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Introduction

Metastatic pancreatic ductal adenocarcinoma (PDAC) is highly lethal. Promoter hypermethylation of SFRP1 (phSFRP1) in cell-free DNA is an established prognostic biomarker in PDAC. We used digital droplet PCR (ddPCR) to examine whether the prognostic impact of phSFRP1 was allele fraction (AF) dependent.





Methods

Prospectively collected plasma samples were analyzed blinded. Dual-strand methylation ddPCR assays were designed for SFRP1, with single-strand assay for the reference gene EPHA3. Patients were stratified into unmethylated SFRP1 (umSFRP1), low phSFRP1 AF (phSFRP1low), and high phSFRP1 AF (phSFRP1high). Survival was assessed with Kaplan–Meier curves. The 3-, 6-, and 12-month absolute risk difference (ARD) was calculated, and performance assessed with ROC analyses.





Results

Overall, 354 patients were included. Patients with umSFRP1 (n=137) had a mOS of 9.1 months compared to 7.2 months in phSFRP1low (n=78) and 3.4 months in phSFRP1high (n=143, P<0.01). phSFRP1high was associated with increased mortality at 3 (ARD 26%, 95%CI: 15, 37), 6 (ARD 37%, 95%CI: 26, 48), and 12 months (ARD 23%, 95%CI: 14, 33). phSFRP1low was associated with increased mortality at 12 months (ARD 13%, 95%CI: 2, 25) but not at 3 (ARD -3%, 95%CI: -13, 8) or 6 months (ARD 3%, 95%CI: -10, 17). phSFRP1 significantly improved performance in predicting mortality compared to only clinical variables (AUC: 0.70-0.71 vs. 0.54-0.57).





Discussion

Patients with phSFRP1high had significantly shorter survival than phSFRP1low or umSFRP1, indicating AF-dependent prognostic effects. phSFRP1low had a worse prognosis than umSFRP1 at only 12 months, indicating dynamic changes. This could help personalize the treatment of PDAC.
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1 Introduction

With a 5-year survival of only 12% across all stages and 3% in patients with metastatic disease, pancreatic ductal adenocarcinoma (PDAC) continues to be one of the most lethal malignancies worldwide (1). PDAC has been estimated to become the second leading cause of cancer-related death by 2026 (2). For patients with metastatic disease, the only treatment option is palliative chemotherapy (3). In real-world data from Denmark (2011-2016), the median overall survival (mOS) of metastatic PDAC ranged from 8.2 months in patients treated with FOLFIRINOX (folinic acid, 5-FU, irinotecan, oxaliplatin) to 4.1 months in patients treated with gemcitabine monotherapy (4). More accurate prognostic tools are needed to help guide personalized treatment choices and improve patient outcomes (5, 6). The only routinely used biomarker in patients with PDAC is plasma levels of sialy Lewis carbohydrate antigen 19-9 (CA19-9). However, its use is limited by low sensitivity, being expressed in other diseases, and lack of production in approximately 10% of the Caucasian population (7, 8).

Liquid biopsies could offer a minimally invasive, real-time snapshot of tumor alterations, allowing for dynamic monitoring of therapy response and disease progression (9).

Aberrant DNA methylation of gene promoters is a key molecular event driving tumorigenesis in various cancers, including PDAC (10). These epigenetic alterations are detectable in cell-free DNA (cfDNA) and can promote cancer growth and progression by silencing tumor suppressor genes (9, 11, 12).

A pathway of particular relevance is the Wnt/β-catenin signaling pathway, a key regulator of numerous processes, such as proliferation, apoptosis, differentiation, and cancer cell stemness (13–15). Pancreatic carcinogenesis relies heavily on Wnt signaling (16). The Wnt/β-catenin pathway regulates nuclear β-catenin concentration through the destruction complex built from adenomatosis polyposis coli (APC), glycogen synthase 3 β, and axin proteins (17). In the absence of negative modulation, Wnt binds to the cysteine-rich domain of the Frizzled receptor, which leads to the activation of disheveled, inactivation of the destruction complex, and finally, accumulation of β-catenin (17).

