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Abstract 46 

Purpose  47 

Analysis of methylation markers in liquid biopsies is a promising technique for the follow-up 48 

of metastatic colorectal cancer (mCRC) patients, since they can be used in all patients, 49 

regardless of their mutational status. Therefore, we studied the value of NPY methylation 50 

analysis in circulating tumor DNA (ctDNA) for accurate response monitoring in mCRC 51 

patients in the PANIB trial. 52 

Experimental design 53 

The PANIB trial was a randomized phase two trial designed to compare FOLFOX plus 54 

panitumumab and FOLFOX plus bevacizumab in patients with RAS wild-type unresectable 55 

mCRC. The results of sequential liquid biopsies were correlated with results of imaging. 56 

Results 57 

Forty patients were included from six Belgian hospitals. Analysis of the liquid biopsies 58 

revealed that higher baseline levels of methylated ctDNA was associated with a significantly 59 

shorter overall survival (HR, 1.015; 95% CI 1.005 -1.025 and p=0.002). Furthermore, thirty-60 

seven patients provided at least two liquid biopsies. Thirty-one of them showed a decrease 61 

in the methylation ratio after the start of therapy, which corresponded with stable disease or 62 

response on imaging at the first evaluation. 63 

When comparing the panitumumab and bevacizumab arm, significantly higher objective 64 

response and early tumor shrinkage rates were observed in the panitumumab arm (p=0.048 65 

and p=0.015, respectively). However, due to a small study population, the trial was 66 

underpowered to detect a significant difference in survival.  67 

Conclusions 68 

The results of this study confirm that baseline methylated ctDNA is a prognostic marker and 69 

indicate that NPY methylation is a promising marker for response monitoring in patients with 70 

mCRC.  71 
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Translational relevance 72 

Previous studies have indicated that quantification of circulating tumor DNA (ctDNA) based 73 

on NPY methylation could provide more accurate response monitoring in metastatic 74 

colorectal cancer patients (mCRC), but its practical value remains unclear. The results of the 75 

sequential liquid biopsies of 40 patients with mCRC in this trial indicate that a decrease in 76 

methylated ctDNA after two cycles of therapy (4 weeks) corresponds to stable disease or 77 

partial response on imaging (at 8 weeks). In contrast, an increase in methylated ctDNA 78 

during follow-up indicates progressive disease. In one patient, the increase in methylated 79 

ctDNA preceded radiologic progression, indicating that methylated ctDNA can also be used 80 

for the prediction of progressive disease. This universal biomarker for mCRC might allow for 81 

earlier response evaluation, more accurate response monitoring, and prediction of 82 

progressive disease. However, larger studies with a more frequent collection of liquid 83 

biopsies are necessary to confirm this finding.  84 



 
 

5 
 

Introduction 85 

Colorectal cancer (CRC) is the third most common cancer and a major cause of cancer-86 

related death. In 2020, there were approximately 1.9 million new cases of CRC and an 87 

estimated 935,000 deaths from CRC, representing approximately 10% of all cancer cases 88 

and deaths (1). Of newly diagnosed patients, 15–25% have metastatic disease at diagnosis, 89 

and up to 50% of all patients eventually develop metastatic disease (2,3). 90 

Advances in systemic therapies, including monoclonal antibodies against vascular 91 

endothelial growth factor (VEGF) and epidermal growth factor receptor (EGFR), have 92 

significantly improved the survival of CRC patients. Currently, anti-VEGF or anti-EGFR 93 

combined with cytotoxic therapy is the standard first-line therapy for patients with RAS wild-94 

type (WT) metastatic colorectal cancer (mCRC). However, results from several prospective 95 

clinical trials comparing anti-EGFR and anti-VEGF in combination with chemotherapy in RAS 96 

WT mCRC have been inconsistent (4). Therefore, at time of this study, it remained unclear 97 

which combination was the optimal first-line treatment in patients with RAS WT mCRC. In 98 

addition, since there is still high variability in therapeutic responses among patients, 99 

determining the optimal personalized treatment plan remains challenging.  100 

Conventional monitoring of therapy response is based on imaging (RECIST 1.1)(5) and 101 

measurements of carcinoembryonic antigen (CEA). However, radiological assessments are 102 

usually limited in frequency (owing to radiation exposure and costs), have a poor detection 103 

limit, are not suited for detecting small metastases, and cannot describe the intrinsic 104 

characteristics of each tumor. Therefore, the development of new biomarkers would be of 105 

great value in enabling early treatment response evaluation and more accurate response 106 

monitoring. Early detection of disease progression based on these new biomarkers could 107 

allow for earlier changes in therapy, thus avoiding unnecessary side effects, enhancing 108 

efficacy, and minimizing costs.  109 

Quantification of circulating tumor DNA (ctDNA) provides real-time information on tumor 110 

burden and has been shown to be associated with treatment responses in mCRC (6-9). 111 

Recently, it has become apparent that the methylome holds great potential for biomarker 112 

discovery, not only in pan-cancer settings (10,11), but also in colorectal cancer (12). 113 

Furthermore, previous studies have shown that quantifying ctDNA through the methylation 114 

analysis of NPY correlates with total tumor burden and can therefore be used for the follow-115 

up of mCRC patients (7-9). As progressive disease might be detected earlier using liquid 116 

biopsies than radiographic evaluation, the use of liquid biopsies might be a promising tool to 117 

guide treatment. 118 

The initial aim of this study was to compare the efficacy and tolerability of anti-EGFR therapy 119 

(panitumumab) versus anti-VEGF (bevacizumab) in combination with oxaliplatin–5FU 120 
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(FOLFOX) as first-line treatment for patients with RAS WT unresectable mCRC. The second 121 

aim of this study was to explore whether quantification of ctDNA based on NPY methylation 122 

analysis can lead to better, individualized response evaluation and real-time follow-up using 123 

non-invasive liquid biopsies in mCRC patients.   124 
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Materials and Methods 125 

Study population 126 

The PANIB trial (20139173 study) was a randomized, multicenter phase II trial comparing 127 

FOLFOX plus panitumumab with FOLFOX plus bevacizumab in patients with previously 128 

untreated RAS wild-type metastatic unresectable colorectal cancer. In this trial, patients 129 

aged ≥18 years, with an Eastern Cooperative Oncology Group performance status score of 130 

≤2, and histologically or cytologically confirmed metastatic adenocarcinoma of the 131 

colorectum were included from six centers in Belgium. 132 

Since the primary aim of this study was to compare the efficacy of panitumumab and 133 

bevacizumab in combination with FOLFOX, the sample size for this trial was calculated to 134 

detect a difference in progression-free survival (PFS). To demonstrate a hazard ratio of 0.66, 135 

assuming a median PFS of 10 months in the bevacizumab group, 83 patients per arm were 136 

planned to be recruited, with a minimum follow-up of 12 months. To account for a 5% 137 

dropout rate in both treatment arms, 175 patients had to be included. With this sample size, 138 

80% power would be reached to demonstrate statistical significance at a one-sided alpha 139 

level of 0.10. However, owing to slow patient accrual, the trial was closed after the inclusion 140 

of 40 patients.  141 

Wild-type KRAS and NRAS tumor status was confirmed by the pathology laboratory of the 142 

