metastatic CRC patients for irinotecan-based therapy.
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Introduction
The outcome of patients with colorectal cancer (CRC) strongly depends on tumor stage 
at time of diagnosis. Whereas stage I CRC patients have a 5-year overall survival of 
more than 90%, in stage IV CRC patients it declines to ~20%1. When distant irresectable 
metastases develop, palliative chemotherapy is the only treatment option available to 
these patients. The basis of this is 5-fluorouracil-based therapy in combination with 
oxaliplatin or irinotecan2. More recently, targeted therapies directed against vascular 
epithelial growth factor (VEGF) (bevacizumab) or epidermal growth factor receptor 
(EGFR) (cetuximab and panitumumab) have added further benefit to survival3. Still, only 
a subset of patients benefit from these regimens, while patients get treated with these 
regimens without benefit may suffer from considerable toxicity. With the exception of 
KRAS mutation status that conveys resistance to epidermal growth factor receptor (EGFR)-
targeted therapy4-6, the relation between diversity in the biology of CRC and treatment 
response is still largely unknown. Predictive biomarkers are urgently needed to identify a 
priori those patients that will benefit from a specific treatment.

Several candidate predictive biomarkers, besides KRAS, have been described for CRC7-

9, of which thymidylate synthase (TS) for 5-FU, topoisomerase I (TOP1) for irinotecan 
and excision cross-complementing gene (ERCC1) for oxaliplatin are most promising. 
However, results of different studies show inconsistent results, and hence the predictive 
value of these biomarkers remains elusive9,10. Hypermethylated genes form a particular 
category of biomarkers and a number of these have been reported to have predictive 
value for drug response in CRC patients, such as the Werner gene (WRN) for response 
to irinotecan11 and MGMT methylation for low risk of recurrence after treatment 
with capecitabine12, but again inconsistent results of the same markers have been 
reported13,14. Hypermethylated genes are of particular interest, since DNA methylation 
is potentially reversible by DNA methyltransferase inhibitors, which could provide a way 
to restore expression of genes silenced by DNA hypermethylation and thus increase 
the sensitivity of tumor cells to the specific treatment modalities the gene is associated 
with15,16.

In the present study we aimed to identify novel hypermethylated genes that predict 
response to treatment with irinotecan in patients with metastatic CRC, using material 
from the Dutch CApecitabine, IRinotecan and Oxaliplatin (CAIRO) study17. In the CAIRO 
study patients were randomized between sequential (1st line capecitabine, 2nd line 
irinotecan, 3rd line capecitabine + oxaliplatin) and combination chemotherapy (1st line 
capecitabine + irinotecan, 2nd line capecitabine + oxaliplatin). The comparison of 1st line 
capecitabine (CAP) versus the combination of capecitabine and irinotecan (CAPIRI) as 
1st line therapy provided an excellent opportunity to evaluate predictive markers for 
irinotecan.

 

Materials & Methods

Study design

The present study represents a retrospective case-control study with a candidate-gene 
approach. Tumor samples from a subgroup of patients that participated in a previously 
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conducted well documented randomized phase III study, i.e. the CAIRO trial of the Dutch 
Colorectal Cancer Group (DCCG)17, registered in ClinicalTrials.gov with the number 
NCT00312000, were retrieved through the Dutch national pathology registry PALGA18. 
Written informed consent was provided by all patients before study entry. In the CAIRO 
study, 820 patients with metastatic CRC were randomized between either sequential 
or combination treatment with capecitabine, irinotecan and oxaliplatin, as described 
above.

Formalin-fixed paraffin-embedded tissue samples from primary tumors, resected 
before chemotherapy, of 543 patients from the CAIRO study were available for DNA 
isolation. Tumor DNA samples from 351 patients were used and divided in a discovery 
set (n=185; 90 from the sequential treatment arm, 95 from the combination treatment 
arm) and a validation set (n=166; 78 from the sequential treatment arm, 88 from the 
combination treatment arm). For the discovery set, patients were selected based on 
tumor cell percentage (>70%) and stratification variables that were matched according 
to the stratification factors in the original study (for the subgroup of patients that 
underwent resection), i.e. performance status, predominant localization of metastases, 
previous adjuvant therapy and serum lactate dehydrogenase level (LDH). Table 1 shows 
the clinical characteristics of patients included and of all patients that participated in the 
CAIRO study. For both the discovery and the validation set, only patients were included 
who had received at least 3 cycles of 1st line therapy, or 2 cycles when death followed 
due to progressive disease.

Candidate gene selection

Candidate gene selection was based on the correlations between gene methylation and 
drug response in cell lines, which is described in detail in the Supplementary Information. 
In short, we determined the methylation status of 389 genes involved in DNA Damage 
Repair and Response in 32 cell lines of different tissue origin and correlated those with 
the sensitivity to 118 drugs in these same cell lines as published by The Genomics and 
Bioinformatics Group19 (http://discover.nci.nih.gov/nature2000/data/selected_data/a_
matrix118.txt). 

The sensitivity (i.e. -log(GI50)) scores to 118 drugs were translated into 15 common 
modes of action (MOA) and methylation status of 389 genes tested for association with 
these 15 modes of action. For the present study that focused on irinotecan sensitivity 
we selected genes, methylation of which was associated with topoisomerase inhibitors-
related mode of action. 