An essential negative modulator of this pathway is secreted frizzled-related protein 1 (SFRP1), which inhibits Wnt either by directly binding to the Wnt ligand, by binding to the Frizzled receptor and thus preventing the binding of the Wnt ligand, or by directly binding cytoplasmic β-catenin (17, 18). Reduced expression of SFRP1 in tumor tissue has been proposed as a potential prognostic biomarker in several cancers, including PDAC (18, 19). SFRP1 is primarily downregulated through promoter hypermethylation (20, 21).

While most studies have examined SFRP1 in tumor tissue or cell lines, recent research has demonstrated the utility of a cfDNA-based liquid biopsy approach for examining promoter hypermethylation of SFRP1 (phSFRP1) and assessing prognosis in patients with PDAC (22–24).

However, these studies were limited by using only semiquantitative methylation analysis. This study aimed to address this limitation by employing a fully quantitative droplet digital PCR (ddPCR) methodology to identify whether a high phSFRP1 allele fraction (AF) in patients with stage IV PDAC impacts prognosis more than low or no phSFRP1 AF.




2 Materials and methods



2.1 Patients

This study was a retrospective, blinded analysis of patients with histologically verified stage IV PDAC. Patients were treated with best supportive care (BSC) or 1. line palliative treatment with FOLFIRINOX (5-FU, irinotecan, oxaliplatin), gemcitabine, gemcitabine and capecitabine, gemcitabine and nab-paclitaxel, or gemcitabine, nab-paclitaxel and tocilizumab (an antibody against the IL-6 receptor). Patient data and pretreatment plasma samples were obtained from the BIOPAC study (“BIOmarkers in patients with PAncreatic Cancer (BIOPAC) - can they provide new information of the disease and improve diagnosis and prognosis of the patients”; ClinicalTrials.gov ID NCT03311776). The BIOPAC study is a prospective national Danish multicenter open cohort study enrolling patients presenting with pancreatic cancer before surgical or chemotherapeutic treatment. Patients were consecutively included at seven Danish hospitals between July 2008 and October 2020. Clinical data was not received until methylation analysis was completed. Some patients received gemcitabine, nab-paclitaxel, and tocilizumab as part of the PACTO trial (ClinicalTrials.gov ID NCT02767557).

The original BIOPAC study protocol was approved by the Danish Ethics Committee (VEK, j.nr. KA-20060113) and the Danish Data Protection Agency (j.nr. 2012-58-0004; HGH-2015-027; I-Suite j.nr. 03960; and PACTICUS P-2020-834). The current study was approved by the Regional Research Ethics Committee of Northern Denmark (approval number: N-20130037). The study was carried out following the Reporting Recommendations for Tumor Marker Prognostic Studies (REMARK) guidelines, and the study was conducted by the Danish Law of Research Ethics, based on the Declaration of Helsinki.




2.2 Methylation analysis



2.2.1 Design and optimization of methylation-specific droplet digital PCR assays

Methylation-specific ddPCR primers and probes were designed to target the SFRP1 promoter previously investigated (22, 25, 26). To increase the sensitivity, dual-strand droplet digital PCR assays were designed using Beacon Designer 8.21. An assay against a non-CpG-containing part of EPHA3 was used as an internal control for estimating the total cfDNA concentration (27).

Primers and probes were manufactured by TAG Copenhagen. Primer and probe sequences are displayed in Supplementary Table 1.




2.2.2 DNA isolation and bisulfite treatment

EDTA plasma was centrifuged at 2300 g for 10 min at 4°C and stored at -80°C. Upon thawing, the plasma was centrifuged at 12,000 × g for 10 minutes at 4°C. cfDNA was extracted from 0.5–2 mL plasma on the QIAsymphony (Qiagen) using the DSP Circulating DNA Kit (Qiagen). The isolated cfDNA was eluted in 60 μL elution buffer and stored in DNA Lobind tubes (Eppendorf) at −20°C (<2 weeks). DNA was evaporated to 20 µL using low-temperature vacuum centrifugation (SAVANT DNA120 SpeedVac Concentrator) and sodium bisulfite-converted using an EZ-96 DNA Methylation-Direct™ MagPrep kit (Zymo Research) according to the manufacturer’s instructions. When conducting the bisulfite conversion, one methylation-positive control (commercially available in vitro methylated DNA; Zymo Research), two different unmethylated controls (commercially available in vitro nonmethylated DNA; Zymo Research; Qiagen), and a no template control (nuclease-free water) were included. The bisulfite-converted cfDNA samples were analyzed using ddPCR immediately after bisulfite conversion or stored at −20°C until use (< 2 weeks).