Antwerp University Hospital using formalin-fixed paraffin-embedded tumor tissue from the 143 

primary tumor or metastasis. The full eligibility criteria can be found in the supplemental 144 

materials and methods. Using a computer-generated minimization sequence, the patients 145 

were randomized to one of the two treatment arms in a one-to-one ratio. Tumor response 146 

evaluation was performed every 8 weeks by a blinded radiologist and based on RECIST 1.1 147 

criteria. Patients received the assigned treatments until progressive disease (PD), consent 148 

withdrawal, or unacceptable toxicity. Safety assessments were performed at baseline, during 149 

each treatment cycle, and 30 days after the last drug administration. Adverse events (AEs) 150 

were graded using the Common Terminology Criteria for Adverse Events (version 4.0). 151 

The study protocol was approved by the independent ethics committee at the participating 152 

study centers, and all patients provided signed informed consent before any study-related 153 

procedures were performed (Ethical Committee of Antwerp University Hospital protocol 154 

number 14/24/256 and EUDRACT 2014-000543-33). The trial was conducted in accordance 155 

with the Declaration of Helsinki. 156 

Blood samples 157 

Blood samples were collected at three different time points during treatment. The first liquid 158 

biopsy sample was collected at enrolment before the start of treatment (T1). A second liquid 159 
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biopsy was collected between the second and third cycles (T2; approximately 1 month after 160 

enrolment), and the last liquid biopsy was obtained at the end of the study (progressive 161 

disease, unacceptable toxicity, or change of therapy, T3). At enrolment, 30 ml blood (EDTA 162 

tubes) was collected, and 20 mL blood was collected at the following two time points. The 163 

tubes were centrifuged at 400g for 10 minutes, followed by another centrifugation step (10 164 

minutes at 16,000g). Aliquots of plasma were stored at -80 °C until cell-free DNA (cfDNA) 165 

extraction was performed using a QIAsymphony DSP Circulating DNA Kit (Qiagen, Hilden, 166 

Germany). cfDNA was stored at -20°C, and cfDNA concentration was determined using the 167 

Qubit 2.0 fluorometer with the double strand DNA high sensitivity assay (Thermo Fisher 168 

Scientific, Eugene, OR, USA). The downstream ctDNA analyses were not pre-planned but 169 

performed with pre-specified hypotheses.  170 

Droplet digital PCR analysis  171 

The full droplet digital PCR (ddPCR) protocol was performed as described previously (6-172 

9,13). First, up to 45µL of cfDNA was bisulfite-converted in a 50µL reaction using the Zymo 173 

EZ DNA methylation kit (Zymo Research, Research, Freiburg, Germany) before elution into 174 

10.5µL. For each bisulfite conversion of new samples, two control samples were 175 

incorporated to ensure adequate bisulfite conversion and DNA recovery, namely, universal 176 

methylated DNA (Zymo Research) and human genomic DNA. These control samples were 177 

also included as control samples in the further ddPCR analysis.  178 

The ALB/NPY duplex ddPCR was performed using 9μl of bisulfite converted cfDNA per well 179 

in a 20μl reaction with Bio-Rad ddPCR supermix for probes (No dUTP). A more detailed 180 

description of the ddPCR assay is provided in the supplemental materials and methods 181 

section.  182 

Droplets were generated using the QX200 Automated Droplet Generator (Bio-Rad, CA, 183 

USA), and the PCR step was run on a Veriti thermal cycler (Applied Biosystems, Waltham, 184 

MA, USA). A QX200 Droplet Digital Reader (Bio-Rad) was used to read the samples. Data 185 

analysis was performed using QuantaSoft version 1.0 (Bio-Rad). 186 

The limit of blank (LOB) and limit of detection (LOD) were calculated, as previously 187 

described (14-17). The LOB is defined as the frequency of positive droplets measured in 188 

negative control samples (n=26, human genomic DNA of healthy volunteers) and is a finite 189 

number of false positive droplet events detected per analysis. The LOB and LOD values for 190 

the NPY methylation assay were 1.60 and 5.43, respectively (Supplemental Table S1). The 191 

methylation ratio was calculated for each positive sample. This ratio determines the fraction 192 

of ctDNA (containing tumor-specific methylation of the NPY gene promoter) in the total 193 

amount of cell-free DNA. This was calculated as the ratio of the normalized number of 194 
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droplets containing NPY methylated sequences minus the LOB value over the number of 195 

droplets containing albumin sequences.  196 
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Next generation sequencing  197 

Liquid biopsies of patients with progressive disease during anti-EGFR therapy were studied 198 

to identify potential mechanisms for the acquired resistance. The cfDNA of liquid biopsies 199 

collected after detection of progressive disease was sequenced using the OncomineTM 200 

Colon cfDNA Assay (Thermo Fisher Scientific). This cfDNA panel covers 14 genes with 201 

>240 hot spots (SNVs and short indels), including AKT1, BRAF, CTNNB1, EGFR, ERBB2, 202 

FBXW7, GNAS, KRAS, MAP2K1, NRAS, PIK3CA, SMAD4, TP53, and APC. This assay 203 

uses tag sequencing technology (unique molecular identifiers) and allows for the detection of 204 

rare variants with up to 0.1% allelic frequency.  205 

Library preparation, molecular barcoding, and sequencing were performed according to the 206 

manufacturer’s instructions, using a maximum of 50ng of cfDNA as input. The concentration 207 

of each Oncomine cfDNA library was determined using the Ion Library TaqMan Quantitation 208 

Kit. Sequencing was performed on an ION S5 system using Ion 540 chips (Thermo Fisher 209 

Scientific, Waltham, MA, USA). Data analysis was performed using Ion S5 Torrent Server 210 

software and Ion Report software with hg19 as the human reference genome.  211 

The NGS data for library performance and variant calling quality are presented in 212 

Supplemental Table S2. The manufacturer recommends a median read coverage 213 

(MedReadCov) of >25,000 and median molecular coverage (MedMolCov) of >2500 to detect 214 

a variant with a minor alle frequency of 0.1%. 215 

Classification of the somatic variants was carried out based on the standardized approach of 216 

the Belgian ComPerMed Expert Panel(18). 217 

Shallow whole-genome sequencing of cell-free DNA 218 

12.5 ng of cfDNA was used as input for shallow whole-genome sequencing (sWGS), aiming 219 

for a coverage of x0.2-0.4-fold. Library preparation was performed using the TruSeq Nano 220 

DNA High Throughput Library Prep Kit (Illumina, San Diego, CA, USA) on an automated 221 

Hamilton STAR liquid handling system (Hamilton, Germany GmbH, Robotics, Gräfeling, 222 

Germany) with dual indexing, and sequencing was performed on the NextSeq500/550 223 

platform (Illumina). The fraction of tumor-derived DNA in cell-free DNA was estimated using 224 

the R package ichorCNA(19). 225 

Statistical analysis  226 

Analyses were performed using SPSS version 27 (IBM Corp., Armonk, NY, USA) and R 227 

version 3.6. Patient characteristics were compared between the treatment arms using the 228 

independent samples t-test for continuous variables and the chi-square or Fisher’s exact test 229 

for categorical variables. Because of the small sample size, the Monte Carlo chi-square test 230 

was used for non-dichotomous categorical variables. Survival and duration of response were 231 

modeled using Kaplan-Meier curves and described with medians and 95% confidence 232 
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interval (CI), comparing groups using the log-rank test. The association between survival 233 

and baseline characteristics was assessed using Cox proportional hazard models, and effect 234 

sizes were reported using the hazard ratio (HR) and its 95% CI. All Cox proportional hazards 235 

analyses were adjusted for sex and age. Objective response and early tumor shrinkage 236 

rates were compared using Pearson’s chi-square test. Resection rates were compared using 237 