DNA isolation and methylation analysis

DNA was manually macrodissected from areas containing >70% tumor cell content and 
isolated by a column-based method (QIamp DNA microkit, Qiagen, Hilden, Germany) 
as described before20,21. DNA concentrations were quantified using the Nanodrop 
1000 UV spectrophotometer (Nanodrop Technologies Inc, Wilmington, DE, USA). DNA 
was subjected to sodium bisulfite conversion using the EZ DNA Methylation Kit (Zymo 
Research, Orange, CA, USA) according to the manufacturer’s protocol.

The discovery set was subjected to high-throughput lightcycler MSP assay for the 23 
selected candidate genes. Primers were designed in promoter regions (i.e. -1000 to +200 
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bp relative to the transcription start site, reckoning primer sets described in literature; 
see supplementary table 1 for primer sequences). Per sample, 20 ng bisulfite-modified 
DNA was amplified with methylation specific primer sets with the following PCR 
conditions: 95°C for 10 minutes followed by 45 cycles of 95°C for 10 seconds, 60°C for 
30 seconds and 72°C for 1 second. The kit used to amplify was the LightCycler 480 SYBR 
Green I Master kit (Roche, Vilvoorde, Belgium). The amplicons were checked for size 
and quantified by capillary electrophoresis (LC90 Labchip; Caliper Lifesciences). Quality 

Sequential treatment Combination treatment Total
 Original 

CAIRO 
study

Present 
study 

Discovery 
set

Present 
study 

Validation 
set

Original 
CAIRO 
study

Present 
study 

Discovery 
set

Present 
study 

Valida-
tion set

Original 
CAIRO 
study

Present 
study

Number of 
patients 401 90 78 402 95 88 803 351

Age at randomisation

Age (years) 64 
(27–84) 

64  
(41-82)

63  
(36-77)

63  
(31–81)

61  
(36-80)

61  
(37-78)

63 
(27–84)

62  
(36-82)

Gender

Male 252 
(63%) 55 (61%) 46 (59%) 255 (63%) 61 (64%) 58 (66%) 507 (63%) 220 (63%)

Performance status

PS0 257 
(64%) 57 (63%) 54 (69%) 244 (61%) 64 (67%) 57 (65%) 501 (62%) 232 (66%)

PS1 126 
(31%) 29 (32%) 23 (29%) 142 (35%) 27 (28%) 28 (32%) 268 (33%) 107 (30%)

PS2 18 (5%) 4 (4%) 1 (1%) 16 (4%) 4 (4%) 3 (3%) 34 (4%) 12 (3%)
Predominant localisation of metastases

Liver 277 
(69%) 64 (71%) 55 (71%) 285 (71%) 65 (68%) 62 (70%) 562 (70%) 246 (70%)

Extra-
hepatic

118 
(29%) 24 (27%) 22 (28%) 115 (29%) 29 (31%) 25 (28%) 233 (29%) 100 (28%)

Unknown 6 (2%) 2 (2%) 1 (1%) 2 (<1%) 1 (1%) 1 (1%) 8 (<1%) 5 (1%)
LDH at randomisation

Abnormal 145 
(36%) 25 (28%) 25 (32%) 145 (36%) 25 (26%) 31 (35%) 290 (36%) 106 (30%)

Previous adjuvant therapy

Yes 55 (14%) 16 (18%) 13 (17%) 56 (14%) 18 (19%) 16 (18%) 111 (14%) 63 (18%)

Site of primary tumour

Colon 251 
(63%) 63 (70%) 69 (76%) 227 (57%) 56 (59%) 51 (58%) 478 (60%) 229 (65%)

Recto-
sigmoid 28 (7%) 7 (8%) 2 (3%) 32 (8%) 6 (6%) 8 (9%) 60 (8%) 23 (7%)

Rectum 119 
(30%) 19 (21%) 16 (21%) 141 (35%) 32 (34%) 29 (33%) 260 (32%) 96 (27%)

Multiple 
tumours 2 (<1%) 1 (1%) 1 (1%) 2 (<1%) 1 (1%) 0 (0%) 4 (<1%) 3 (1%)

Missing 1 (<1%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (<1%) 0 (0%)

Table 1:  Clinical characteristics of patients included in the present study and of all patients that 
participated the CAIRO study
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control (QC) was performed with bisulfite converted in vitro Methylated DNA and 
bisulfite converted HCT116 DKO DNA. In vitro Methylated DNA is commercial available 
(Chemicon, Temecula, CA) and served as a positive control. As a negative control, DNA 
from the Human HCT116 DKO cell line was used. These cells contain genetic knockouts 
of both DNA methyltransferases DNMT1 (-/-) and DNMT3b (-/-). The DNA derived from 
HCT116 DKO cells has a low level of DNA methylation (< 5%). Amplification of beta-actin 
was used as an unmethylated reference gene.

CRC cell lines and the CAIRO validation set were subjected to a quantitative MSP assay 
for DCR1. The primers for methylated DNA were equal to the primers used for LightCycler 
analyses described above and were designed at the exact location as described before22 
. Per sample, bisulfite-modified DNA was used to amplify with unmethylated or 
methylated DNA specific primer sets. qMSP reactions were carried out in a 25 µl reaction 
volume containing 36 ng of bisulfite-treated DNA, 10 pmol of each primer and 1x Power 
SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA). Each plate included no 
template controls and a standard curve with a serial dilution of bisulfite-modified DNA 
from a mixture of methylated cell line (HCT116) and unmethylated cell line (HCT116 
DKO). Thermocycling parameters were 95°C for 15 minutes, followed by 40 cycles at 95°C 
for 30 seconds, 56°C for 30 seconds and 72°C for 30 seconds. Amplicons were checked 
for size using a melting curve. Melting cycle parameters were 95°Cfor 15 seconds, 60°C 
for 60 seconds and 95°C for 15 seconds. All samples were run and analyzed in duplicate. 
Cycle threshold (Ct) values were measured at a fixed fluorescence threshold (i.e., 0.01), 
which was always in the exponential phase of the amplification curves. The methylation 
percentage per sample was calculated according to the formula 2e-[mean Ct M reaction] 
/(2e–[mean Ct M reaction] + 2e–[mean Ct U reaction])*100. The U (unmethylated) and 
M (methylated) reactions were amplified with comparable efficiencies. Methylation 
outcomes were dichotomized (positive versus negative) using as a cut-off point the 
highest methylation percentage (4%) as measured three times in duplicates in 21 normal 
colon mucosa’s from non-cancer patients (data not shown). 

