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Simple Summary: Pancreatic adenocarcinoma (PDAC) is a disease with an incredibly grim prognosis.
Most patients die within one year of receiving the diagnosis. There are currently very few tools to help
the clinician decide between treatment options and evaluate prognosis at an individual level. The aim
of the current study was to assess the effect of promoter hypermethylation of secreted frizzled-related
protein 1 (phSFRP1) as an independent prognostic blood-based biomarker in gemcitabine-treated
patients with advanced PDAC. The study was conducted as a combined discovery and validation
study. Analysis in both cohorts confirmed that patients with phSFRP1 had overall poorer survival
compared to those without hypermethylation. Thus, phSFRP1 shows promise as an independent
prognostic biomarker in this patient group and can hopefully aid the clinician and patient find the
correct balance between quantity and quality of life.

Abstract: No reliable predictive blood-based biomarkers are available for determining survival
from pancreatic adenocarcinoma (PDAC). This combined discovery and validation study examines
promoter hypermethylation (ph) of secreted frizzled-related protein 1 (SFRP1) in plasma-derived
cell-free DNA as an independent prognostic marker for survival and Gemcitabine effectiveness in
patients with stage IV PDAC. We conducted methylation-specific polymerase chain reaction analysis
of the promoter region of the SFRP1 gene, based on bisulfite treatment. Survival was analyzed with
Kaplan-Meier curves, log-rank test, and Cox regression. The discovery cohort included 40 patients,
25 receiving Gem. Gem-treated patients with phSFRP1 had a shorter median overall survival (mOS)
(4.4 months) than unmethylated patients (11.6 months). Adjusted Cox-regression yielded a hazard
rate (HR) of 3.48 (1.39-8.70). The validation cohort included 58 Gem-treated patients. Patients
with phSFRP1 had a shorter mOS (3.2 months) than unmethylated patients (6.3 months). Adjusted
Cox regression yielded an HR of 3.53 (1.85-6.74). In both cohorts, phSFRP1 was associated with
poorer survival in Gem-treated patients. This may indicate that tumors with phSFRP1 are more
aggressive and less sensitive to Gem treatment. This knowledge may facilitate tailored treatment of
patients with stage IV PDAC. Further studies are planned to examine phSFRP1 in more intensive
chemotherapy regimens.

Keywords: biomarker; cancer; pancreatic cancer; prognostic; survival; blood-based; epigenetics;
personalized therapy; DNA methylation
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1. Introduction

Pancreatic adenocarcinoma (PDAC) is one of the leading causes of cancer death
worldwide with higher incidence rates in western countries than the rest of the world [1].
In Denmark, the median overall survival (mOS) for patients eligible for resection was
21.9 months in the period 2011-2016 compared to 10.0 months in patients undergoing the
FOLFIRINOX regime with moderate to severe side effects and 5.1 months in patients treated
with the less aggressive gemcitabine as monotherapy (Gem) [2]. Although more effective
and intensive treatments became available in 2011 and 2013, Gem remains an important
component in the palliative treatment of PDAC [3-8]. Several factors, including diagnosis
at late stages, early metastasis, poor penetration of drugs into the tumor stroma, and
acquired chemoresistance are potentially responsible for the very low survival rates [9-11].

Clinically useful biomarkers are desperately needed in this patient group. Currently,
the only blood-based prognostic biomarker for PDAC is the serum protein-carbohydrate
antigen 19-9 (CA19-9), which can aid in monitoring treatment or relapse. However, roughly
10% of the Caucasian population lacks CA19-9 production, diminishing the usefulness of
this biomarker [12]. However, there has been recent advancement in the treatment sensi-
tivity for specific subgroups of PDAC. One example is patients with a mutation in one of
the homologous recombination genes PALB2, BRCA1, or BRCA2. Loss of function of these
genes leads to impaired ability to repair double-stranded DNA breaks—or homologous
recombination deficiency (HRD). These patients are more sensitive to DNA-damaging
agents, such as platinum-based chemotherapy. Unfortunately, only 6% of the overall PDAC
population harbors these changes.

The search for prognostic biomarkers may be informed by studying the altered epige-
netics of PDAC. DNA-promoter hypermethylation is the focus of the present study. DNA
methylation consists of the addition of a methyl group (CHj3) to a cytosine preceding a
guanosine—a CpG dinucleotide. Hypermethylation of the promoter region can lead to low
gene expression or silencing of the gene [13].

Low expression of the secreted frizzled-related protein 1 (SFRP1) has been linked to
poor survival and suggested as a prognostic marker in patients with human biliary tract
carcinoma [14]. SFRP1 hypermethylation and silencing occur early in the carcinogenesis of
most cancers, including PDAC [15,16]. In renal clear cell carcinoma, promoter hyperme-
thylation of SFRP1 has been associated with poor survival and outperforms tumor stage,
tumor grade, and tumor size as an independent survival marker [17]. Likewise, SFRP1
promoter hypermethylation has been suggested as an independent prognostic factor for
mOS in breast cancer [18]. Furthermore, it may predict early recurrence in the ampullary
of Vater adenocarcinoma [19]. The primary mechanism of SFRP1 is that it protects against
carcinogenesis by acting as an antagonist to the oncogenic Wnt/ 3-catenin pathway in-
volved in both cancer development and embryonic development [15,20,21]. Activation of
this pathway may be required for the initiation of PDAC [22]. Furthermore, Wnt signaling
is likely critical for both the progression of this disease and outcomes of Gem [22]. A recent
study linked activation of 3-catenin to Gem resistance in PDAC cell lines [23].

To our knowledge, promoter hypermethylation of SFRP1 has not yet been examined
as an independent prognostic biomarker in PDAC. The dual aim of this study was, first,
to investigate promoter hypermethylation of SFRP1 in cell-free DNA as an independent
prognostic marker of survival in stage IV PDAC Gem-treated patients compared to patients
receiving only best supportive care (BSC); second, to validate this investigation in an
external cohort of patients and examine the effect of SFRP1 promoter hypermethylation on
the efficiency of Gem in stage IV PDAC patients.