Fisher's exact test. The time to response was studied using the Mann-Whitney U test. For 238 

the analyses of liquid biopsies, methylation ratios were compared using the nonparametric 239 

Wilcoxon signed-rank test. Statistical significance was set at P < 0.05.  240 

The figures were designed using GraphPad Prism version 9 (GraphPad Software Inc., La 241 

Jolla, CA, USA). The REMARK (REporting recommendations for tumor MARKer prognostic 242 

studies) checklist was used to ensure transparent reporting (Supplemental Table S3) (20). 243 

Data availability 244 

The sequencing data generated in this study are publicly available in European Nucleotide 245 

Archive (ENA) at EGAS00001006820. The ddPCR data generated in this study are available 246 

upon reasonable request from the corresponding author.  247 
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Results 248 

Patient population 249 

Between 17/2/2015 and 07/03/2019, 40 mCRC patients from six institutes were included. 250 

Seventy percent of patients was male and the median age was 68 years. The primary tumor 251 

was located in the left or rectal colon in 73.7% of patients and in the right colon in 23.7% of 252 

patients. One patient had a left-sided and right-sided tumor (2.6%). Baseline patient 253 

characteristics are provided in Table 1.  254 

Using a computer-generated minimization sequence, 20 patients were allocated to receive 255 

FOLFOX combined with panitumumab and 20 were assigned to receive FOLFOX with 256 

bevacizumab. The demographic and baseline characteristics of the two treatment arms were 257 

similar, except for ECOG PS (p=.034, Supplemental table S4). Supplemental figure S1 258 

shows a CONSORT diagram of the study. 259 

 260 

Comparison of anti-EGFR therapy to anti-VEGF therapy 261 

At the time of data cutoff, all subjects had discontinued first-line treatment. The reasons for 262 

end of study were, for panitumumab vs bevacizumab respectively, disease progression 263 

(25% vs 50%), toxicity (20% vs 5%), withdrawal of consent (10% vs 0%), metastasectomy 264 

(15% vs 5%), and change to alternative treatment (30% vs 40%). 265 

Cox proportional hazard analysis showed no significant difference in PFS (HR 0.789; 95% CI 266 

0.24-2.63; p=.700) or overall survival (OS) (HR 0.673; 95% CI 0.28-1.60; p=.371) between 267 

the treatment arms. However, the objective response and early tumor shrinkage rates were 268 

significantly higher in the panitumumab arm (16/19 and 15/17) than in the bevacizumab arm 269 

(11/20 and 9/18, p=0.048 and p=0.015, respectively). In addition, there was a trend towards 270 

a higher resection rate, shorter time to response and a longer duration of response in the 271 

panitumumab arm, but these differences did not reach statistical significance. Furthermore, 272 

there was a trend towards increased toxicity in the panitumumab arm, with significantly more 273 

patients experiencing grade 3 or 4 adverse events (p=0.004). (All results presented in 274 

supplemental figure S2 and S3, supplemental table S5 and S6 and the supplemental data 275 

file) 276 

 277 

Methylation analysis – liquid biopsy 278 

At study closure, 96 liquid biopsy samples were available (40 at enrolment (T1), 36 before 279 

the third cycle (T2), and 20 at the end of the study (T3)). At the end of the study, 11 of 20 280 

patients that provided a liquid biopsy developed progressive disease, 1 patient experienced 281 

intolerable toxicity, 3 underwent curative surgery and 5 patients changed to other therapies.282 
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Methylated circulating tumor DNA at baseline 283 

At baseline, 35 of 40 patients (87.5%) had detectable levels of methylated circulating tumor 284 

DNA. There were no statistically significant associations between presence of methylated 285 

ctDNA at baseline and patient characteristics. However, there was a trend towards a higher 286 

SLDTL in the group with detectable methylated ctDNA (Supplemental table S7). 287 

The median NPY methylation ratio at baseline was 5.58% (range 0.00%-285.82%) 288 

(Supplemental figure S4). The only variable significantly associated with the baseline 289 

methylation ratio was sex, with females having higher NPY methylation levels at baseline 290 

(p=.001, Table 1). 291 

Baseline methylation ratio was not significantly associated with PFS but showed a trend 292 

towards shorter PFS with higher methylation ratios (HR, 1.007; 95% CI 0.998-1.017, 293 

p=0.143). 294 

However, the baseline methylation ratio (studied as a continuous variable) was significantly 295 

associated with overall survival (HR, 1.015; 95% CI 1.005 -1.025 and p=0.002). In this 296 

model, sex was also significantly associated with OS (female sex was associated with better 297 

survival, HR = 0.192, p=0.024). Figure 1 shows Kaplan-Meier curves for PFS and OS 298 

according to the baseline methylation ratio.  299 

 300 

Early response evaluation based on methylated circulating tumor DNA 301 

To study the value of methylated ctDNA analysis for early response evaluation, the NPY 302 

methylation ratios of the liquid biopsy at T1 (baseline) and T2 (after two cycles) were 303 

compared. Thirty-seven of 40 patients provided at liquid biopsy at T1 and T2 (Table 2). 304 

Thirty-one of them (83.8%) had detectable methylated ctDNA at baseline and showed a 305 

decrease in the NPY methylation ratio after the start of therapy. Five patients had no 306 

detectable NPY methylation in ctDNA at baseline, and in all of these patients, methylated 307 

ctDNA remained undetectable after two cycles of therapy. For these two groups of patients, 308 

a decrease in the methylation ratio or no detectable methylated ctDNA at T2 corresponded 309 

with response on imaging (stable disease (SD), partial response (PR), or complete response 310 

(CR)) in all patients where imaging data and liquid biopsy samples were both available 311 

(n=34) at the first evaluation. In contrast, one patient had a positive sample at baseline but 312 

showed an increase in the methylation ratio at T2. In this patient, progressive disease was 313 

detected during the first evaluation. Overall, the median NPY methylation ratio decreased 314 

from 5.58% at baseline to 0.05% after two cycles of therapy. This was a statistically 315 

significant decline in the methylation ratio (p=<.0001).   316 

Normalized methylated ctDNA levels 317 
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The initial effect of therapy on methylated ctDNA was also evaluated by comparing the 318 

baseline and follow-up samples of all patients (who provided two samples with the baseline 319 

sample being positive). In Supplemental figure S5, this change in methylated ctDNA levels 320 

after the start of treatment is described by normalizing the NPY methylation ratio to 100% at 321 

baseline. The median normalized fraction of methylated ctDNA was 100% at baseline, 322 

0.29% after two cycles of therapy, and 3.13% at the end of the study (all reasons for the end 323 

of the study combined). In patients selected for curative surgery, the mean normalized 324 

fraction of methylated ctDNA was 0% at the end of the study and 183.07% in patients with 325 

progressive disease.  326 

ctDNA response group 327 

In correspondence to the publication by Garlan et al. (6) and Thomsen et al.(8), patients 328 

were divided into two groups based on the methylated ctDNA at baseline (T1) and after two 329 

cycles of therapy (T2); low-level methylated ctDNA (LctDNA) and high-level methylated 330 

ctDNA (HctDNA). The LctDNA group consisted of patients with a NPY methylation ratio of 331 

zero at baseline as well as those decreasing to a level with zero included in the 95% CI after 332 

two cycles of therapy. This LctDNA group represents the patients with a deep, early 333 

molecular response to treatment. The HctDNA group included all other patients with a 334 

decreased level of ctDNA at T2, but who did not reach 0.  335 

In this study, twenty-eight patients belonged to the LctDNA group and eight to the HctDNA 336 

group. (One patient with an increase of ctDNA from T1 to T2 was excluded from this 337 

analysis.) The objective response rate was 74.1% in the LctDNA group and 87.5% in the 338 