Cell lines

HCT15, HCT116, LS513, LS174T, Colo320, SW48, SW1398, HT29, Colo205, SW480, and 
RKO were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Lonza Biowhittaker, 
Verviers, Belgium) containing 10% fetal bovine serum (Hyclone, Perbio, UK). Caco-2 
was cultured in RPMI 1640 (Lonza Biowhittaker) containing 20% fetal bovine serum. 
LIM1863 was cultured in RPMI 1640 (Lonza Biowhittaker) containing 5% FCS, 0.01 mg/
ml thioglycerol, 1 mg/ml insulin and 1 µg/ml hydrocortisone. All cell culture media were 
supplemented with 2 mM L-glutamine, 100 IU/ml sodium penicillin (Astellas Pharma B.V., 
Leiderdorp, The Netherlands) and 100 mg/ml streptomycin (Fisiopharma, Palomonta 
(SA), Italy).

To investigate re-expression of DCR1 after inhibition of DNA metyltransferases, HCT116 
and Col205 cells were treated with 5000 nM 5-aza-2’-deoxycytidine for 3 days (DAC, 
Sigma Chemical Co., St. Louis, MO, USA). 

RNA isolation and qRT-PCR

Total RNA was isolated from cell lines using TriZol reagent (Invitrogen, Breda, the 
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Netherlands), and subjected to purification using RNeasy Mini Kit (Qiagen). After DNAse 
treatment (RQ1 DNAse, Promega, Leiden, the Netherlands). cDNA was made with 
the Iscript cDNA Synthesis Kit (BioRad, Veenendaal, the Netherlands). Quantitative 
RT-PCR was done using TaqMan® Gene Expression Assays from Applied Biosystems 
directed to DCR1 (Hs00182570_m1) and B2M (Hs00984230_m1). Relative expression 
levels were determined by calculating the Ct-ratio (Ct ratio = 2^-(Ct DCR1 – Ct B2M))
x1000.

Statistical analysis

The primary endpoint of the present study was progression free survival (PFS) under 
first-line systemic therapy with or without irinotecan stratified for methylation status 
of candidate genes. PFS for first-line treatment was calculated from the date of 
randomization to the first observation of disease progression or death reported after 
first-line treatment. The predictive value of candidate methylation genes for the outcome 
of combined irinotecan and capecitabine (CAPIRI) compared to capecitabine (CAP) 
alone was assessed by survival analysis including Kaplan-Meier curves. Cox Proportional 
Hazard models were used to estimate Hazard Ratios (HR) and 95% confidence intervals 
(95%CI) for methylation status per treatment, or for treatment stratified by methylation 
status. Independence between the markers and the other covariates was analyzed by 
the Fisher’s exact test for the discrete variables and by a T-test for age. Results were 
considered significant when p-values were ≤ 0.0523.

Student’s T-test was used for comparison of DCR1 expression levels before and after 
DAC and TSA treatment of HCT116. Pearson correlation analysis was used to measure 
correlation between DCR1 methylation and mRNA expression levels from 78 primary 
CRC tissue samples as provided by The Cancer Genome Atlas (TCGA) database ([http://
cancergenome.nih.gov). 

Results

Candidate genes 

Correlation analyses of the DNA methylation status of 389 genes involved in DNA 
Damage Repair and Response with sensitivity to 118 drugs in 32 cell lines yielded 22 
genes associated with topoisomerase-inhibitor related mode of action. These genes 
were analyzed for DNA methylation status in the discovery set (n=185). Of 17 genes, 
promoter hypermethylation has not been described in CRC before. 

Methylation frequencies observed in the present study for all 22 genes selected, as 
well as methylation frequencies in CRC from literature, as far as available, are shown in 
supplementary table 2. Methylation frequencies ranged from 5% to 98%, average 43%. 
Although WRN methylation has been described as a predictive marker for response to 
irinotecan before11 and was included in our initial selection, it did not meet the criteria to 
be in the final selection of candidate genes in the present study.