2.2.3 Droplet digital PCR

The methylation status of the SFRP1 promoter region was analyzed using the QX200™ Droplet Digital™ PCR System (ddPCR, Bio-Rad). The ddPCR mixture consisted of 1x ddPCR Supermix for Probes (Bio-Rad), 1.36 μM of each SFRP1 primer, 227 nM of each SFRP1 probe, 909 nM of each EPHA3 primer, 284 nM EPHA3 probe, and bisulfite-converted DNA, in a final volume of 22 μl. Droplets were generated using the Automated Droplet Generator (Bio-Rad). The PCR was performed in a C1000 Touch Thermal Cycler (Bio-Rad) at 95°C for 10 min, 50 cycles of 94°C for 1 min and 55°C for 2 min, followed by 98°C for 10 min, with a ramp rate of 1°C/s. Following PCR, samples were incubated at either 4°C for at least 30 min or at 12°C for a minimum of 4 h (<24 h). Every ddPCR plate included a methylation-positive control (commercially available in vitro methylated DNA; Zymo Research), two different unmethylated controls (commercially available in vitro nonmethylated DNA; Zymo Research; Qiagen), and a no template control (nuclease-free water).




2.2.4 Data analysis

The fluorescence data for all individual droplets were analyzed platewise using QX Manager Software version 1.2 (Bio-Rad). A minimum of 10,000 accepted droplets was required for further analysis. Thresholds were manually set using positive and negative controls with gating based on fluorescence amplitude in 1D and 2D plots. Based on the fraction of positive droplets in each well, concentrations (copies per well) of methylated DNA were calculated by the software. The target gene concentrations included the signal from both sense and antisense strands, compared to a single strand in the control concentration. Thus, a normalized AF was calculated by dividing the target gene’s concentration by twice the control’s concentration.





2.3 Statistical methods

An optimal AF cutoff for patients with detectable phSFRP1 was determined using maximally selected rank statistics implemented in the “maxstat” R package. Patients were classified into three groups based on phSFRP1 AF: high AF of phSFRP1 (phSFRP1high), low AF of phSFRP1 (phSFRP1low), and unmethylated SFRP1 (umSFRP1). Fisher’s exact test was used to compare categorical variables. As most of the continuous variables were highly non-normal, the Kruskal–Wallis test was used to compare continuous variables, and the Spearman correlation coefficient was used to evaluate correlation between variables.

Survival was calculated from the time of the pretreatment blood sample until either death from any cause or the end of follow-up on January 8, 2023. Data were treated as time-to-event data and analyzed with established survival analysis methods. As the proportional hazard assumption was violated, comparisons were quantified using absolute risk differences (ARD). These risks were determined using pseudo-observations in combination with generalized linear regression analysis (28). To reflect the different survival risks, time points 3, 6, and 12 months were selected preemptively. The standard error, P values, and confidence intervals were calculated using robust variance estimation.

Univariable models were fitted for SFRP1 methylation status and the covariates age > 65, sex (male or female), Eastern Cooperative Oncology Group (ECOG) performance status (PS) > 1, treatment (best supportive care, gemcitabine, gemcitabine + capecitabine, gemcitabine + nab-paclitaxel, gemcitabine + nab-paclitaxel + tocilizumab, or FOLFIRINOX) and CA19-9 (below or above 860). The univariable models were supplemented with a multivariable model including all variables. As there is no consensus on the cutoff value for CA19–9 to optimize the prognostic value, the value of 860 was chosen based on a previous study by our group (23). Supplemental analyses were also performed using various other cutoffs proposed in the literature (23).

Survival was illustrated using Kaplan–Meier survival curves supplemented with log-rank tests. ROC analyses were performed with tenfold cross-validation to evaluate if the addition of AF-dependentSFRP1 methylation improved performance in predicting mortality.

A P value < 0.05 was considered statistically significant, and 95% confidence intervals were used where applicable. Statistical calculations were performed in Stata v. 17 (StataCorp) or R version 4.2.2 (R Foundation for Statistical Computing).