HctDNA group (Supplemental table S8). There was a trend towards longer PFS in the 339 

LctDNA group compared to the HctDNA group (median PFS 17.26 months vs 9.34 months), 340 

however this association was borderline significant (HR .276 with 95% CI .075-1.014, 341 

p=.052). Likewise, there was a trend towards a longer OS in the LctDNA group, but this 342 

association did not reach statistical significance, with a median OS of 30.99 months in the 343 

LctDNA and 23.10 months in the HctDNA group (HR .352 with 95% CI 0.115-1.072, p=.066, 344 

corrected for age and sex). Figure 2 provides the Kaplan Meier curves according to ctDNA 345 

response. 346 

Slope of ctDNA decrease 347 

To study the clinical value of an early and sharp decrease of the NPY methylation ratio after 348 

start of therapy, we studied the slope of ctDNA decrease from T1 to T2. The slope was 349 

calculated as ((T2-T1)/T1)*100 (6). When studying the slope of ctDNA decrease as a 350 

continuous variable, no statistically significant association was observed with OS or PFS. 351 

However, when the slope of ctDNA decrease was studied as a categorical variable (and 352 

dividing the patients in two groups: below and above the median slope), a statistically 353 

significant association with PFS was observed (logrank: p=.025).  354 
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Follow-up of individual patients 355 

Supplemental figure S6 provides graphs and additional clinical information for all the patients 356 

included in this study. In figure 3, an overview is provided of the results of liquid biopsies and 357 

CT imaging of all patients with a liquid biopsy at PD. 358 

As demonstrated in the graphs, in patients who responded to therapy, a decrease in the 359 

methylation ratio was observed after initiation of therapy, and the methylation ratio remained 360 

low or undetectable during response. In patients who underwent curative metastasectomy, 361 

the methylation ratio remained low. In contrast, patients with progressive disease show an 362 

increase in NPY methylation ratio. 363 

Furthermore, patients who underwent curative metastasectomy had a lower methylation ratio 364 

at baseline (mean 9.80% with SD 19.45%) and after two therapy cycles (mean 1.09% with 365 

SD 2.17%) than all other patients (baseline mean 24.45% with SD 49.56%; T2, mean 1.01% 366 

with SD 2.26%). However, this difference was not statistically significant.  367 

In contrast, patients who reached the end of the study due to progressive disease had a 368 

higher methylation ratio at baseline (mean 40.81% with SD 72.73%) and after two cycles of 369 

therapy (mean 1.21% with SD 2.56%) than all other patients (baseline, mean 12.29% with 370 

SD 16.04% and T2, mean 0.90% with SD 2.03%). Furthermore, there was a statistically 371 

significant association between a higher methylation ratio at T2 and developing PD at the 372 

end of the study in this patient population. Out of 7 patients that provided a liquid biopsy at 373 

progressive disease, in 5 patients the progressive disease was detectable as a rise in 374 

methylation ratio (range: 0.05% - 157.32%) compared to the lowest methylation ratio at time 375 

point 2. Of the two patients that did not show an increase in the methylation ratio, one patient 376 

did not provide a liquid biopsy after the start of therapy (T2) and therefore had no 377 

methylation ratio to compare the liquid biopsy at progressive disease to. The second patient 378 

had no detectable methylated ctDNA at baseline or during the follow-up.  379 

 380 

Detection of resistance mechanisms against anti-EGFR – liquid biopsy 381 

Five patients developed progressive disease during anti-EGFR therapy. From three patients, 382 

sufficient cfDNA was acquired from liquid biopsies that were collected after the detection of 383 

progressive disease to study acquired resistance mechanisms against anti-EGFR using the 384 

OncomineTM Colon cfDNA Assay. In these three patients, no mutations were detected in 385 

KRAS (exon 2,3 and 4) or NRAS (exons 2 and 3) (data on coverage is provided in 386 

Supplemental Table S2).  387 

Two variants were detected in Patient 1: an FBXW7 R479Q mutation with a variant allele 388 

frequency (VAF) of 12.57% and a TP53 variant (C135Y) with a VAF of 17.95% (Table 3). 389 
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This corresponds to a ctDNA level (methylation ratio) of 14.17%, indicating that these 390 

mutations are present in the tumor. 391 

SMAD4, TP53 and BRAF mutations were detected in patient 13. The BRAF mutation was a 392 

V600E mutation with a VAF of 41.38%. The NPY methylation ratio was 42.06% in the same 393 

liquid biopsy sample. However, before starting therapy, a formalin-fixed paraffin-embedded 394 

(FFPE) tumor sample was tested for BRAF mutations but did not reveal the V600E mutation. 395 

To determine whether this mutation was acquired during therapy or was missed in the 396 

baseline FFPE sample, we tested liquid biopsies of T1, T2, and T3 using the BioRad ddPCR 397 

BRAF V600 Screening Kit. BRAF V600E mutation was detected in all liquid biopsy samples, 398 

including the baseline sample (Supplemental Table S9).  399 

In the last patient, 24, only a TP53 variant with low VAF (0.07%) was detected. However, 400 

this patient showed an interesting pattern of NPY methylation ratios, with values above 401 

100%. We hypothesized that this could be due to copy number alterations (CNA) of NPY 402 

(gene of interest) or ALB (reference gene). For this reason, low-pass WGS was performed 403 

on cfDNA of the liquid biopsies (since no tumor material was available). This showed a CNA 404 

profile (Supplemental figure S7) with a hemizygous deletion of chromosome 4 and high-level 405 

amplification of part of chromosome 7 (five copies). The reference gene, ALB, is located on 406 

chromosome 4 and the target gene of the NPY methylation assay is located on chromosome 407 

7p15. This resulted in a 5 times higher number of copies of NPY compared to ALB. The NPY 408 

methylation ratio measured at baseline was 285.82%, which corresponded to a ratio of 409 

57.16% of ctDNA in all cell-free DNA when considering the CNA. Interestingly, this 410 

corresponded to a tumor fraction of 58.46%, as measured by the ichorCNA tool. 411 
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Discussion 412 

The first aim of this study was to compare the efficacy and tolerability of panitumumab 413 

versus bevacizumab in combination with FOLFOX as first-line treatment for patients with 414 

RAS WT mCRC. As a result of the limited sample size, no conclusions can be drawn from 415 

the results of the current trial. However, our results show a trend in accordance with the 416 

latest trials on this subject (Supplemental Table S10). For example, in the PARADIGM trial 417 

panitumumab plus mFOLFOX6 was compared to bevacizumab plus mFOLFOX6 as first-line 418 

treatment in patients with RAS wild-type mCRC. In this phase 3 study in 802 patients, a 419 

significant better OS was observed in the panitumumab group compared to the bevacizumab 420 

group (HR 0.84; 95% CI 0.72-0.98; p=.030). Even though PFS was comparable in the two 421 

groups, a higher response rate and curative resection rate were observed in the 422 

panitumumab arm (21). Likewise, in the STRATEGIC-1 multi-line therapy trial, two treatment 423 

strategies were compared (FOLFIRI-cetuximab followed by mFOLFOX6-bevacizumab vs 424 