Patients with methylated DCR1 do not benefit from irinotecan added to capecitabine

From these 22 genes, DCR1 (decoy receptor 1, also known as TNFRSF10C) showed the 
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Gene 
symbol

First-
line 

therapy

Methyla-
tion status

nr of 
patients

Median PFS in days HR  
(methylated vs 
unmethylated)

p-
value

Cor-
rected 
p-value 

    Median 
PFS

95% CI HR 95% CI   

BIK CAP U 66 188 131-216 1.1 0.7-1.7 0.8 0.8
M 24 149 118-253

 CAPIRI U 69 251 212-296 0.9 0.6-1.4 0.7 0.8
M 26 253 218-330

CAT CAP U 78 190 133-210 0.9 0.5-0.7 0.8 0.9
M 12 116 67-NA

 CAPIRI U 81 258 240-296 0.7 0.4-1.3 0.2 0.6
M 14 190 166-410

CCND2 CAP U 63 156 126-208 1.3 0.8-2.0 0.3 0.6
M 27 202 169-322

 CAPIRI U 64 251 213-296 1.2 0.8-2.0 0.4 0.7
M 31 253 197-378

CDK5 CAP U 75 191 133-216 0.7 0.4-1.3 0.2 0.5
M 15 125 67-246

 CAPIRI U 78 253 217-296 1.3 0.8-2.5 0.3 0.6
M 17 218 189-439

DAPK1 CAP U 66 188 129-210 1.0 0.6-1.4 0.8 0.8
M 24 144 125-237

 CAPIRI U 77 243 212-262 1.7 1.0-2.5 0.1 0.5
M 18 307 241-500

DCR1 CAP U 48 178 127-202 1.4 0.9-2.0 0.1 0.5
M 42 184 126-278

 CAPIRI U 65 270 246-303 0.4 0.3-0.7 0.0 0.0
M 30 191 162-258

EEF1A2 
(1) CAP U 71 168 127-208 1.2 0.7-2.0 0.5 0.7

M 19 202 125-340
 CAPIRI U 75 260 228-301 0.7 0.4-1.3 0.2 0.5

M 20 212 174-351

EEF1A2 
(2) CAP U 83 177 129-202 1.3 0.6-2.5 0.5 0.7

M 7 246 77-NA
 CAPIRI U 93 251 217-286 2.3 0.6-10.0 0.2 0.5

M 2 478 378-NA
HOXA9 CAP U 51 191 133-234 0.8 0.6-1.3 0.4 0.7

M 39 168 124-216
 CAPIRI U 60 248 213-296 1.0 0.7-1.7 0.9 0.9

M 35 260 212-302
IRAK1 CAP U 56 130 119-199 1.6 1.0-2.5 0.0 0.3

M 33 216 159-321
 CAPIRI U 55 258 218-296 0.7 0.4-1.0 0.1 0.5

M 40 236 191-301

Table 2: Correlation  between methylation and outcome with respect to progression-free survival 
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LIG4 CAP U 7 190 65-NA 1.2 0.6-2.5 0.6 0.8
M 82 173 127-210

 CAPIRI U 8 484 301-NA 0.5 0.2-1.0 0.0 0.4
M 86 246 213-272

NUDT1 CAP U 4 99 60-NA 1.5 0.6-5.0 0.4 0.7
M 85 187 129-208

 CAPIRI U 10 298 191-NA 0.6 0.3-1.3 0.1 0.5
M 84 251 213-286

PAX3 (1) CAP U 14 126 65-475 1.2 0.7-2.0 0.6 0.8
M 76 189 133-210

 CAPIRI U 12 284 228-NA 0.8 0.4-1.4 0.5 0.7
M 83 248 213-286

PAX3 (2) CAP U 9 127 60-NA 1.3 0.6-2.5 0.5 0.7
M 81 187 131-216

 CAPIRI U 11 301 218-NA 0.6 0.3-1.3 0.2 0.5
M 84 251 212-286

PRKCB1 CAP U 67 168 127-307 1.1 0.7-1.7 0.7 0.8
M 23 192 127-307

 CAPIRI U 75 258 228-301 0.6 0.4-1.0 0.1 0.6
M 20 213 181-301

PROK2 CAP U 72 179 127-223 0.8 0.5-1.4 0.4 0.7
M 18 182 127-246

 CAPIRI U 77 251 212-296 0.6 0.4-1.1 0.1 0.5
M 18 253 218-302

PROP1 CAP U 6 99 60-NA 2.0 0.8-5.0 0.1 0.5
M 84 188 129-216

 CAPIRI U 7 301 182-NA 0.5 0.2-1.3 0.1 0.5
M 88 251 217-272

PTGS2 CAP U 81 168 127-210 1.1 0.6-2.0 0.8 0.9
M 9 202 177-NA

 CAPIRI U 90 256 228-296 0.6 0.3-1.7 0.3 0.7
M 5 181 162-NA

RASSF1 CAP U 74 164 127-202 1.2 0.7-2.0 0.5 0.7
M 16 209 118-339

 CAPIRI U 85 258 228-296 0.5 0.3-1.1 0.1 0.5
M 10 201 127-NA

RBBP8 CAP U 55 177 131-208 0.9 0.6-1.4 0.7 0.8
M 35 191 124-246

 CAPIRI U 47 262 240-301 0.7 0.5-1.1 0.1 0.5
M 48 218 200-301

RHOB CAP U 86 188 129-210 0.7 0.3-2.0 0.5 0.7
M 4 112 57-NA

 CAPIRI U 91 254 218-296 0.8 0.3-2.0 0.6 0.8
M 4 206 134-NA

SPO11 CAP U 5 190 127-NA 1.4 0.6-3.3 0.5 0.7
M 85 177 129-208

 CAPIRI U 2 200 191-NA 2.5 0.6-10.0 0.3 0.6
M 92 253 218-294
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strongest correlation between methylation and outcome with respect to progression-
free survival (PFS) (table 2). DCR1 was methylated in 72/185 (39%) of tumors. Patients 
treated with CAPIRI showed a significant shorter PFS when DCR1 was methylated 
compared to patients with unmethylated DCR1 (median PFS of 191 vs 270 days for 
methylated vs unmethylated DCR1, respectively; HR = 0.4 (95%CI 0.3-0.7); p = 0.0009; 
figure 1). DCR1 methylation status was independent of clinical parameters like prior 
adjuvant treatment (p=0.7), predominant localization of metastases (p=0.6), serum LDH 
(p=0.4), WHO performance status (p=0.5), and age (p=0.2). In contrast, PFS for patients 
treated with CAP alone was not associated with DCR1 methylation status (median PFS 
of 184 vs 178 days for methylated vs unmethylated DCR1, respectively; HR= 1.4 (95%CI 
0.9-2.0); p=0.1; figure 1). 