3 Results

Plasma samples were obtained from 369 patients presenting with metastatic PDAC. Four patients were excluded due to an insufficient number of droplets. Additionally, 11 patients were excluded upon receival of clinical data, as they had started palliative chemotherapy before sampling. Thus, 354 patients were included in the study.



3.1 Sample and patient characteristics

In total, phSFRP1 was detectable in 217 patients and undetectable in 137 patients. The median number of accepted droplets was 20.386 (interquartile range (IQR): 19.712, 20.908). The median concentration of phSFRP1 in samples with detectable levels was 124 copies/ml (IQR: 19, 875). The reference gene EPHA3 was detected in all samples, with a median concentration of 2.900 (IQR: 1.554, 7.151) copies/ml. The median AF of phSFRP1 among samples with detectable phSFRP1 was 1.58% (IQR: 0.32%, 5.54%). Maximally selected rank statistics were employed to determine an optimal phSFRP1 AF cutoff of 0.53%.

According to this cutoff, patients were stratified into three groups: no detectable phSFRP1 (umSFRP1), detectable phSFRP1 with a phSFRP1 AF below 0.53% (phSFRP1low), and detectable phSFRP1 with a phSFRP1 AF above 0.53% (phSFRP1high). Of the 217 patients with detectable phSFRP1, 143 were stratified into the phSFRP1high group and 74 into the phSFRP1low group (Supplementary Figure 1).

Patients with phSFRP1high were younger (median 66 years) than those with umSFRP1 or phSFRP1low (71 years, P = 0.01). Plasma CA19–9 and ECOG PS were significantly higher in patients with either phSFRP1high or phSFRP1low compared to those in patients with umSFRP1 (P < 0.01 and P = 0.01). A moderate positive correlation was observed between phSFRP1 AF and CA 19–9 levels (Rho = 0.32, P < 0.01), and a weaker but statistically significant correlation was observed between phSFRP1 AF and ECOG PS (Rho = 0.12, P < 0.03). Conversely, phSFRP1 AF was negatively correlated with patients age (Rho = -0.15, P < 0.01). Patients with phSFRP1high and phSFRP1low were more likely to have a tumor located in the cauda and metastases in the liver than umSFRP1 patients (P < 0.01 and P < 0.01, respectively). There were no differences in BMI, sex, or treatment among the three groups (Table 1). The cohort comprised 285 patients of Caucasian ethnicity, 1 of African descent and 4 of other ethnic backgrounds. Ethnicity data were unavailable for 64 patients due to the absence of ethnicity registration at one of the seven inclusion sites.


Table 1 | Baseline characteristics of stage IV patients with PDAC according to SFRP1 methylation status.






3.2 phSFRP1 as an allele fraction-dependent prognostic marker

The 6- and 12-month survival rates were 48% and 21%, respectively. Fourteen patients were alive at the end of follow-up, with a minimum follow-up of 24.6 months. The mOS of chemotherapy-treated patients with any detectable phSFRP1 AF was 4.2 months compared to 9.1 months in umSFRP1 (Figure 1A). The mOS of chemotherapy-treated patients with phSFRP1high was 3.4 months compared to 7.2 months in patients with phSFRP1low (Figure 1B). The 3-month mortality among chemotherapy-treated patients with umSFRP1 and phSFRP1low was approximately equal at 16% and 15%, respectively.




Figure 1 | Kaplan–Meier survival distributions of patients with stage IV PDAC. Patients were stratified according to SFRP1 promoter methylation status and initial treatment with either best supportive care or chemotherapy. The risk table shows the number of patients at risk in 3-month intervals. (A) Dichotomized analysis of methylation status. umSFRP1, no detectable phSFRP1; phSFRP1, any detectable phSFRP1 AF. (B) SFRP1 methylation status grouped by phSFRP1 AF. umSFRP1, no detectable phSFRP1; phSFRP1low, phSFRP1 AF < 0.53%; phSFRP1high, phSFRP1 AF > 0.53%.