OPTIMOX-bevacizumab followed by FOLIRI-bevacizumab and anti-EGFR therapy with or 425 

without irinotecan). The treatment strategy starting with anti-EGFR therapy led to 426 

significantly higher response rates in first-line and a trend towards a longer OS (RR, p=.003; 427 

OS, HR 1.26 ; 95% CI 0.94-1.7, p=0.121)(22). The current trial, however, showed no 428 

significant difference in OS between treatment with panitumumab or bevacizumab, as can 429 

be expected based on the limited sample size. However, regardless of the small sample 430 

size, a significantly higher objective response rate and early tumor shrinkage rate was 431 

observed in the panitumumab arm. Furthermore, the panitumumab arm showed a trend 432 

toward a longer PFS, longer duration of response, shorter time to response, and higher 433 

resection rate, which corresponds to the previously cited trials.  434 

The results of these trials all strengthen the proposed treatment strategy of the current 435 

ESMO guidelines in which anti-EGFR therapy is recommended as first-line therapy in RAS 436 

WT patients in which cytoreduction is the treatment goal (4). 437 

Since the start of this trial, extensive research has been conducted on the predictive value of 438 

primary tumor location (21,23-32). Since anti-EGFR therapy is less effective in patients with 439 

right-sided tumors, it is especially recommended in patients with left-sided tumors to start 440 

with anti-EGFR therapy in first-line. Owing to the small study population, it was not possible 441 

to study the effect of primary tumor location in this trial.  442 
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The second aim of this study was to explore whether quantification of ctDNA based on NPY 443 

methylation analysis can lead to better individualized treatment monitoring and real-time 444 

follow-up using minimally invasive liquid biopsies. In this study, 87.5% of patients had 445 

detectable ctDNA levels at baseline. This is similar to that reported in other studies of 446 

patients with mCRC (76.8% (6), 87.5%(7)), confirming that the percentage of non-shedding 447 

samples is relatively low in these patients (33). It is of interest to study why five patients had 448 

no detectable NPY methylation in the liquid biopsy at baseline. This could be because the 449 

tumor was negative for NPY methylation or the concentration of NPY methylated ctDNA was 450 

too low to be detected.  451 

Corresponding to previous research, in this patient population, a higher baseline NPY 452 

methylation ratio was significantly associated with shorter overall survival (6,9,34). This is in 453 

line with other studies showing that baseline cfDNA or ctDNA concentrations are prognostic 454 

factors (35,36). Even though this was a relatively small study population, it can be noted that 455 

a decrease in the methylation ratio or undetectable methylated ctDNA after two cycles of 456 

therapy corresponded to stable disease or response on the first radiologic evaluation. Only 457 

one patient showed an increase in the methylation ratio after two cycles and interestingly, 458 

this patient already showed progressive disease on the first evaluation (after 4 cycles of 459 

therapy). Even though no conclusions can be drawn from one patient, it is striking that an 460 

increase in NPY methylation ratio, which is known to reflect tumor burden, might be detected 461 

before progressive disease is noticed on imaging. This earlier detection of progressive 462 

disease in ctDNA has also been observed in previous studies on metastatic colorectal 463 

cancer (lead time ranging from 0.5–10 months) (9,37,38) and in other cancer types (39-41).  464 

The fact that PFS was longer in the LctDNA arm compared to the HctDNA arm (borderline 465 

significance) confirms, as suggested by Garlan et al.(6), the importance of not only a 466 

decrease in ctDNA level alone but also a decrease below a negligible ctDNA threshold (0.1 467 

ng/ml in the study of Garlan et al, with 0% in the 95% CI in this study). Likewise, Garlan et al. 468 

did not observe a significant difference in OS in the two groups. This could be due to the fact 469 

that OS is determined by many more other factors (2nd line therapy, comorbidities, …) than 470 

PFS. PFS might have a more direct association with the initial decrease in ctDNA level. 471 

However, Thomsen et al. did find a significant better PFS and OS in the LctDNA group. (6,8) 472 

Patients selected for curative metastasectomy had a lower methylation ratio at baseline or 473 

T2 than all other patients. If this finding could be replicated in a larger cohort of patients, this 474 

could indicate that a low NPY methylation ratio could be used to select patients who are 475 

candidates for metastasectomy. Furthermore, it is interesting to note that the methylation 476 

ratio at the end of the study (before surgery) was 0.00% in the three patients that were 477 

selected for metastasectomy. However, the relationship with disease-free survival and 478 

metastasectomy could not be studied in this trial.  479 
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When progressive disease on liquid biopsy was defined as any increase in the methylation 480 

ratio from T2 to T3, the sensitivity for detection of progressive disease was 83.3% (5/6) with 481 

a specificity of 100% (6/6) in this study. Patients who reached the end of the study due to 482 

progressive disease had a higher methylation ratio at baseline and after two cycles of 483 

therapy than all other patients. This might indicate that a smaller molecular response after 484 

two cycles of therapy can select patients at greater risk for early progressive disease, and 485 

that these patients should be followed more closely.  486 

In addition, ctDNA was sequenced to identify the acquired resistance mechanisms in 487 

patients who developed resistance against anti-EGFR. In patient 13, a BRAF V600E 488 

mutation was detected, which was not detected in the FFPE tumor sample at baseline. As 489 

BRAF V600E mutations are rarely detected as an acquired resistance mechanism (42,43), 490 

this may be a false negative result on the FFPE sample due to insufficient tumor cell 491 

percentage or lower sensitivity of the used test compared to liquid biopsy.  492 

In patients 1 and 13, mutations were detected with a VAF that was comparable to the NPY 493 

methylation ratio. This indicates that mutated and methylated ctDNA are correlated, which 494 

corresponds to results of previous studies (7,9). However, methylated ctDNA has an 495 

advantage over mutated ctDNA since it can be used in all mCRC patients, irrespective of 496 

mutational status.  497 

An important strength of this study is the uniform collection and processing of the liquid 498 

biopsies. However, it is important to emphasize that the small study population and low 499 

number of liquid biopsies limit our interpretation. 500 

To confirm that quantification of ctDNA based on NPY methylation can be used for response 501 

monitoring and that progressive disease can be detected earlier with liquid biopsies than 502 

with conventional CT imaging, clinical trials with serial collection of liquid biopsies at more 503 

frequent time points are needed. Furthermore, the relationship between methylated ctDNA 504 

and CEA is of interest and should be studied further. To answer these questions, the 505 

FOLICOLOR lead-in trial is currently being conducted at our center (ClinicalTrials.gov 506 

Identifier: NCT04735900). This is a prospective study wherein biweekly liquid biopsies are 507 

collected from patients with RAS and BRAF WT mCRC. This study will allow us to study the 508 

changes in ctDNA levels based on NPY methylation during treatment in more detail. 509 
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Conclusions 510 

In this study of 40 RAS WT mCRC patients, significantly higher objective response and early 511 

tumor shrinkage rates were observed in patients treated with FOLFOX and panitumumab 512 

compared to patients treated with FOLFOX and bevacizumab (p=0.048 and p=0.015, 513 

respectively). However, due to the small study population, the trial was underpowered to 514 

detect a significant difference in survival or to draw further conclusions. 515 

The results of liquid biopsy analyses in this study confirm that baseline methylated ctDNA is 516 

a prognostic marker. In addition, our results indicate that analysis of methylated ctDNA of 517 

sequentially collected liquid biopsies can also be used for the follow-up of patients with 518 

mCRC. We believe that this marker, which can be used in all patients with mCRC, might 519 

allow accurate response monitoring and early detection of progressive disease. However, 520 

larger studies with a more frequent collection of liquid biopsies are necessary to confirm this 521 

hypothesis.   522 



 
 