Like in the total CAIRO study population17, the 185 patients selected for the discovery 
set, showed significantly longer progression-free survival (PFS) when treated with CAPIRI 
compared to CAP alone (median PFS of 252 vs 182 days for CAPIRI vs CAP, respectively; 
HR=1.5 (95%CI 1.1-2.0, p=0.01). However, patients with methylated DCR1 did not 
benefit from adding irinotecan to CAP (median PFS of 191 vs 184 days for CAPIRI vs 
CAP, respectively; HR=0.8 (95%CI 0.5-1.3, p=0.4; figure 2). In contrast, patients with 
unmethylated DCR1 showed a significantly longer PFS when treated with CAPIRI 
compared to CAP alone (median PFS of 270 vs 178 days for CAPIRI vs CAP, respectively; 
HR=2.5 (95%CI 1.7-3.3, p=0.00004; figure 2). 

Validation set

In order to validate methylated DCR1 as a marker for lack of response to irinotecan, a 
second set of patients from the CAIRO study was examined for tumor DCR1 methylation 
status and PFS. DCR1 was methylated in 88 out of 166 (53%) tumors. Also in this series, 
PFS was significantly longer for patients treated with CAPIRI compared to patients 
treated with CAP alone (median PFS of 267 vs 200 days for CAPIRI vs CAP, respectively; 
HR=1.7 (95%CI 1.1-2.0, p=0.004), Again, only a significant effect remained in patients 
with unmethylated DCR1 (unmethylated DCR1: median PFS of 261 vs 195 days for CAPIRI 
vs CAP, respectively; HR=2.2 (95%CI 1.4-3.3, p=0.001) versus methylated DCR1: median 
PFS of 267 vs 203 days for CAPIRI vs CAP, respectively; HR=1.1 (95%CI 0.7-1.7, p=0.6) 

TBX5 CAP U 4 65 53-NA 2.3 0.8-5.0 0.1 0.5
M 86 188 131-210

 CAPIRI U 3 197 131-NA 2.0 0.6-5.0 0.3 0.6
M 91 252 218-296

TIPARP CAP U 75 187 127-208 0.9 0.5-1.7 0.7 0.8
M 15 177 65-321

 CAPIRI U 75 258 228-296 0.8 0.5-1.4 0.4 0.7
  M 20 198 137-311     

Abbreviations: BIK = BCL2-interacting killer (apoptosis-inducing); CAT = Catalase; CCND2 = cyclin D2; CDK5 = cyclin-dependent 
kinase 5; DAPK1 = death-associated protein kinase 1; DCR1 = decoy receptor 1; EEF1A2 = eukaryotic translation elongation 
factor 1 alpha 2; HOXA9 = homeobox A9; IRAK1 = interleukin-1 receptor-associated kinase 1; LIG4 = ligase IV, DNA, ATP-
dependent; NUDT1 = nudix (nucleoside diphosphate linked moiety X)-type motif 1; PAX3 = paired box 3; PRKCB1 = protein 
kinase C, beta; PROK2 = prokineticin 2; PROP1 = PROP paired-like homeobox 1; PTGS2 = prostaglandin-endoperoxide synthase 
2 (prostaglandin G/H synthase and cyclooxygenase); RASSF1 = Ras association (RalGDS/AF-6) domain family member 1; RBBP8 
= retinoblastoma binding protein 8; RHOB = ras homolog gene family, member B; SPO11 = SPO11 meiotic protein covalently 
bound to DSB homolog (S. cerevisiae); TBX5 = T-box 5; TIPARP = TCDD-inducible poly (ADP-ribose) polymerase; 
PFS=Progression Free Survival; U=Unmethylated; M=Methylated; HR=Hazard Ratio.
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(figure 3)). 

Methylation of DCR1 is associated to decreased gene expression

To investigate the effect of DCR1 promoter CpG island methylation on DCR1 gene 
expression in CRC, we investigated the association of DNA methylation with mRNA 
expression for DCR1 in a panel of 13 CRC cell lines. Ten out of 13 CRC cell lines were fully 
methylated for DCR1, as determined by the level of methylated as well as unmethylated 
DCR1 in the same cells, and showed low or absent gene expression. The other three CRC 
cell lines were hemi-methylated and showed clearly higher gene expression levels (figure 

Figure 1. Progression-free survival in metastatic CRC patients with unmethylated DCR1 (solid lines) or 
methylated DCR1 (dashed lines) treated in first-line with CAP (A) or CAPIRI (B) . HR=Hazard Ratio (CAPIRI 
versus CAP).
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4A). Treatment of HCT116 and Colo205 with the demethylating agent DAC resulted 
in increased DCR1 expression (p=0.005 and p=0.08, respectively; figure 4B and 4C). In 
addition, data from The Cancer Genome Atlas (TCGA) database (http://cancergenome.
nih.gov), including 78 CRC tumors, confirmed a negative correlation between DCR1 
methylation and mRNA expression (Pearson correlation of -0.4, p=0.0005; figure 
4D). 