2. Materials and Methods
2.1. Study Design

The current study was conducted according to the REMARK guidelines (Reporting
Recommendations for Tumor Marker Prognostic Studies). The discovery cohort included
patients with stage IV PDAC treated with either BSC or palliative first-line Gem. Patients
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were included prospectively and consecutively upon their referral to the Department of
Gastrointestinal Surgery, Aalborg University Hospital, Denmark on suspicion of PDAC.
Patients were included between March 2008 and February 2011. The plasma samples used
in the discovery cohort originate from a study that examined the capacity of a gene panel
to predict diagnosis and prognosis in patients with PDAC. Part of the data were published
in an earlier study [24].

Blood samples for the validation cohort were received by courtesy of the Danish multi-
center BIOPAC (Biomarkers in Patients with Pancreatic Cancer) study (NCT03311776) [25].
The BIOPAC study was approved by the local Ethics Committee (KA-20060113). Pa-
tients were included prospectively and consecutively upon referral to the Oncological
Department of either Copenhagen University Hospital, Herlev, Denmark, or Rigshospi-
talet, Denmark. Retrospectively we defined a cohort of patients diagnosed with stage IV
histologically verified PDAC, treated with palliative first-line Gem. Subsequently, blood
samples on these patients were received. Patients were included between September 2011
and February 2016. Clinical data on patients were not received until analysis of blood
samples had been completed.

In both cohorts, patients were included, and blood samples were obtained before
palliative treatment with Gem. All patients signed an informed consent form prior to
enrollment and were above 18 years of age. All patients were chemotherapy naive at the
time of inclusion.

2.2. Analytical Methods

For the discovery cohort, blood samples were centrifuged for 20 min at 4000x g rpm
at 4 °C; subsequently, EDTA plasma was collected within 2 h after sampling and then
stored at —80 °C until further analysis.

The methylation analyses were conducted by a single expert laboratory scientist,
blinded to the identity of the participants. The extraction and deamination procedure of
cell-free DNA has previously been detailed comprehensively by our group [24,26].

In brief, cell-free DNA was isolated from 1 mL of EDTA plasma using the EasyMAG
nucleic acid purification platform (Biomeriéux, Marcy-1'Etoile, France). Bilsulfite-mediated
deamination was then performed as follows: 50 uL of 10 M (NH4) HSO3-NaHSOj3; solution
was first added to 25 pL of purified DNA in PCR strips. The PCR strips were heated to
90 °C for 10 min followed by cooling to room temperature. The solution was purified
and desulphonated on the EasyMAG nucleic acid purification platform (Biomeriéux).
Extraction was performed using 25 uL of magnetic beads.

A round-one polymerase chain reaction (PCR) amplification was performed in order
to expand the deaminated DNA. SFRP1 was analyzed with a panel of other genes using a
mix of outer methylation-specific primers (including SFRP1) (Table S1).

Subsequently, a round-two PCR analysis was performed using the inner methylation-
specific primers and methylation-specific probes, each in individual reactions [24,26].

SFRP1 was analyzed following dichotomization. An undetectable cycle threshold
of the PCR was interpreted as a non-methylated SFRP1 gene promoter region, while a
detectable cycle threshold of the PCR was interpreted as an SFRP1 gene with promoter
hypermethylation. This method of dichotomization has previously been validated by our
group [27].

For the external population, serum samples were obtained from the BIOPAC biobank
by courtesy of Herlev Hospital [25]. The samples were then analyzed as described above
for the discovery cohort.

2.3. Statistical Methods

The patients of both the discovery cohort and the validation cohort were stratified
according to SFRP1 promoter hypermethylation status and + treatment with Gem.

The Pearson chi-square test was used for comparison of categorical variables and
while the Kruskal-Wallis test was used to compare continuous variables. Kaplan-Meier
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plots, log-rank tests, and Cox proportional hazard regression models were used for survival
analysis. The proportional-hazards assumption was assessed with a visual inspection of the
Schoenfeld residuals. Tests with p-values of <0.05 were considered statistically significant.
95% confidence intervals (Cls) were used.

Survival was calculated from the date of diagnosis until the first of either death from
any cause or end of follow-up. In order to avoid possible immortal time bias between
the date of diagnosis and the start of treatment, Gem was treated as a time-dependent
covariate. Thus, Gem-treated patients contributed survival time to the BSC group until the
first day on first-line chemotherapy [28]. The end of the follow-up was 8 October 2018.

Inverse probability of censoring weighting (IPCW) estimation of cumulative/dynamic
time-dependent area under the curve (AUC) plots were computed using the “timeROC”
package in R [29,30]. The 1-year concordance index was estimated using the “survival”
package in R.

Variables included in the adjusted Cox regression model were Gem-treatment, WHO
performance status (PS), age > 65, and sex in the discovery cohort and WHO Performance
Status (PS), age > 65, and sex in the validation cohort.

To examine a possible association between SFRP1 promoter hypermethylation and
Gem efficiency, patients were stratified into two groups by their SFRP1 promoter hyperme-
thylation status and examined with crude Cox regression analysis.

Calculations were carried out in either Stata v. 16, StataCorp LLC, College Station,
TX, USA, or R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL: https:/ /www.R-project.org/ (accessed on
10 September 2021).

3. Results
3.1. Results of the Discovery Cohort

The discovery cohort included 42 patients with stage IV pancreatic adenocarcinoma.
Two patients were excluded due to missing data on the first day of first-line chemotherapy.
Patients were stratified into four groups according to SFRP1 promoter hypermethylation
status treatment with Gem/BSC. The overall proportion of SFRP1 promoter hypermethy-
lation was 53% (21/40). Twenty-five patients (63%) were treated with first-line palliative
Gem among whom SFRP1 promoter hypermethylation was detected in 36% (9/25). Fifteen
patients received BSC (38%) of whom SFRP1 promoter hypermethylation was detected in
80% (12/15). Significantly more patients in the BSC group had phSFRP1 (p-value < 0.01).