Univariable regression models revealed phSFRP1high to be significantly associated with a higher mortality risk at 3 months (absolute risk difference (ARD) 32.1%, 95% CI: 21.6, 42.6), 6 months (ARD 40.5%, 95% CI: 29.8, 51.2), and 12 months (ARD 27.4%, 95% CI: 18.1, 36.6) when compared to that of umSFRP1 (Figure 2). The significant association was confirmed for all time points when adjusting for ECOG PS, age, sex, CA19-9, and type of chemotherapy (3-month ARD 26.4%, 95% CI: 15.6, 37.2; 6-month ARD 37.7%, 95% CI: 26.5, 49.0; and 12-month ARD 22.6%, 95% CI: 13.0, 32.3). The increased risk associated with phSFRP1high was either comparable to or higher than that of the known prognostic factors ECOG PS > 1, CA19–9 levels, and type of chemotherapy.




Figure 2 | Univariable and multivariable ARD for patients with stage IV PDAC. A positive number indicates an increased risk of death, and a negative number indicates a lower risk of death. Analyses were performed for 3, 6, and 12 months according to SFRP1 promoter methylation status and covariates. Cases with missing data were excluded from the analysis. phSFRP1low, phSFRP1 AF below 0.53%; phSFRP1high, phSFRP1 AF above 0.53%; Gem + cap, gemcitabine and capecitabine; Gem + nab, gemcitabine and nab-paclitaxel; Gem + nab + toci, gemcitabine, nab-paclitaxel, and tocilizumab. The references were umSFRP1, ECOG PS ≤ 1, age ≤ 65, male sex, CA19-9 ≤ 860, and treatment with gemcitabine monotherapy.



In chemotherapy-treated patients, those with phSFRP1high had substantially shorter survival compared to that of patients with phSFRP1low or umSFRP1, regardless of the type of chemotherapy (Supplementary Figure 3). In contrast, among BSC-treated patients with phSFRP1high had an mOS of 0.6 months, compared to 0.4 months in those with umSFRP1.

Among gemcitabine-treated patients, there was no difference in survival between those with umSFRP1 and phSFRP1low.

In univariable regression models, phSFRP1low was significantly associated with a higher risk of death at 12 months (ARD 16.8%, 95% CI: 4.8, 28.9) but not at 3 months (ARD -2.0%, 95% CI: -12.6, 8.6) or 6 months (ARD 4.9%, 95% CI: -8.8, 18.6). This was confirmed for all time points when adjusting for ECOG PS, age, sex, CA19-9, and type of chemotherapy (3-month ARD -2.9%, 95% CI: -13.5, 7.7; 6-month ARD 3.3%, 95% CI: -10.0, 16.6; 12-month ARD 13.2%, 95% CI: 1.5, 24.9).

The multivariable model did not initially include tumor location or location of metastasis. However, given the significant difference in distribution according to SFRP1 methylation, their impact was subsequently assessed (Table 1). Adding these variables to the multivariable model did not affect the association between phSFRP1 and ARD (Supplementary Figure 2).

ROC curves were computed to assess whether adding SFRP1 methylation status improved the performance of regression models in predicting 3-, 6-, and 12-month mortality (Figure 3).




Figure 3 | The predictive performance of the models for 3-, 6-, and 12-month mortality, validated by 10-fold cross-validation. The 4 models included the following variables: 1) Only the clinical variables age > 65, sex, and ECOG PS > 1. 2) Clinical variables as well as CA19-9 > 860. 3) Clinical variables as well as AF-dependent SFRP1 methylation status (umSFRP1, phSFRP1low or phSFRP1high). 4) Clinical variables as well as CA19-9 > 860 and AF-dependent SFRP1 methylation status. Cases with missing data were excluded from the analysis. (A) Performance of models at 3 months. (B) Performance of models at 6 months. (C) Performance of models at 12 months.



Generally, the models including only clinical variables (age > 65, sex, and ECOG PS > 1) had the least predictive power, with an area under the curve (AUC) of predicting mortality between 0.55-0.58. The addition of AF-dependent SFRP1 methylation status (umSFRP1, phSFRP1low, or phSFPR1high) led to significantly better predictive power (AUC 0.7-0.72, P < 0.01 at all time points). Adding CA19–9 to clinical variables also improved the predictive power, with an AUC between 0.62-0.65 (3 months, P < 0.01; 6 months, P = 0.07; and 12 months, P < 0.01). Models containing phSFRP1, CA19-9, and clinical variables had the highest power (AUC 0.71-0.73) and were significantly better than models with CA19–9 and clinical variables (3 months, P < 0.01; 6 months, P < 0.01; and 12 months, P = 0.02). Analyses were also carried out using several other cutoffs for CA19–9 previously described in literature (23). The addition of AF-dependent SFRP1 methylation status to a model of clinical variables and CA19–9 significantly increased performance across all time points and all CA19–9 cut-offs (Supplementary Figure 4).