Discussion
CRC is not only clinically but also biologically a heterogeneous disease. Much of the 

Figure 2. Progression-free survival in metastatic CRC cancer patients treated in first-line with CAP (solid 
line) or CAPIRI (dashed line) with unmethylated tumor DCR1 (A) or with methylated tumor DCR1 (B). 
HR=Hazard Ratio (CAPIRI versus CAP).
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biological diversity is defined at the DNA level (mutations, copy number changes and 
promoter hypermethylation), giving rise to phenotypical differences and differences 
in clinical behavior, including risk of metastasis and response to systemic treatment. 
The panel of anti-cancer drugs available for CRC has grown over the last two decades, 
providing the individual patient multiple options to both adjuvant treatment and 
systemic treatment of metastatic disease3. While most of the drugs available for CRC 
are registered as “one size fits all”, it is evident from their different modes of action 
that differences in biology may affect response to these drugs. In the present study we 
used a candidate gene approach to test whether promoter hypermethylation status of 
a series of candidate genes, based on their function in relation to the mode of action 

Figure 3. Validation set: Progression-free survival in metastatic CRC patients treated in first-line with 
CAP (solid line) or CAPIRI (dashed line) with unmethylated tumor DCR1 (A) or with methylated tumor 
DCR1 (B). HR=Hazard Ratio (CAPIRI versus CAP).
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of irinotecan, i.e. topoisomerase inhibition, correlates to PFS in first-line CAPIRI in 
metastatic CRC patients participating to the phase III CAIRO trial17.  CRC patients with 
DCR1 methylated in their tumor did not benefit from the addition of irinotecan to 
capecitabine, in contrast to patients with unmethylated DCR1 in their tumor. The initial 
finding in the discovery set could be confirmed in a second series of patients from 
the same CAIRO study.  In addition, also in sixty-five patients in the CAIRO sequential 
treatment arm who were analyzed for their response to single agent irinotecan therapy 
in second line, hypermethylation of DCR1 yielded a shorter PFS compared to patients 

Figure 4. DCR1 methylation and mRNA expression levels 
A. DCR1 mRNA expression analysis in CRC cell lines by RT-PCR. DCR1 DNA methylation percentage as 
measured by qMSP (M%) is indicated below each cell line. Quantifications represent mean expression 
values from three independent experiments. B. DCR1 mRNA expression analysis by RT-PCR of HCT116 
with and without DAC treatment (p=0.005). C. DCR1 mRNA expression analysis by RT-PCR of Colo205 with 
and without DAC treatment (p=0.08). D. Scatter plots showing correlation of DCR1 methylation levels and 
DCR1 mRNA expression in 78 CRC tissues from TCGA.
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with an unmethylated DCR1, although this difference was not statistically significant 
(data not shown). The association between DCR1 methylation and mRNA expression 
from the TCGA data further supports this finding. 

DCR1 is a decoy receptor for tumor necrosis factor (TNF) related apoptosis inducing ligand 
(TRAIL), which is part of the extrinsic apoptosis-signaling pathway. DCR1 is able to bind 
TRAIL, but fails to induce apoptosis since it lacks an intracellular death domain, and thus 
can act as a scavenger24. However, the role of TRAIL in regulating apoptosis is complex, as 
recently has been demonstrated. Next to tumor suppressor, i.e. pro-apoptotic, functions 
of TRAIL, it may also have oncogenic activity under certain circumstances, by activating 
NFkB, PI3K-Akt and other signal transduction pathways25-27. Against that background, 
the frequently observed downregulation of DCRs in various cancers is plausible. 
Downregulation of DCR1 has been associated with DNA hypermethylation in different 
tumor types22,28. In the present study, we identified DCR1 as a novel hypermethylated 
gene in CRC, with a frequency of 46%. The results on CRC cell lines in the present study 
and data on CRC tissue samples from the TCGA database suggest regulation of DCR1 
expression by DNA methylation in CRC. 

Irinotecan inhibits topoisomerase I, ultimately causing replication arrest and DNA 
double-strand breaks leading to apoptosis. In general, chemotherapy-induced apoptosis 
is mediated by both the intrinsic and the extrinsic signaling pathway29. As discussed 
above, TRAIL can have ambiguous roles in the regulation of apoptosis and consequently 
DCR1 can play a role in the response to chemotherapeutic agents. Yet, a specific role for 
DCR1 in irinotecan resistance is elusive. In an attempt to investigate a causative role for 
DCR1 in response to irinotecan, we measured the response rate of cell lines HCT116 and 
SW480 to SN38 (the active metabolite of irinotecan) with or without knocking-down 
DCR1 expression by siRNA or pre-treatment of cells with the demethylating agent DAC 
(data not shown). Unfortunately, we could not yet demonstrate an effect on response, 
which may have technical reasons. The knockdown-efficiency obtained (80% by siRNA) 
or DAC pre-treatment in these cells might not have been sufficient enough to obtain a 
biological effect. Alternatively, DCR1 itself might not be involved in the failure of response 
to irinotecan and rather represents a surrogate marker for another, yet unidentified 
marker.

Because patients treated with capecitabine alone were used as a control group, DCR1 
methylation can be considered as a negative predictive marker for response to irinotecan. 
Given the fact that the prevalence of DCR1 promoter hypermethylation overall is 46%, 
this finding could be relevant for a large number of patients. 