3.1.1. Patient Characteristics

Characteristics of the four patient groups are presented in Table 1. The mean age
of the entire cohort was 65 years (range 45-85 years). Mean PS was 0.76. There was
a significant difference in PS across the four groups. Gem-treated patients were in a
significantly better PS than patients receiving BSC (0.6 vs. 1.13, p = 0.01). There was no
significant difference in PS according to SFRP1 promoter hypermethylation status (p = 0.89).
The mean time from the date of diagnosis to the first day of first-line chemotherapy was
0.9 months. Curative surgery was unsuccessful in one patient. This patient did not receive
adjuvant chemotherapy. There were no statistically significant differences in either age, sex,
attempted curative surgery, time to first day of first-line chemotherapy, location of primary,
or location of metastasis across the four groups.
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Table 1. Characteristics on PDAC patients from the discovery cohort.
Characteristics BSC, umSFRP BSC, phSFRP1 Gem, umSFRP1 Gem, phSFRP1 All p-Value
(n=3) (n=12) (n =16) n=9) (n = 40)

Age, years (mean and range) 62 (52-71) 67 (50-85) 66 (52-74) 63 (45-78) 65 (45-85) 0.872
Time to palliative chemo, a
months (mean and range) - - 0.98 (0.1-2.6) 0.73 (0-1.2) 0.89 (0-2.6) 0.65

Sex
Male 1 (33%) 6 (50%) 8 (53%) 5 (56%) 20 (51%) 0.93b
Female 2 (67%) 6 (50%) 7 (47%) 4 (44%) 19 (49%)
Curative surgery attempted 0 (%) 0 (%) 1(7%) 0 (%) 1(3%) 0.65P
Location of primary tumor
Caput 1 (33%) 4 (33%) 8 (53%) 5 (56%) 18 (46%) 0.43°
Corpus 0 (%) 3 (25%) 0 (%) 0 (%) 3 (8%)
Cauda 1 (33%) 3 (25%) 3 (20%) 1(11%) 8 (21%)
Unknown 1 (33%) 2 (17%) 4 (27%) 3(33%) 10 (26%)
Location of metastasis
Liver 2 (67%) 11 (92%) 8 (53%) 7 (78%) 28 (72%) 053"
Lung 0 (%) 0 (%) 0 (%) 1(11%) 1(3%)
Carcinosis 1 (33%) 1 (8%) 2 (13%) 1 (11%) 5 (13%)
Lymph nodes 0 (%) 0 (%) 1 (7%) 0 (%) 1 (3%)
Other 0 (%) 0 (%) 1 (7%) 0 (%) 1 (3%)
Unknown 0 (%) 0 (%) 3 (20%) 0 (%) 3 (8%)
WHO Performance Status
0 0 (%) 2 (17%) 8 (53%) 7 (78%) 17 (44%) 0.01b
1 3 (100%) 6 (50%) 2 (13%) 1 (11%) 12 (31%)
2 0 (%) 4 (33%) 5 (33%) 1(11%) 10 (26%)

Gem, patients treated with gemcitabine chemotherapy; BSC, patients receiving best supportive care; phSFRP1, patients with SFRP1
promoter hypermethylation; umSFRP1, patients without SFRP1 promoter hypermethylation. # Kruskal-Wallis one-way analysis of variance.

b Pearson chi-square test.

3.1.2. Survival According to SFRP1 Promoter Hypermethylation

Survival distributions of patients in the four groups are presented in Figure 1. The
mOS was 3.3 months in the entire cohort and 6.2 months in Gem-treated patients. Gem-
treated patients with SFRP1 promoter hypermethylation (n = 9) had an mOS of 4.4 months;
those without (1 = 16) had an mOS of 11.6 months. The survival advantage associated
with not having promoter-hypermethylated SFRP1 was highly significant (log-rank test,
p < 0.01). All patients treated with Gem succumbed to disease. Patients with phSFRP1
had an overall survival (OS) of 8.6 months, while patients with umSFRP1 had an OS of
31 months.

Patients receiving only BSC had an mOS of 2.0 months. Patients receiving BSC with
an SFRP1 promoter hypermethylation (1 = 12) had an mOS of 2.0 months; those without
(n = 3) had an mOS of 1.5 months. No significant survival advantage was associated with
lacking promoter-hypermethylated SFRP1 in these patients (log-rank test, p = 0.27). All
patients treated with BSC succumbed to disease. Patients with phSFRP1 had an OS of
4.3 months, while patients with umSFRP1 had an OS of 2.2 months.

Promoter hypermethylation of SFRP1 had good discriminatory capabilities for distin-
guishing patients who died at time t from patients who lived beyond, see Figure S1A. The
accuracy was especially good at 1-2-month of follow-up, and for follow-up times 9 months
and longer with AUC(t) estimates reaching 0.84. The accuracy of the model stabilized
with an AUC(t) of approximately 0.8 and did not decrease substantially over time. The
estimated 1-year concordance was C = 0.64.
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Figure 1. Kaplan—-Meier survival distributions for patients included in the discovery cohort, grouped by SFRP1 promoter
hypermethylation status and treatment. Gem-treated patients contribute survival time to the BSC group until the first day of
first-line chemotherapy. Gem, patients treated with gemcitabine chemotherapy; BSC, patients receiving best supportive care;
PhSFRP1, patients with SFRP1 promoter hypermethylation; umSFRP1, patients without SFRP1 promoter hypermethylation.
Risk table shows number of patients at risk in 1-month intervals.

3.1.3. Crude Cox Regression Analysis

In the crude Cox regression model for OS, SFRP1 promoter hypermethylation was
significantly associated with worse survival with a hazard ratio for death (HR) of 3.99
(95% CI; 1.80-8.85). Treatment with Gem and WHO PS were also significant univariate
predictors of survival, while sex and age above 65 were not, see Table 2.