Lastly, we examined if the AF-dependent SFRP1 methylation analysis improved predictive power compared to the previous dichotomous approach. The AF-dependent approach demonstrated significantly superior predictive performance at 3 months (AUC 0.73 vs. 0.68, P = 0.03) and 6 months (AUC 0.74 vs. 0.68, P < 0.01), Figure 4. No significant difference was observed at 12 months (AUC 0.72 vs 0.71, P = 0.48).




Figure 4 | Comparative predictive performance of dichotomous versus allele fraction-dependent SFRP1 methylation analysis. The predictive models included the variables age > 65, sex, ECOG PS > 1, CA19-9 > 860 and either dichotomous SFRP1 methylation status (umSFRP1 or phSFRP1) or allele fraction-dependent SFRP1 methylation analysis (umSFRP1, phSFRP1low, or phSFRP1high). Performance was assessed at 3-, 6-, and 12 months, and models were computed using 10-fold cross-validation. (A) Performance of models at 3 months. (B) Performance of models at 6 months. (C) Performance of models at 12 months.







4 Discussion

This study demonstrated that phSFRP1high, measured in plasma cfDNA, was associated with a worse prognosis than phSFRP1low or umSFRP1. To our knowledge, this is the first study to demonstrate an AF-dependent prognostic impact of phSFRP1 in metastatic PDAC.

The patient cohort was divided into three groups according to the level of SFRP1 methylation. Subsequently, the association of SFRP1 methylation with mortality risk was evaluated using regression models for 3-, 6-, and 12-month mortality. phSFRP1high was consistently associated with an increased mortality risk at all time points compared to that of umSFRP1 and phSFRP1low. This increased risk was either greater than or similar to the mortality risk of the known prognostic factors ECOG PS, CA19-9, and type of chemotherapy. Notably, there were no considerable changes in the effect sizes of phSFRP1high in the multivariable model.

In contrast, phSFRP1low was only significantly associated with increased mortality risk at 12 months compared to that of umSFRP1, but not at 3 or 6 months. The effect sizes were considerably smaller than those of phSFRP1high. These results demonstrate the clinical utility of phSFRP1 measured by plasma cfDNA as a prognostic biomarker for patients with stage IV PDAC and indicate a clinically meaningful difference in prognostic impact depending on phSFRP1 AF.

During the initial 3 months, the survival of patients with phSFRP1low mirrored that of patients with umSFRP1, after which their mortality rates gradually increased, being comparable to phSFRP1high by 12 months. This finding could suggest a time-dependent influence of phSFRP1 on PDAC progression and highlights the potentially dynamic nature of this epigenetic alteration throughout the course of the disease. This finding could indicate the utility of this biomarker as a dynamic tool for disease progression or response to therapy. However, further investigation is needed, as a recent small cohort found no differences in SFRP1 methylation frequency after treatment (29).

Chemotherapy-treated patients with phSFRP1high had shorter survival than patients with phSFRP1low or umSFRP1 irrespective of chemotherapy type. This was not observed among BSC-treated patients, although the small sample size limits interpretability. Previous studies indicate that the effects of phSFRP1 differ among BSC-treated patients (23, 24). This difference in effect according to treatment could indicate that phSFRP1 is a predictive biomarker of chemotherapy efficacy. Reduced SFRP1 expression and high β-catenin expression have previously been linked to chemotherapy resistance (30–32). Furthermore, a recent study on metastatic breast cancer found that patients with SFRP1 alterations in ctDNA responded poorly to endocrine therapy plus placebo but had increased benefit of endocrine therapy plus the CDK4/6 inhibitor ribociclib (33). Further research is needed to ascertain the predictive value of phSFRP1 in PDAC.

Achieving improvements (or stability) in patient quality of life with chemotherapy is closely correlated with survival improvements (34). Given their extremely poor prognosis, it is possible that some proportion of patients with phSFRP1high did not benefit from treatment with chemotherapy. In contrast, the better prognosis among patients with umSFRP1 could suggest additional benefit from treatment, but further research is needed to confirm this hypothesis. A cfDNA-based phSFRP1 analysis could be an additional tool to aid clinicians and patients in finding the optimal balance between quantity and quality of life.