21 
 

Acknowledgements 523 
The authors thank the doctors and study nurses of the collaborating hospitals (Antwerp 524 

University Hospital, AZ Nikolaas, AZ Klina, AZ Delta Roeselare, OLVZ Aalst, and CHR 525 

Verviers) for patient recruitment. The authors thank all patients for participating in the study. 526 

In addition, the authors would like to thank Lesley De Backer from the Multidisciplinary 527 

Oncology Center of Antwerp (MOCA) for her support in collecting clinicopathological data 528 

and Anne Schepers, a lab technician, for her contributions. Furthermore, the authors would 529 

like to thank the lab technicians of the non-invasive prenatal test team for their help with 530 

cfDNA extraction and Gitta Boons for her analysis of copy number alterations in Patient 24. 531 



 
 

22 
 

References  532 

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global cancer 533 
statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 534 
185 countries. CA Cancer J Clin 2021 doi 10.3322/caac.21660. 535 

2. Kindler HL, Shulman KL. Metastatic colorectal cancer. Current treatment options in oncology 536 
2001;2(6):459-71. 537 

3. McLeod HL, McKay JA, Collie-Duguid ES, Cassidy J. Therapeutic opportunities from tumour 538 
biology in metastatic colon cancer. European journal of cancer (Oxford, England : 1990) 539 
2000;36(13 Spec No):1706-12. 540 

4. Van Cutsem E, Cervantes A, Adam R, Sobrero A, Van Krieken JH, Aderka D, et al. ESMO 541 
consensus guidelines for the management of patients with metastatic colorectal cancer. Ann 542 
Oncol 2016;27(8):1386-422 doi 10.1093/annonc/mdw235. 543 

5. Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford R, et al. New response 544 
evaluation criteria in solid tumours: revised RECIST guideline (version 1.1). Eur J Cancer 545 
2009;45(2):228-47 doi 10.1016/j.ejca.2008.10.026. 546 

6. Garlan F, Laurent-Puig P, Sefrioui D, Siauve N, Didelot A, Sarafan-Vasseur N, et al. Early 547 
Evaluation of Circulating Tumor DNA as Marker of Therapeutic Efficacy in Metastatic 548 
Colorectal Cancer Patients (PLACOL Study). Clin Cancer Res 2017;23(18):5416-25 doi 549 
10.1158/1078-0432.CCR-16-3155. 550 

7. Boeckx N, Op de Beeck K, Beyens M, Deschoolmeester V, Hermans C, De Clercq P, et al. 551 
Mutation and Methylation Analysis of Circulating Tumor DNA Can Be Used for Follow-up of 552 
Metastatic Colorectal Cancer Patients. Clin Colorectal Cancer 2018;17(2):e369-e79 doi 553 
10.1016/j.clcc.2018.02.006. 554 

8. Thomsen CB, Hansen TF, Andersen RF, Lindebjerg J, Jensen LH, Jakobsen A. Early 555 
identification of treatment benefit by methylated circulating tumor DNA in metastatic 556 
colorectal cancer. Ther Adv Med Oncol 2020;12:1758835920918472 doi 557 
10.1177/1758835920918472. 558 

9. Jensen LH, Olesen R, Petersen LN, Boysen AK, Andersen RF, Lindebjerg J, et al. NPY Gene 559 
Methylation as a Universal, Longitudinal Plasma Marker for Evaluating the Clinical Benefit 560 
from Last-Line Treatment with Regorafenib in Metastatic Colorectal Cancer. Cancers (Basel) 561 
2019;11(11) doi 10.3390/cancers11111649. 562 

10. Ibrahim J, Op de Beeck K, Fransen E, Peeters M, Van Camp G. The Gasdermin E Gene Has 563 
Potential as a Pan-Cancer Biomarker, While Discriminating between Different Tumor Types. 564 
Cancers (Basel) 2019;11(11) doi 10.3390/cancers11111810. 565 

11. Liu MC, Oxnard GR, Klein EA, Swanton C, Seiden MV, Consortium C. Sensitive and specific 566 
multi-cancer detection and localization using methylation signatures in cell-free DNA. Ann 567 
Oncol 2020;31(6):745-59 doi 10.1016/j.annonc.2020.02.011. 568 

12. Ibrahim J, Op de Beeck K, Fransen E, Croes L, Beyens M, Suls A, et al. Methylation analysis of 569 
Gasdermin E shows great promise as a biomarker for colorectal cancer. Cancer Med 570 
2019;8(5):2133-45 doi 10.1002/cam4.2103. 571 

13. Garrigou S, Perkins G, Garlan F, Normand C, Didelot A, Le Corre D, et al. A Study of 572 
Hypermethylated Circulating Tumor DNA as a Universal Colorectal Cancer Biomarker. Clin 573 
Chem 2016;62(8):1129-39 doi 10.1373/clinchem.2015.253609. 574 

14. Ma M, Zhu H, Zhang C, Sun X, Gao X, Chen G. "Liquid biopsy"-ctDNA detection with great 575 
potential and challenges. Ann Transl Med 2015;3(16):235 doi 10.3978/j.issn.2305-576 
5839.2015.09.29. 577 

15. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al. Integrative analysis of 578 
complex cancer genomics and clinical profiles using the cBioPortal. Sci Signal 2013;6(269):pl1 579 
doi 10.1126/scisignal.2004088. 580 



 
 

23 
 

16. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio cancer genomics 581 
portal: an open platform for exploring multidimensional cancer genomics data. Cancer 582 
Discov 2012;2(5):401-4 doi 10.1158/2159-8290.CD-12-0095. 583 

17. Taieb J, Taly V, Henriques J, Bourreau C, Mineur L, Bennouna J, et al. Prognostic value and 584 
relation with adjuvant treatment duration of ctDNA in stage III colon cancer: a post-hoc 585 
analysis of the PRODIGE-GERCOR IDEA-France trial. Clin Cancer Res 2021 doi 10.1158/1078-586 
0432.CCR-21-0271. 587 

18. Froyen G, Le Mercier M, Lierman E, Vandepoele K, Nollet F, Boone E, et al. Standardization 588 
of Somatic Variant Classifications in Solid and Haematological Tumours by a Two-Level 589 
Approach of Biological and Clinical Classes: An Initiative of the Belgian ComPerMed Expert 590 
Panel. Cancers (Basel) 2019;11(12) doi 10.3390/cancers11122030. 591 

19. Adalsteinsson VA, Ha G, Freeman SS, Choudhury AD, Stover DG, Parsons HA, et al. Scalable 592 
whole-exome sequencing of cell-free DNA reveals high concordance with metastatic tumors. 593 
Nat Commun 2017;8(1):1324 doi 10.1038/s41467-017-00965-y. 594 

20. McShane LM, Altman DG, Sauerbrei W, Taube SE, Gion M, Clark GM, et al. Reporting 595 
recommendations for tumor marker prognostic studies (REMARK). J Natl Cancer Inst 596 
2005;97(16):1180-4 doi 10.1093/jnci/dji237. 597 