3.1.4. Adjusted Cox Regression Analysis

In an adjusted model, SFRP1 promoter hypermethylation was likewise significantly
associated with worse survival with an HR for death of 3.48 (95% CI; 1.39-8.69). The model
was adjusted for Gem-treatment, PS, age > 65, and sex. Treatment with Gem, WHO PS,
and sex were also significantly associated with worse survival in the adjusted model, while
age > 65 was not, see Table 2.
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Table 2. Univariate and multivariate Cox regression analysis in patients from the discovery cohort.

Variable Univariate HR (95% CI) p-Value Multivariate HR (95% CI) p-Value
SFRP1 promoter hypermethylation
umSFRP1 1 p<0.01 1 p <0.01
phSFRP1 3.99 (1.8-8.85) 3.48 (1.39-8.70)
Treatment
BSC 1 p<0.01 1 0.03
Gem 0.16 (0.06-0.45) 0.29 (0.09-0.92)
Age above 65
No 1 0.24 1 0.6
Yes 0.68 (0.36-1.29) 0.83 (0.40-1.70)
WHO Performance Status
0 1 p<0.01 1 p<0.01
1 415 (1.76-9.8) 4.67 (1.80-12.13)
2 2.01 (0.85-4.79) 1.80 (0.65-5.01)
Male 1 0.43 1 0.04
Female 1.30 (0.68-2.49) 2.16 (1.02-4.56)

HR, hazard ratio for death; CI, confidence interval; BSC, best supportive care; Gem, gemcitabine; phSFRP1, patients with SFRP1 promoter
hypermethylation; umSFRP1, patients without SFRP1 promoter hypermethylation. Treatment status analyzed as a time-varying covariate.

3.1.5. Efficiency of Gem

Patients were stratified into two groups by SFRP1 promoter hypermethylation status.
The SFRP1 promoter hypermethylation group included 21 patients; 9 being treated with
Gem and 12 receiving BSC. The group without SFRP1 promoter hypermethylation included
19 patients, 16 being treated with Gem and three receiving BSC.

We performed crude Cox regression on dichotomized Gem chemotherapy in the
two groups.

In the SFRP1 promoter hypermethylation group, dichotomized Gem chemotherapy
yielded an HR of 0.21 (95% CIL; 0.07-0.67); in the group without SFRP1 promoter hyperme-
thylation, it yielded an HR of 0.06 (95% CI; 0.01-0.38).

3.2. Results of the Validation Cohort

The validation cohort included 58 Gem-treated patients with stage IV pancreatic
adenocarcinoma. Patients were stratified according to SFRP1 promoter hypermethylation.
The overall proportion of SFRP1 hypermethylation was 50% (29/58).

3.2.1. Patient Characteristics

Characteristics of the two groups are presented in Table 3. The mean age in the
entire cohort was 68 (range 46-84 years). Mean WHO PS was 0.91, significantly higher
than Gem-treated patients in the discovery cohort (p < 0.00). There was a significant
difference in the distribution of metastasis locations between the groups (p < 0.00). Curative
surgery was attempted unsuccessfully in one patient. This patient did not receive adjuvant
chemotherapy. There were no statistically significant differences in either PS, age, sex, or
location of primary between the groups.
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Table 3. Characteristics on PDAC patients from the validation cohort.

Characteristics Gem, umSFRP1 Gem, phSFRP1 All p-Value
(n=29) (n=29) (n=58)
Age, years (mean and range) 68 (53-78) 67 (46-84) 68 (46-84) 0462
Sex
Male 13 (45%) 16 (55%) 29 (50%) 0.50b
Female 16 (55%) 13 (45%) 29 (50%)
Curative surgery attempted 1 (3%) 0 (%) 1(2%) 0.31b
Location of primary tumor
Caput 20 (69%) 18 (62%) 38 (66%) 0.53b
Corpus 4 (14%) 4 (14%) 8 (14%)
Cauda 4 (14%) 4 (14%) 8 (14%)
Diffuse 1 (3%) 0 (%) 1 (2%)
Papilla 0 (%) 1 (3%) 1 (2%)
Unknown 0 (%) 2 (7%) 2 (3%)
Location of metastasis
Liver 10 (34%) 25 (86%) 35 (60%) p<001P
Lung 4 (14%) 0 (%) 4 (7%)
Liver and lung 4 (14%) 3 (10%) 7 (12%)
Carcinosis 6 (21%) 0 (%) 6 (10%)
Other 3 (10%) 1 (3%) 4 (7%)
Unknown 2 (7%) 0 (%) 2 (3%)
WHO Performance Status
0 10 (34%) 4 (14%) 14 (24%) 0.18°
1 15 (52%) 20 (69%) 35 (60%)
2 4 (14%) 5 (17%) 9 (16%)

Gem, patients treated with gemcitabine chemotherapy; phSFRP1, patients with SFRP1 promoter hypermethylation; umSFRP1, patients
without SFRP1 promoter hypermethylation. 2 Kruskal-Wallis one-way analysis of variance. ® Pearson chi-square test.

3.2.2. Survival According to SFRP1 Promoter Hypermethylation

Figure 2 presents the survival distributions of all patients in the two groups. The
mOS of the entire cohort was 5.1 months. Gem-treated patients with SFRP1 promoter
hypermethylation (1 = 29) had an mOS of 3.2 months; those without (n = 29) had an mOS of
6.3 months. The survival advantage associated with not having promoter-hypermethylated
SFRP1 was highly significant (log-rank test, p < 0.00). All patients succumbed to disease.
Patients with phSFRP1 had an OS of 9.1 months, while patients with umSFRP1 had an OS
of 63.2 months.

Promoter hypermethylation of SFRP1 had good discriminatory capabilities for distin-
guishing patients who died at time t from patients who lived beyond, see Figure S1B. The
accuracy was especially good at 1-2-month of follow-up, and for follow-up times 9 months
and longer with AUC(t) estimates reaching 0.80. The accuracy of the model stabilized
with an AUC(t) of approximately 0.8 and did not decrease substantially over time. The
estimated 1-year concordance was C = 0.64.