While we have demonstrated a role for DCR1 methylation in response to irinotecan in 
both a discovery and a validation set, containing independent series of patients from 
a well conducted phase III clinical trial, there still is a need for external validation. 
Furthermore, the analysis was limited to those patients for whom sufficient tumor 
material was available for this study (i.e. patients whose primary tumor had been 
resected, whose tumor blocks were available, and yielded good quality DNA) that 
may not necessarily be representative for all patients with metastatic CRC. In addition, 
measurements were performed on samples from the primary tumor, while patients 
were treated for their metastases. However, while metastases can acquire additional 
genomic alterations, metastases contain most alterations present in the primary tumor. 
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Moreover, DNA methylation changes occur early in colorectal carcinogenesis30,31. 
A marker that is consistent in primary and metastatic tissue is of great importance 
considering the limited availability of the latter. Like with KRAS mutation analysis for 
prediction of response to anti-EGFR therapy in metastatic CRC, testing a sample from the 
primary tumor may therefore be an adequate approach to determine DCR1 methylation 
status32. 

Knowing a priori that patients do not benefit from CAPIRI over CAP alone may help 
reducing unnecessary toxicity for those patients, but then it is important to know whether 
alternative treatment modalities, e.g. oxaliplatin, would not be associated as well with 
DCR1 methylation status. We therefore tested for the association of response with DCR1 
methylation status in primary tumor samples of 139 patients from the CAIRO2 phase III 
clinical trial who were treated with capecitabine, oxaliplatin and bevacizumab6. Indeed, 
PFS did not differ significantly between patients with methylated and unmethylated 
tumor DCR1 (supplementary figure 1), suggesting that oxaliplatin-based therapies may 
indeed be an alternative for patients with DCR1 methylated CRC. Given data from the 
present study, CAPIRI therapy in unmethylated tumors potentially is a very effective 
approach.

In conclusion, the present study revealed DCR1 methylation as a novel hypermethylated 
gene in CRC and as a predictive marker for lack of benefit from CAPIRI over single agent 
CAP in metastatic colorectal cancer in both the discovery and the validation set. These 
findings indicate a potential clinical relevance of DCR1 methylation status as a guide for 
selecting patients for treatment with irinotecan-based therapy.
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Supplementary Information 

Analysis and selection procedure of candidate genes: correlation 
between methylation status and predictivity and sensitivity to drug 
response
Drug activity data sets are publicly available from a number of sources. Here, 
methylation data for a number of DNA markers was correlated to drug activity data 
provided by The Genomics and Bioinformatics Group, 2000 Publications Data Set, Drug 
Activity of 118 ―Mechanism of Action Drugs (MOA’s), available at its website http://
discover.nci.nih.gov/nature2000/data/selected_data/dataviewer.jsp?baseFileName=a_
matrix118.

To generate the methylation data, 1156 assays were tested against 32 cell lines from 
breast cancer (BT549, HS578T, MCF7, MDAMB231, T47D), colon cancer (Colo205, 
HCT116, HCT15, HT29, SW620), lung cancer (A549, H226, H23, H460, H522), leukemia 
(CCRF-CEM, HL60, K563, MOLT4, RPMI8226, SR), melanoma (MALME3M, SK-MEL2, SK-
MEL5, SK-MEL28), ovarian cancer (OVCAR3, SKOV3), prostate cancer (DU145, PC3) and 
renal cancer (7860, A498). The 1156 assays were designed to cover the TSS proximal CpG 
island of 631 genes involved in DDR (DNA Damage Repair and Response). Of the 1156 
assays tested, 562 assays (389 genes) were retained for which we observed at least one 
methylated and one unmethylated cell line sample. For the same set of 32 cell lines the 
-log(GI50) scores of 118 drugs from the NCI60 database were selected. These drugs were 
grouped into 15 MOA’s.

The above datasets were combined to correlate the methylation profile of 562 assays 
to the activity profile of 118 drugs and 15 MOA’s. For each of the 562x118 couples 
(assay,drug) and the 562x15 couples (assay,MOA) a p-value was computed via 
randomization.

Given a couple (assay,drug) or (assay,MOA), the methylation profile of the assay was 
used as a starting point for the randomization experiment. This profile divides the set 
of cell lines in methylated and unmethylated ones (cell lines where the methylation call 
is missing were ignored). For both subsets of cell lines the average -log(GI50) score of 
the drug (or MOA): avgM(-log(GI50)) and avgU(-log(GI50)) was computed. The larger 
the difference between both averages, the more predictive the assay is of sensitivity to 
the drug (or MOA). If avgM > avgU it was assumed that methylation indicated higher 
sensitivity and the difference as avgM-avgU was computed. Otherwise we assumed the 
unmethylated state indicated higher sensitivity and computed the difference as avgU-
avgM.

Using difference avgM-avgU or avgU-avgM as a reference, a randomization experiment 
consisting of 10 million iterations was conducted. In each iteration a stratified sample 
from the 32 cell lines was selected, the difference between the average -log(GI50) in 
selected and unselected cell lines was computed, and it was 30 counted how often this 
difference was at least as high as the reference difference, and the result was divided 
by 10 million to obtain a p-value. The stratified sampling strategy was based on the 
categorization of the 32 cell lines into 8 subtypes: breast (5), colon (5), leukemia (6), 
lung (5), melanoma (4), ovarian (2), prostate (2) and renal (3). To compose a random 
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sample, we randomly selected within each subtype the number of methylated (in case 
avgM>avgU) or unmethylated (in case avgU>avgM) cell lines within that subtype. This 
was done to favor markers that discriminate between high and low sensitivity within 
different tissue types.

Robust assays were identified and selected. Those assays are highly predictive for the 
response of cell lines to single drug or to a group of drugs with a common mode of action. 
The mode of action taken into consideration for the present study was topoisomerase 
inhibitors. 