21. Yoshino T, Watanabe J, Shitara K, Yasui H, Ohori H, Shiozawa M, et al. Panitumumab (PAN) 598 
plus mFOLFOX6 versus bevacizumab (BEV) plus mFOLFOX6 as first-line treatment in patients 599 
with RAS wild-type (WT) metastatic colorectal cancer (mCRC): Results from the phase 3 600 
PARADIGM trial. Journal of Clinical Oncology 2022;40(17_suppl):LBA1-LBA doi 601 
10.1200/JCO.2022.40.17_suppl.LBA1. 602 

22. Chibaudel B, Dourthe L-M, Andre T, Henriques J, Bourgeois V, Etienne P-L, et al. STRATEGIC-603 
1: Multi-line therapy trial in unresectable wild-type KRAS/NRAS/BRAF metastatic colorectal 604 
cancer—A GERCOR-PRODIGE randomized open-label phase III study. Journal of Clinical 605 
Oncology 2022;40(16_suppl):3504- doi 10.1200/JCO.2022.40.16_suppl.3504. 606 

23. Boeckx N, Janssens K, Van Camp G, Rasschaert M, Papadimitriou K, Peeters M, et al. The 607 
predictive value of primary tumor location in patients with metastatic colorectal cancer: A 608 
systematic review. Crit Rev Oncol Hematol 2018;121:1-10 doi 609 
10.1016/j.critrevonc.2017.11.003. 610 

24. Bahl A, Talwar V, Sirohi B, Mehta P, Arya D, Shrivastava G, et al. Primary Tumor Location as a 611 
Prognostic and Predictive Marker in Metastatic Colorectal Cancer (mCRC). Front Oncol 612 
2020;10:964 doi 10.3389/fonc.2020.00964. 613 

25. Arnold D, Lueza B, Douillard JY, Peeters M, Lenz HJ, Venook A, et al. Prognostic and 614 
predictive value of primary tumour side in patients with RAS wild-type metastatic colorectal 615 
cancer treated with chemotherapy and EGFR directed antibodies in six randomized trials. 616 
Ann Oncol 2017;28(8):1713-29 doi 10.1093/annonc/mdx175. 617 

26. Brule SY, Jonker DJ, Karapetis CS, O'Callaghan CJ, Moore MJ, Wong R, et al. Location of colon 618 
cancer (right-sided versus left-sided) as a prognostic factor and a predictor of benefit from 619 
cetuximab in NCIC CO.17. Eur J Cancer 2015;51(11):1405-14 doi 10.1016/j.ejca.2015.03.015. 620 

27. Moretto R, Cremolini C, Rossini D, Pietrantonio F, Battaglin F, Mennitto A, et al. Location of 621 
Primary Tumor and Benefit From Anti-Epidermal Growth Factor Receptor Monoclonal 622 
Antibodies in Patients With RAS and BRAF Wild-Type Metastatic Colorectal Cancer. 623 
Oncologist 2016;21(8):988-94 doi 10.1634/theoncologist.2016-0084. 624 

28. Loupakis F, Yang D, Yau L, Feng S, Cremolini C, Zhang W, et al. Primary tumor location as a 625 
prognostic factor in metastatic colorectal cancer. J Natl Cancer Inst 2015;107(3) doi 626 
10.1093/jnci/dju427. 627 

29. Chen KH, Shao YY, Chen HM, Lin YL, Lin ZZ, Lai MS, et al. Primary tumor site is a useful 628 
predictor of cetuximab efficacy in the third-line or salvage treatment of KRAS wild-type 629 
(exon 2 non-mutant) metastatic colorectal cancer: a nationwide cohort study. BMC Cancer 630 
2016;16:327 doi 10.1186/s12885-016-2358-2. 631 



 
 

24 
 

30. Warschkow R, Sulz MC, Marti L, Tarantino I, Schmied BM, Cerny T, et al. Better survival in 632 
right-sided versus left-sided stage I - III colon cancer patients. BMC Cancer 2016;16:554 doi 633 
10.1186/s12885-016-2412-0. 634 

31. Venook AP, Ou F-S, Lenz H-J, Kabbarah O, Qu X, Niedzwiecki D, et al. Primary (1°) tumor 635 
location as an independent prognostic marker from molecular features for overall survival 636 
(OS) in patients (pts) with metastatic colorectal cancer (mCRC): Analysis of CALGB / SWOG 637 
80405 (Alliance). Journal of Clinical Oncology 2017;35(15_suppl):3503- doi 638 
10.1200/JCO.2017.35.15_suppl.3503. 639 

32. Venook AP, Niedzwiecki D, Innocenti F, Fruth B, Greene C, O'Neil BH, et al. Impact of primary 640 
(1º) tumor location on overall survival (OS) and progression-free survival (PFS) in patients 641 
(pts) with metastatic colorectal cancer (mCRC): Analysis of CALGB/SWOG 80405 (Alliance). 642 
Journal of Clinical Oncology 2016;34(15_suppl):3504- doi 643 
10.1200/JCO.2016.34.15_suppl.3504. 644 

33. Rolfo C, Cardona AF, Cristofanilli M, Paz-Ares L, Diaz Mochon JJ, Duran I, et al. Challenges 645 
and opportunities of cfDNA analysis implementation in clinical practice: Perspective of the 646 
International Society of Liquid Biopsy (ISLB). Crit Rev Oncol Hematol 2020;151:102978 doi 647 
10.1016/j.critrevonc.2020.102978. 648 

34. Appelt AL, Andersen RF, Lindebjerg J, Jakobsen A. Prognostic Value of Serum NPY 649 
Hypermethylation in Neoadjuvant Chemoradiotherapy for Rectal Cancer: Secondary Analysis 650 
of a Randomized Trial. Am J Clin Oncol 2020;43(1):9-13 doi 651 
10.1097/COC.0000000000000609. 652 

35. Spindler KL, Appelt AL, Pallisgaard N, Andersen RF, Brandslund I, Jakobsen A. Cell-free DNA 653 
in healthy individuals, noncancerous disease and strong prognostic value in colorectal 654 
cancer. Int J Cancer 2014;135(12):2984-91 doi 10.1002/ijc.28946. 655 

36. El Messaoudi S, Mouliere F, Du Manoir S, Bascoul-Mollevi C, Gillet B, Nouaille M, et al. 656 
Circulating DNA as a Strong Multimarker Prognostic Tool for Metastatic Colorectal Cancer 657 
Patient Management Care. Clin Cancer Res 2016;22(12):3067-77 doi 10.1158/1078-658 
0432.CCR-15-0297. 659 

37. Scholer LV, Reinert T, Orntoft MW, Kassentoft CG, Arnadottir SS, Vang S, et al. Clinical 660 
Implications of Monitoring Circulating Tumor DNA in Patients with Colorectal Cancer. Clin 661 
Cancer Res 2017;23(18):5437-45 doi 10.1158/1078-0432.CCR-17-0510. 662 

38. Reinert T, Scholer LV, Thomsen R, Tobiasen H, Vang S, Nordentoft I, et al. Analysis of 663 
circulating tumour DNA to monitor disease burden following colorectal cancer surgery. Gut 664 
2016;65(4):625-34 doi 10.1136/gutjnl-2014-308859. 665 