3.2.3. Crude Cox Regression Analysis

Crude Cox regression of SFRP1 promoter hypermethylation was significantly associ-
ated with worse survival with an HR for death of 3.35 (95% CI; 1.82-6.16). WHO PS, sex,
and age > 65 were not significant univariate predictors of survival.
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Figure 2. Kaplan—-Meier survival distributions for patients included in the validation cohort, grouped by SFRP1 promoter
hypermethylation status and treatment. Gem, gemcitabine chemotherapy; BSC, best supportive care; phSFRP1, patients
with SFRP1 promoter hypermethylation; umSFRP1, patients without SFRP1 promoter hypermethylation. Risk table shows

number of patients at risk in 1-month intervals.

3.2.4. Adjusted Cox Regression Analysis

In the adjusted model, SFRP1 promoter hypermethylation was also significantly
associated with worse survival with an HR for death of 3.52 (95% CI; 1.85-6.74). The model
adjusted for PS, age >65, and sex. PS, age > 65, and sex were not significant predictors of
survival in the adjusted model, see Table 4.

Table 4. Univariate and multivariate Cox regression analysis in patients from the validation cohort.

Variable Univariate HR (95% CI) p-Value Multivariate HR (95% CI) p-Value
SFRP1 promoter hypermethylation
umSFRP1 1 p<0.01 1 p<0.01
phSFRP1 3.35(1.82-6.17) 3.53 (1.85-6.74)
Age above 65
No 1 0.55 1 0.96
Yes 0.84 (0.47-1.49) 0.98 (0.55-1.77)
WHO Performance Status
0 1 0.13 1 0.13
1 1.46 (0.77-2.77) 1.03 (0.52-2.05)
2 2.44 (1.02-5.83) 2.24 (0.92-5.46)
Sex
Male 1 091 1 0.89
Female 1.03 (0.61-1.75) 1.04 (0.60-1.79)

HR, hazard ratio for death; CI, confidence interval; phSFRP1, patients with SFRP1 promoter hypermethylation; umSFRP1, patients without
SFRP1 promoter hypermethylation.
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4. Discussion

To the best of our knowledge, this is the first study to identify a single biomarker that
may indicate both survival and the effectiveness of gemcitabine monotherapy in patients
with stage IV pancreatic adenocarcinoma. The results of both our discovery cohort and
validation cohort indicate that promoter hypermethylation of SFRP1 is a prognostic marker
of survival in Gem-treated patients with stage IV PDAC.

Patients with promoter-hypermethylated SFRP1 had an mOS of 4.4 months in the
discovery cohort and 3.2 months in the validation cohort as compared with 11.6 months
and 6.3 months, respectively, in patients without promoter-hypermethylated SFRP1. Thus,
Gem-treated patients with promoter hypermethylation of SFRP1 had a much shorter
mOS than what would otherwise be expected in patients with their stage of disease and
type of treatment [6,7]. Crude and adjusted Cox regression analysis showed a significant
association of promoter hypermethylation of SFRP1 on survival. The association was
significant in both the discovery and the validation cohort. In the validation cohort, the
strongest effect was observed in the adjusted analysis. These findings regarding the effect
of promoter methylation of SFRP1 on survival are in accordance with previous findings in
human biliary tract carcinomas and renal clear cell carcinoma [14,17].

We found a significant difference in PS between the groups in the discovery cohort.
This difference is likely caused by patients receiving BSC being frailer than Gem-treated
patients. We found no differences in PS according to SFRP1 promoter hypermethyla-
tion status.

The mOS of Gem-treated patients in the validation cohort was shorter than in the
discovery cohort (5.1 vs. 6.2 months). A likely explanation is a significantly poorer mean
PS in the validation cohort, indicating that patients were frailer than the discovery cohort.
This is likely caused by more effective and intensive palliative chemotherapy regimens
becoming available in the inclusion period of the validation cohort [3,4]. As this study
examined exclusively patients receiving first-line Gem, only patients unfit for the more
intensive FOLFIRINOX or Gem plus nab-paclitaxel regimens were included. However,
PS did not vary significantly according to SFRP1 promoter hypermethylation status in
the validation cohort. This may indicate that promoter hypermethylation of SFRP1 is
prognostic for survival in stage IV PDAC irrespective of PS. Promoter hypermethylation of
SFRP1 was also a strong predictor of survival in the adjusted model in both cohorts.

Time-dependent AUC(t) analysis indicates that promoter hypermethylation of SFRP1
is both an excellent short-term and long-term prognostic marker for survival. An AUC(t)
of approximately 0.75 is seen in both cohorts in the first two months following diagnosis.
This is followed by a drop-off in discriminatory capacity, falling to an AUC(t) of 0.61 and
0.66, respectively. This is likely caused by the frailest patients succumbing to disease. The
drop-off is followed by an increase in AUC(t) to 0.84 and 0.80, respectively, in the discovery
and validation study, and subsequent stabilization of an AUC(t) of approximately 0.8. This
could be an indication that SFRP1 promoter hypermethylation affects survival in stage IV
PDAC patients with two separate mechanisms of action.

This study examined the association of SFRP1 promoter hypermethylation with effi-
ciency of Gem chemotherapy in patients with stage IV pancreatic adenocarcinoma. Survival
of Gem-treated patients with SFRP1 promoter hypermethylation was only marginally bet-
ter than that of patients receiving BSC. This finding is striking, especially considering
the significantly worse PS in the BSC group. We found no statistically significant differ-
ence in crude Cox regression analysis between the treatment groups. However, treatment
with Gem was a much stronger predictor of survival in the unmethylated group than in
the promoter-hypermethylated group. This may partly be explained by the small size
of the groups, particularly the group without SFRP1 promoter hypermethylation who
did not receive Gem. This result could not be validated as all patients in the validation
cohort received Gem. Although this finding remains to be validated, it raises an important
question regarding personalized medicine. If the survival of patients with SFRP1 promoter-
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hypermethylated stage IV PDAC is only barely improved by palliative Gem, when does
quality of life become more important than quality?