Quality control was performed using in vitro methylated DNA sample, unmethylated 
DNA sample and no template control sample (H2O). From the Lightcycler platform, the 
cycle threshold (ct) and melting temperature (Tm) Calling are calculated by the Roche 
Lightcycler 480 software (Software release 1.5.0). From the capillary electrophoresis 
platform, the band sizes and band heights are calculated by the Caliper software (Caliper 
Labchip HT version 2.5.0 , Build 195 Service Pack 2). 

In a first stage, the melting temperature and product size of in vitro methylated DNA 
are measured for a marker. A sample is called positive for that marker if the melting 
temperature and product size are within the specified boundaries of a measured in 
vitro methylated reference. Additional rules are imposed on the Ct value and the band 
intensity of the product with the right size. Product size has to be within the reference 
product size +/- 10bp interval. Melting temperature has to be within the reference 
product temperature +/- 2 degrees Celsius range. In addition, the cycle threshold has to 
be under 40 cycles and the correct band intensity height has to be higher than 20, the 
latter is a relative number calculated by the caliper software.

 



Chapter 6

 
156

Supplementary Figure 1. Progression-free survival in advanced colorectal cancer patients with unme-
thylated DCR1 (U; solid lines) or methylated DCR1 (M; dashed lines) treated in first line with capecita-
bine, oxaliplatin and bevacizumab. HR=Hazard Ratio (M versus U).

Supplementary Figures and Tables
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Lightcycler MSP primers

Name Sense primer Antisense primer

BIK TTTTTGGAGTTTCGGTTTTTAC CTTTACACGAATAACCTCCGTTC

CAT GTTTGTTGTTTCGAGTTCGTG ATCTTAACCTACCTAACGCCGA

CCND2 CGGGGTTGTTTTATTCGTATCG CAACCAACTTACGTCACCGCT

CDK5 AGTTTTGCGGGAAATGTTAATAC AAACTCCGATCTCAACAACGA

DAPK1 TAAGGAGTCGAGAGGTTGTTTC CCTACCGCTACGAATTACCGA

DCR1 TTACGCGTACGAATTTAGTTAAC CATCAAACGACCGAAACG

EEF1A2 (1) GTTCGTGATTAGTAGAGTCGGGT ACAACGAATAAAAATAAAACGCC

EEF1A2 (2) TTAGGTTGGGTACGTTCGTGA ACAACGAATAAAAATAAAACGCC

HOXA9 AGGAGCGTATGTATTTGTCGTTC AACGCTATACCCGCTACGATA

IRAK1 AGGATGTGTACGAGGTCGGTT CGAACTACGACTATACGAACGCT

LIG4 GAGTTAAAAACGGGAGAAATCGT CACAACGCTATAAACTACGCC

NUDT1 GTATTTTTCGAGTTCGTTACGTTT TCCTCTTAACGTCCAACGAC

PAX3 (1) TTTGGGTATAGCGTCGGTT ATTCCCGAAAATCATCCGC

PAX3 (2) ATAGTTTTCGAGGGTTATTCGC CCTAAACACAACGCCGACC

PRKCB1 GTATCGCGTTTAGGTTTCGTTT CCGACGCTACAAAACTACGA

PROK2 ATAAAGGTTAGTTTCGTCGTGA ACACGTACTCGTCTAAAAACCG

PROP1 CGAGTTATGGAAGTAGAAAGGAGGC ATAATCGAAATCCCAATAACCGA

PTGS2 TTACGGAAATGAGAAAATCGG GCCTAAAACGATAAAACTCGAAA

RASSF1 GCGTATTGTAGGTTTTTGCGT TAATCCCTAACCGTAACCACCG

RBBP8 GTATTTTTATACGGGTAAGGCGA TACCCCGCTACTCTACTCCGC

RHOB AGGAGGGGATTCGGGTATC TAATTAACGACCCAAACCG

SPO11 AGTGTGGGTCGCGTAGGTATC CTAAATCCAATATCCGCAACACG

TBX5 TCGGTATTGATAGGCGAAGAC CTATAAAACTTAAAAACGTCACGAA

TIPARP TAAGGTTTACGAAATAGTCGGTC ACTACCACCAAACGAAATCGC

Beta Actin TAGGGAGTATATAGGTTGGGGAAGTT AACACACAATAACAAACACAAATTCAC

qMSP primers

Name Sense primer Antisense primer

DCR1_U GAATTTTTTTATGTGTATGAATTTAGTTAAT CCATCAAACAACCAAAACA

DCR1_M TTACGCGTACGAATTTAGTTAAC CATCAAACGACCGAAACG

Supplementary table 1. MSP primer sequences



Chapter 6

 
158

Gene symbol Methylation frequency in 185 prim-
ery CRC (present study) (%)

Methylation frequency in 
primary CRC (literature) (%)

References *

BIK 27 -  

CAT 14 -

CCND2 31 -  

CDK5 17 -

DAPK1 23 52 1-4

DCR1 39 -

EEF1A2 5-21 -  
HOXA9 40 32 5
IRAK1 40 -  

LIG4 92 -

NUDT1 92 -  

PAX3 85-98 -

PRKCB1 23 -  

PROK2 19 -

PROP1 93 -  
PTGS2 8 31 3;6-8
RASSF1 14 22 3;7;9-18 

RBBP8 45 -

RHOB 4 -  

SPO11 96 -

TBX5 96 68 19
TIPARP 19 -  

Supplementary table 2. Methylation frequencies of the candidate genes in the present study 
and as reported in literature
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