39. Madsen AT, Winther-Larsen A, McCulloch T, Meldgaard P, Sorensen BS. Genomic Profiling of 666 
Circulating Tumor DNA Predicts Outcome and Demonstrates Tumor Evolution in ALK-Positive 667 
Non-Small Cell Lung Cancer Patients. Cancers (Basel) 2020;12(4) doi 668 
10.3390/cancers12040947. 669 

40. Le Guin CHD, Bornfeld N, Bechrakis NE, Jabbarli L, Richly H, Lohmann DR, et al. Early 670 
detection of metastatic uveal melanoma by the analysis of tumor-specific mutations in cell-671 
free plasma DNA. Cancer Med 2021;10(17):5974-82 doi 10.1002/cam4.4153. 672 

41. Marsavela G, McEvoy AC, Pereira MR, Reid AL, Al-Ogaili Z, Warburton L, et al. Detection of 673 
clinical progression through plasma ctDNA in metastatic melanoma patients: a comparison 674 
to radiological progression. British Journal of Cancer 2021 doi 10.1038/s41416-021-01507-6. 675 

42. Clifton K, Rich TA, Parseghian C, Raymond VM, Dasari A, Pereira AAL, et al. Identification of 676 
Actionable Fusions as an Anti-EGFR Resistance Mechanism Using a Circulating Tumor DNA 677 
Assay. JCO Precis Oncol 2019;3 doi 10.1200/PO.19.00141. 678 

43. Parseghian CM, Napolitano S, Loree JM, Kopetz S. Mechanisms of Innate and Acquired 679 
Resistance to Anti-EGFR Therapy: A Review of Current Knowledge with a Focus on 680 
Rechallenge Therapies. Clin Cancer Res 2019;25(23):6899-908 doi 10.1158/1078-0432.CCR-681 
19-0823.  682 



 
 

25 
 

Tables 683 

Table 1. Baseline patient characteristics and median baseline ctDNA level 684 

 N (%) Median baseline ctDNA (IQR) p-value 

All patients 40 (100%) 5.575 (29.13)  

Age group 

   <65 

   ≥65 

 

13 (32.5%) 

27 (67.5%) 

 

1.740 (20.06) 

15.790 (32.08) 

 

.291 

Sex 

   Female 

   Male 

 

12 (30%) 

28 (70%) 

 

35.685 (44.00) 

1.435 (16.95) 

 

.001 

ECOG PS 

   0 

   1 

   2 

 

23 (59.0%) 

15 (38.5%) 

1 (2.6%) 

 

2.630 (19.37) 

21.730 (40.80) 

6.500 (one patient) 

 

.324 

Primary tumor location 

   Right 
   Left + rectal 

 

9 (24.3%) 

28 (75.7%) 

 

19.440 (33.69) 

1.750 (21.70) 

 

 

.196 

Primary tumor location 

   Right 
   Left 
   Rectal 

 

9 (24.3%) 

20 (54.1%) 

8 (21.6%) 

 

19.440 (33.69) 

9.610 (27.82) 

1.435 (5.33) 

 

 

.311 

Synchronicity of 
metastases 

   Synchronous 

   Metachronous 

 

27 (67.5%) 

13 (32.5%) 

 

15.790 (32.34) 

4.650 (19.24) 

 

 

.851 

Number of metastatic sites 

   1 

   ≥2 

 

23 (62.2%) 

14 (37.8%) 

 

6.500 (29.63) 

10.045 (34.58) 

 

.839 

Liver involvement 
   No 

   Yes 

 

7 (18.9%) 

30 (81.1%) 

 

6.500 (32.34) 

9.325 (31.87) 

 

0.698 

SLDTL 

   Below median 

   Above median 

 

18 (50%) 

18 (50%) 

 

3.205 (21.73) 

18.890 (40.49) 

 

0.159  

Treatment arm    
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   Bevacizumab 

   Panitumumab 

20 (50%) 

20 (50%) 

5.575 (34.59) 

8.775 (29.10) 

.978 

N, Number; IQR, Interquartile range; ECOG PS, Eastern Cooperative Oncology Group 685 

Performance Status; SLDTL, Sum of largest diameter of target lesions according to RECIST 686 

criteria. p-values in bold are below 0.05 and are considered statistically significant. 687 

  688 
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Table 2. Evolution of methylated ctDNA 689 

Methylated ctDNA at T1 and T2 
Number of patients 
 (n= 36) 

 No % 
Positive at T1 and decreased at T2 30 83.3 

Negative at T1 and negative at T2 5 13.9 

Positive at T1 and increased at T2 1 2.8 

T, timepoint.690 



 
 

28 
 

Table 3. Overview of mutations identified in patients that developed resistance against anti-EGFR 691 

Patient 
Methylation 
ratio (NPY/ALB) 

MedReadCov MedMolCov Gene Variant Class VAF MolCov 
Theoretical 
LOD 

1 14% 52.837 2.249 
TP53 

c.404G>A 

p.C135Y 

Suspected 

deleterious 

18% 841 0.26-0.40% 

    
FBXW7 

c.1436G>A 

p.R479Q 

Suspected 

deleterious 

13% 3197  

13 

 

42% 10.987 231* 

 
SMAD4 

c.989A>T 

p.E330V 

Unknown 55% 170 2.5-12.6% 

    
BRAF 

c.1799T>A 

p.V600E 

Deleterious 41% 12  

    
TP53 

c.824G>A 

p.C275Y 

Suspected 

deleterious 

67% 8  

24 169% 30.346 4315 

 
TP53 

c.530C>G 

p.P177R 

Suspected 

deleterious 

0.07% 4 0.14-0.16% 

 692 

* Reduced sensitivity; MedReadCov, median read coverage; MedMolCov, median molecular coverage; VAF, variant allele frequency; MolCov, 693 

molecular coverage; LOD, limit of detection.694 



 
 

29 
 

Figure legends 695 

Figure 1. Kaplan Meier curve for (a) PFS and (b) OS according to baseline methylation ratio 696 

above or below the median. Bmet, baseline methylation ratio. 697 

Figure 2. Kaplan Meier curve for (a) PFS and (b) OS according to methylated ctDNA 698 

response. 699 

Figure 3. Changes in levels of ctDNA based on NPY methylation (dots) and results of 700 

CT imaging (squares, sum of largest diameter of target lesions; triangles, response 701 

evaluation according to RECIST criteria) are presented in function of time after 702 

treatment start (days): (a-g) all patients with a liquid biopsy at progressive disease. SD, 703 

stable disease; PR, partial response; PD; progressive disease. 704 



  Bmet < median Bmet > median 

Reached PD 6/20 (30%) 9/20 (45%) 

Median PFS 

(months) 

8.88 (95% CI 0.00-18.20) 13.58 (95% CI 7.43-19.73) 

Log Rank test: P = 0.795 

  Bmet < median Bmet > median 

Deceased  12/20 (60%) 13/20 (65%) 

Median OS 

(months) 

30.99 (95% CI 25.34-36.64) 23.40 (95% CI 19.36-27.44) 

Log Rank test: P = 0.305 

A B 
Figure 1 



LctDNA HctDNA

Reached PD 10/28 (35.7%) 4/8 (50%)

Median PFS 

(months)

17.26 (95% CI 3.73-30.79) 9.34 (95% CI 5.98-12.7)

Log Rank test: P = 0.081

A B

LctDNA HctDNA

Deceased 18/28 (64.3%) 6/8 (75%)

Median OS 

(months)

30.99 (95% CI 25.81-36.17) 23.10 (95% CI 15.50-30.70)

Log Rank test: P = 0.417

Figure 2
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