Our results indicate that promoter hypermethylation of SFRP1 is at minimum a prog-
nostic marker for survival in Gem-treated stage IV PDAC patients. Our observations do not
explain the exact mechanism of action of SFRP1 promoter hypermethylation and its relation
to reduced survival. A possible mechanism of action may be an activation of the oncogenic
Wnt/ 3-catenin pathway [15,20,22]. Previous results indicate that chemoresistance can be
mediated by the Wnt/ 3-catenin pathway [31]. However, it is not yet clear whether the
mechanism behind SFRP1 promoter hypermethylation-related chemoresistance results
from a higher rate of acquired chemoresistance or a higher degree of inherent chemoresis-
tance. Nor is it clear at exactly what point of the disease SFRP1 promoter hypermethylation
exerts its effects, or whether these effects differ during the progression of the disease.
How cancer cells maintain hyperactivity of Wnt/-catenin signaling despite negative
modulation also remains unclear. A recent study linked activation of 3-catenin and the
Erk/RAS pathway to Gem resistance in PDAC cell lines [23]. Blocking this pathway with
an antagonistic molecule may be a way to sensitize PDAC cell lines to Gem [32]. SFRP1
has been suggested and examined as a possible tumor suppressor gene, as silencing may
predispose to neoplastic progression [15]. Furthermore, forced re-expression of SFRP1 in
several cancers induced apoptosis and suppressed cell proliferation, invasion, and trans-
formation both in vivo and in vitro [33-38]. However, in SERP1-null mice, no increases
in the incidence of spontaneous tumor growth were observed [39]. This suggests that
promoter hypermethylation of SFRP1 may be more relevant for tumor progression than for
tumor genesis. This is supported by our findings of a significantly increased proportion of
promoter hypermethylation of SFRP1 in the BSC group of the discovery cohort. This may
indicate that PDAC tumors with promoter-hypermethylated SFRP1 are more aggressive.
SFRP1 promoter hypermethylation may impact the speed with which cancer progresses
or affect the tumor’s sensitivity to chemotherapy. This is in accordance with previous
findings [15]. Thus, the previously examined Wnt/ 3-catenin pathway may be mediating
chemo-resistance in SFRP1 promoter-hypermethylated PDAC.

Another possibly relevant regulatory mechanism of SFRP1 is MicroRNAs (miRNAs).
miRNAs are non-coding small RNAs that modulate gene expression at both the tran-
scriptional and post-transcriptional level [40]. Numerous miRNAs have been linked to
accelerate tumorigenesis by targeting SFRP1 [40]. The most established miRNA is miR-27a,
which has been linked to inhibiting the expression of SFRP1 [40]. In gastric cancer cells,
the activation of this pathway has been linked to both increased invasion, migration, and
proliferation [40]. In addition, miR-27a has been linked to angiogenesis through the down-
regulation of BTG2 and the upregulation of VEGF in PDAC cell lines [41]. This concept
is significant, as VEGF overexpression acts not only as a proangiogenic factor but also as
an immune modulator by creating a permissive tumor environment as well as boosting
vascular formation which leads to a poor drug response [42]. Other miRNAs have also
been linked to PDAC. In a study by Zhou et al., overexpression of miR-744 was linked to
enhanced cancer stem cell-like phenotypes in PDAC cell lines [43]. In addition, miRNA-940
has been linked to the regulation of SFRP1 expression in PDAC cell lines [44]. Thus, several
mechanisms affect the expression of SFRP1. It is unclear whether there is any interaction
between the mechanisms, but it is possible that there are several layers of SFRP1 knockout
that influence prognosis in these patients.

While some cancers have a dominant patient subgroup with viable treatment op-
tions, this is unfortunately not the case in PDAC. Though promising recent advances
show increased sensitivity to platin-based treatments in patients with HDR, this subgroup
amounts to only 6% of all PDAC cases [45]. Several factors play into the exceedingly poor
prognosis of PDAC. One increasingly recognized aspect of the poor efficacy of treatments
is the tumor microenvironment (TME). The TME is a complex interplay of immune cells,
acellular stroma, soluble factors, and pancreatic stellate cells which affect drug resistance,
progression of disease, and metastasis [46].



Cancers 2021, 13, 5717

12 of 15

A possible novel approach to the treatment of PDAC might combine reactivation of
SFRP1 combined with anti-angiogenesis and immunotherapy.

Whether SFRP1 promoter hypermethylation decreases survival by itself or by affecting
the efficacy of Gem requires further studies. In the context of the potential of personalized
palliative treatment, it would be of great importance to identify a biomarker capable of
predicting whether a patient with PDAC would benefit from Gem.

Further studies are required to ascertain a possible predictive value of this marker.
Studies are currently planned to examine a possible effect of the biomarker in patients
treated with other forms of chemotherapy, as well as in the lower stages of PDAC.

Strengths and Limitations

This combined discovery and validation study has a few limitations inherent to the
retrospective design of the validation cohort. Missing data or selective loss of follow-up
could cause selection bias. However, all patients in both cohorts were followed until death,
and clinical characteristics were systematically recorded. This study is partly limited due
to a relatively small sample size, which limits statistical comparison of survival between
Gem-treated patients and BSC-treated patients. Another limitation of the study is the semi-
quantitative method of methylation analysis. However, we have previously demonstrated
there to be no significant loss of information due to the dichotomization procedure. Our
team is currently developing a digital droplet PCR-based procedure that would enable
quantitative analysis. To our knowledge, this is the first study to examine promoter
hypermethylation of SFRP1 as an independent clinically useful blood-based prognostic
biomarker for stage IV PDAC. PDAC is a complex, heterogenous malignancy that remains
a colossal unmet challenge. As such, conducting research on a well-defined subgroup of
patients is vital to facilitate not only personalized treatment options but also finding the
right compromise between the quantity of life and a life worth living. A significant strength
of the current study is the blood-based nature of the biomarker, as retrieving solid tumor
biopsies can be challenging or even impossible.