In previous studies, a dichotomous methylation analysis was employed due to limitations of the quantitative PCR methodology, necessitating a preamplification and limiting the quantitative aspects of the technique (22–24, 26). Comparatively, the ddPCR methodology allows for complete quantification of SFRP1 methylation status without requiring preamplification. Furthermore, it allows for the simultaneous quantification of a reference gene to estimate phSFRP1 AF. Normalization of the target material is important for preventing either the under- or overestimation of methylation levels, as DNA quality and integrity can vary when using clinical samples (27, 35). The gene EPHA3 was chosen as a reference, as it has previously been demonstrated to be a robust control (27).

Despite forgoing preamplification, the ddPCR methodology appears to be more sensitive than the previous methodology. In this cohort, phSFRP1 was detected in approximately 61% of patients, compared to the 45-50% of comparable patients with detected phSFRP1 demonstrated in previous studies (22, 23). The rate of methylation in this cohort more closely matches rates previously demonstrated in PDAC tissue (64-70%) (19, 20, 36). Additionally, the AF-dependent SFRP1 methylation analysis yielded significantly better predictive performance compared to the dichotomous approach. This finding indicates that the absolutely quantitative ddPCR approach is both more reliable and confers clinically meaningful information not captured by the dichotomous approach. However, the dichotomous qPCR approach could remain a valid option in resource-poor settings where equipment to perform ddPCR may not be available.

phSFRP1 is potentially a target for several methods of targeted treatments. First, demethylating treatments could reverse the promoter hypermethylation of SFRP1. Both activation of the Wnt/β-catenin pathway and loss of SFRP1 expression have been linked to chemotherapy resistance (30–32, 37, 38). Cell studies suggest higher sensitivity to chemotherapy and less aggressive characteristics following demethylating treatment of cell lines with phSFRP1 (30, 38–40). However, the risk of activating latent oncogenes with globally demethylating treatments may limit the use of this approach (41). Second, it may be possible to mimic the effects of the SFRP1 protein. A recent study identified a mimetic compound inhibiting cell growth in phSFRP1 cells by downregulating the phosphorylated LRP6 receptor (42). However, this therapeutic approach is at a very early stage. Third, an oral drug inhibiting traf2 and Nck-interacting kinase (TNIK) has been shown to suppress growth and increase apoptosis in colon cancer cells through Wnt signaling inhibition (43). TNIK is essential for colon cancer growth and tumor initiation (44). While TNIK has been associated with poor prognosis in PDAC, evidence suggests that oncogenic mechanisms may differ according to cancer type (45). The potential role of Wnt inhibition through TNIK inhibition requires further investigation in PDAC.

Patients with phSFRP1high had significantly higher levels of CA19–9 and worse PS than patients with umSFRP1 or phSFRP1low. Additionally, patients with phSFRP1high were significantly younger than patients with umSFRP1 or phSFRP1low. Younger patients may be more likely to have a more aggressive tumor subtype, leading to worse PS by time of diagnosis and higher release of CA19-9. Unfortunately, additional tissue for analysis was not available for further investigation. There was a weak but significant correlation between CA19–9 and phSFRP1 AF. As the inclusion of addition of phSFRP1 significantly improved model performance irrespective of CA19–9 cutoff, the effects of phSFRP1 are unlikely to represent a surrogate for CA19-9.

Notably, including these factors in multivariable regression models did not impact the effects of phSFRP1. Furthermore, in ROC analysis, performance in predicting mortality was significantly improved by adding SFRP1 methylation status, indicating that phSFRP1 contributes prognostic information distinct from known prognostic factors. Interestingly, the performance of models including only clinical factors was moderate at all time points. These results further support the potential clinical utility of phSFRP1 as a prognostic biomarker.

Retrospective studies are potentially at risk of selection bias, and poor registration of outcomes and variables could bias statistical analyses. However, these risks are partially alleviated by the prospective collection and registration of data in the BIOPAC study, which was conducted to develop new blood-based biomarkers. Furthermore, there was no censoring in the study period, and the methylation analysis was blinded to clinical data. Liquid biopsies are inherently limited by their reliance on the tumor to release sufficient DNA into the plasma to be detectable. However, metastatic PDAC has been shown to release high amounts of circulating tumor DNA (46). Furthermore, phSFRP1 has been demonstrated to be detectable and prognostic in patients with stage I-II PDAC (24). Last, the patient population was included from all Danish centers treating patients with PDAC, ensuring a cohort likely to be representative of the Danish population of patients with metastatic PDAC eligible for palliative chemotherapy.

In conclusion, this study emphasizes the clinical potential of phSFRP1 in cfDNA as a prognostic biomarker for stage IV PDAC. Our findings indicate that the degree of phSFRP1 AF significantly correlates with patient prognosis and could indicate the effect of chemotherapy. This finding indicates a substantial benefit of the ddPCR-based methodology, offering a more nuanced approach than previous dichotomous analyses of phSFRP1. Furthermore, our results indicate a time-dependent effect of SFRP1, which warrants further investigation. These results could enhance patient stratification and personalize the treatment of patients with stage IV PDAC.
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Age, years (median, IQR) 69 (62-74) 71 (64-74) 71 (65-76) 66 (60-72) 0.01°
CA19-9, KU/L (median, IQR) |~ 2590 (218-17564) 695 (74-4821) 2700 (281-7136) 8170 (574-67900) P<001*
BMI (median, IQR) 24 (21.3-26.7) 24 (21.1-267) 24 (21.6-27.1) 23 (21.5-26.6) 0.81°
Sex 034°
Male 208 (59%) 74 (54%) 47 (64%) 87 (61%)
Female 146 (41%) 63 (46%) 27 (36%) 56 (39%)
ECOG Performance Status P<0.01°
0 108 (31%) 45 (33%) 19 (26%) 44 (31%)
1 186 (53%) 75 (55%) 46 (62%) 65 (45%)
2 45 (13%) 10 (7%) 7 (9%) 28 (20%)
3 3(1%) 1(1%) 2 (3%) 0 (0%)
Unknown 12 (3%) 6 (4%) 0 (0%) 6 (4%)
Treatment 0.43°
Best supportive care 17 (5%) 4(3%) 1(1%) 12 (8%)
Gemcitabine 149 (42%) | 55 (40%) I 33 (45%) 61 (43%)
Gem + cap 22 (6%) 8 (6%) 6 (8%) 8 (6%)
Gem + nab 102 (29%) 39 (28%) 24 (32%) 39 (27%)
Gem + nab + tocilizumab 21 (6%) 10 (7%) 4 (5%) 7 (5%)
FOLFIRINOX 43 (12%) 21 (15%) 6 (8%) 16 (11%)
Location of the primary tumor P <0.01°
Caput 166 (47%) 64 (47%) 46 (62%) 56 (39%)
Corpus 93 (26%) 46 (34%) 12 (16%) 35 (24%)
Cauda 64 (18%) 15 (11%) 15 (20%) 34 (24%)
Diffuse 19 (5%) 9 (7%) 1(1%) 9 (6%)
Papil 2 (1%) | 0 (0%) I 0 (0%) 2 (1%)
Unknown 10 (3%) 3 (2%) 0 (0%) 7 (5%)
Location of metastasis P<0.01°
Liver 193 (55%) 58 (42%) 39 (53%) 96 (67%)
Lung 20 (6%) 11 (8%) 6 (8%) 3 (2%)
Carcinosis 30 (8%) 25 (18%) 1(1%) 4(3%)
Other 16 (5%) 7 (5%) 5 (7%) 4 (3%)
Multiple 95 (27%) 36 (26%) 23 (31%) 36 (25%)

Data are n (%) unless otherwise specified. umSFRP1, unmethylated SERP1; phSFRP1, promoter hypermethylation of SFRP1; phSFRP1®*, phSFRP1 AF < 0.53%; phSFRP1"#" phSFRP1 AF >
0.53%. Gem + cap, gemcitabine and capecitabine; Gem + nab, gemcitabine and nab-paclitaxel; Gem + nab + tocilizumab, Gemcitabine, nab-paclitaxel and tocilizamab; FOLFIRINOX, 5-FU,
irinotecan and oxaliplatin.

*Kruskal-Wallis one-way analysis of variance.

PEisher’s Exact Test. CA19-9 was missing in 3 patients.