5. Conclusions

In conclusion, our results from both the discovery and the validation cohort indicate
that promoter-hypermethylated SFRP1 is a promising independent prognostic marker
for survival in Gem-treated patients with stage IV PDAC. Promoter hypermethylation of
SFRP1 seems to be important in the evaluation of PDAC and its prognosis in the individual
patient. Furthermore, SFRP1 expression could be interesting in relation to targeted therapy,
as reversing the promoter hypermethylation of SFRP1 may be a possible way to reduce
PDAC progression. Further studies are planned to evaluate a possible predictive value
of the biomarker. The effects of promoter hypermethylation of SFRP1 will be examined
in lower-stage PDAC and other chemotherapies. This knowledge may facilitate tailored
treatment of patients with stage IV PDAC.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ cancers13225717/s1, Figure S1: Time-dependent AUC plots; Table S1: DNA sequences for
probes and primers.

Author Contributions: B.E.S. formal analysis, visualization, software, writing—original draft; S.D.H.
resources, methodology, writing—review and editing, investigation; L.S.P. resources, methodology,
writing—review and editing; H.B.K. resources, methodology, writing—review and editing; A.C.L.
resources, writing—review and editing, investigation; PH.M. resources, methodology, investiga-
tion; M.N.J. formal analysis, visualization, writing—review and editing; O.T.-U. conceptualization,
methodology, writing—review and editing, supervision. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the following private foundations: Resident Foundation at
Aalborg University Hospital, Specialleege Heinrick Koops Foundation, Aase and Ejnar Danielsens
Foundation, Blegdalens Foundation, Marie Pedersen and Jensine Heibergs Foundation, Medical


https://www.mdpi.com/article/10.3390/cancers13225717/s1
https://www.mdpi.com/article/10.3390/cancers13225717/s1

Cancers 2021, 13, 5717 13 of 15

Advancement of Science Foundation and the Beckett Foundation. This was an investigator-initiated
study. Sponsors of the study had no influence on either study design, data collection, analysis of
data, interpretation of data, writing of the paper nor the decision to submit for publication.

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Delcaration of Helsinki, and was approved by the Research Ethics Committee for the Northern
Denmark Region (N-2013037).

Informed Consent Statement: All patients were above 18 years of age and provided written in-
formed consent prior to blood sampling.

Data Availability Statement: Data are available from the corresponding author upon reasonable
request and with permission from the BIOPAC team.

Acknowledgments: The authors express their gratitude to Benny V. Jensen and Julia S. Johansen from
the Department of Oncology Copenhagen University Hospital Herlev for including the patients of the
validation cohort. The authors thank Morten Pilegaard from the Department of Communication and
Culture, Aarhus University for proofreading. Furthermore, the authors thank the private foundations
that supported the study. Lastly, the authors express their gratitude to the staff at the Research Unit
at the Department of Gastrointestinal Surgery, Aalborg University Hospital, Denmark.

Conflicts of Interest: The authors declare no competing interest.

References

1. Bray, F; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA. Cancer |. Clin. 2018, 68, 394-424. [CrossRef]

2. Rasmussen, L.S.; Fristrup, C.W.; Jensen, B.V.; Pfeiffer, P.; Weber, B.; Yilmaz, M.K.; Poulsen, L.; Ladekarl, M.; Osterlind, K.;
Larsen, J.S.; et al. Initial treatment and survival in 4163 Danish patients with pancreatic cancer: A nationwide unselected
real-world register study. Eur. J. Cancer 2020, 129, 50-59. [CrossRef]

3. Conroy, T.; Desseigne, E; Ychou, M.; Bouché, O.; Guimbaud, R.; Bécouarn, Y.; Adenis, A.; Raoul, J.-L.; Gourgou-Bourgade, S.;
de la Fouchardiere, C.; et al. FOLFIRINOX versus Gemcitabine for Metastatic Pancreatic Cancer. N. Engl. . Med. 2011, 364,
1817-1825. [CrossRef]

4. Von Hoff, D.D.; Ervin, T.; Arena, EP,; Chiorean, E.G.; Infante, J.; Moore, M.; Seay, T.; Tjulandin, S.A.; Ma, WW.,; Saleh, M.N.; et al.
Increased Survival in Pancreatic Cancer with nab-Paclitaxel plus Gemcitabine. N. Engl. ]. Med. 2013, 369, 1691-1703. [CrossRef]

5. Burris, H.A,, 3rd; Moore, M.].; Andersen, J.; Green, M.R.; Rothenberg, M.L.; Modiano, M.R.; Cripps, M.C.; Portenoy, R.K,;
Storniolo, A.M.; Tarassoff, P.; et al. Improvements in survival and clinical benefit with gemcitabine as first- line therapy for
patients with advanced pancreas cancer: A randomized trial. ]. Clin. Oncol. 1997, 15, 2403-2413. [CrossRef]

6. Chan, S.L,; Chan, S.T.; Chan, E.H.; He, Z.X. Systemic treatment for inoperable pancreatic adenocarcinoma: Review and update.
Chin. |. Cancer 2014, 33, 267-276. [CrossRef]

7.  Lee, H.S,; Park, S.W. Systemic chemotherapy in advanced pancreatic cancer. Gut Liver 2016, 10, 340-347. [CrossRef]

8.  Sigel, K.; Zhou, M.; Park, Y.A.; Mutetwa, T.; Nadkarni, G.; Yeh, C.; Polak, P; Sigel, C.; Conroy, T.; Juzyna, B.; et al. Gemcitabine
plus nab-paclitaxel versus FOLFIRINOX for unresected pancreatic cancer: Comparative effectiveness and evaluation of tumor
growth in. Semin. Oncol. 2021, 48, 69-75. [CrossRef]

9.  Michl, P; Gress, T.M. Current concepts and novel targets in advanced pancreatic cancer. Gut 2013, 62, 317-326. [CrossRef]

10. De Sousa Cavalcante, L.; Monteiro, G. Gemcitabine: Metabolism and molecular mechanisms of action, sensitivity and chemoresis-
tance in pancreatic cancer. Eur. J. Pharmacol. 2014, 741, 8-16. [CrossRef]

11. Mizrahi, J.D.; Surana, R.; Valle, ].W.; Shroff, R.T. Pancreatic cancer. Lancet 2020, 395, 2008-2020. [CrossRef]

12. Natale, F; Vivo, M,; Falco, G.; Angrisano, T. Deciphering DNA methylation signatures of pancreatic cancer and pancreatitis. Clin.
Epigenet. 2019, 11, 1-12. [CrossRef]

13. Costa, EF. Epigenomics in cancer management. Cancer Manag. Res. 2010, 2, 255-265. [CrossRef]

14. Kang, P; Wan, M.; Huang, P; Li, C.; Wang, Z.; Zhong, X.; Hu, Z.; Tai, S.; Cui, Y. The Wnt antagonist sFRP1 as a favorable
prognosticator in human biliary tract carcinoma. PLoS ONE 2014, 9, €90308. [CrossRef]

15. Esteve, P.; Bovolenta, P. The Advantages and Disadvantages of Sfrp1 and Sfrp2 Expression in Pathological Events. Tohoku J. Exp.
Med. 2010, 221, 11-17. [CrossRef]

16. Surana, R,; Sikka, S.; Cai, W.; Shin, E.M.; Warrier, S.R.; Tan, H.].G.; Arfuso, F; Fox, S.A.; Dharmarajan, A.M.; Kumar, A.P. Secreted
frizzled related proteins: Implications in cancers. Biochim. Biophys. Acta Rev. Cancer 2013, 1845, 53-65. [CrossRef]

17.  Ricketts, C.J.; Hill, VK.; Linehan, W.M. Tumor-specific hypermethylation of epigenetic biomarkers, including SFRP1, predicts for
poorer survival in patients from the TCGA kidney renal clear cell carcinoma (KIRC) project. PLoS ONE 2014, 9, e85621.

18.  Veeck, J.; Niederacher, D.; An, H.; Klopocki, E.; Wiesmann, F; Betz, B.; Galm, O.; Camara, O.; Diirst, M.; Kristiansen, G.; et al.

Aberrant methylation of the Wnt antagonist SFRP1 in breast cancer is associated with unfavourable prognosis. Oncogene 2006, 25,
3479-3488. [CrossRef]


http://doi.org/10.3322/caac.21492
http://doi.org/10.1016/j.ejca.2020.01.015
http://doi.org/10.1056/NEJMoa1011923
http://doi.org/10.1056/NEJMoa1304369
http://doi.org/10.1200/JCO.1997.15.6.2403
http://doi.org/10.5732/cjc.013.10134
http://doi.org/10.5009/gnl15465
http://doi.org/10.1053/j.seminoncol.2021.02.001
http://doi.org/10.1136/gutjnl-2012-303588
http://doi.org/10.1016/j.ejphar.2014.07.041
http://doi.org/10.1016/S0140-6736(20)30974-0
http://doi.org/10.1186/s13148-019-0728-8
http://doi.org/10.2147/CMAR.S7280
http://doi.org/10.1371/journal.pone.0090308
http://doi.org/10.1620/tjem.221.11
http://doi.org/10.1016/j.bbcan.2013.11.004
http://doi.org/10.1038/sj.onc.1209386

Cancers 2021, 13, 5717 14 of 15

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Cheng, L.C.; Chao, YJ.; Overman, M.].; Wang, C.Y.; Phan, N.N.; Chen, Y.L.; Wang, T.W.; Hsu, H.P; Shan, Y.S.; Lai, M.D. Increased
expression of secreted frizzled related protein 1 (SFRP1) predicts ampullary adenocarcinoma recurrence. Sci. Rep. 2020, 10, 13255.
Watanabe, H.; Okada, G.; Ohtsubo, K.; Yao, E; Jiang, PH.; Mouri, H.; Wakabayashi, T.; Sawabu, N. Aberrant methylation of
secreted apoptosis-related protein 2 (SARP2) in pure pancreatic juice in diagnosis of pancreatic neoplasms. Pancreas 2006, 32,
382-389. [CrossRef]

Monin, M.B.; Krause, P; Stelling, R.; Bocuk, D.; Niebert, S.; Klemm, E; Pukrop, T.; Koenig, S. ScienceDirect The anthelmintic
niclosamide inhibits colorectal cancer cell lines via modulation of the canonical and noncanonical Wnt signaling pathway. J. Surg.
Res. 2016, 203, 193-205. [CrossRef]

Jung, D.-B.; Yun, M.; Kim, E.-O.; Kim, J.; Kim, B.; Jung, ] H.; Wang, E.; Mukhopadhyay, D.; Hammond, E.; Dredge, K.; et al. The
heparan sulfate mimetic PG545 interferes with Wnt/?-catenin signaling and significantly suppresses pancreatic tumorigenesis
alone and in combination with gemcitabine. Oncotarget 2015, 6, 4992-5004. [CrossRef]

Ryu, WJ.; Han, G.; Lee, S.H.; Choi, K.Y. Suppression of Wnt/ 3-catenin and RAS/ERK pathways provides a therapeutic strategy
for gemcitabine-resistant pancreatic cancer. Biochem. Biophys. Res. Commun. 2021, 549, 40-46. [CrossRef]

Dam Henriksen, S.; Henning Madsen, P; Christian Larsen, A.; Berg Johansen, M.; Segkilde Pedersen, I.; Krarup, H,;
Thorlacius-Ussing, O. Cell-free DNA promoter hypermethylation in plasma as a predictive marker for survival of patients with
pancreatic adenocarcinoma. Oncotarget 2017, 8, 93942-93956. [CrossRef]

Johansen, ].S.; Vittrup, B.; Nielsen, D.; Bojesen, S.; Chen, I. BlOmarkers in Patients with Pancreatic Cancer (“BIOPAC”). Available
online: https://clinicaltrials.gov/ct2 /show /NCT03311776 (accessed on 5 July 2021).

Pedersen, 1.S.; Krarup, H.B.; Thorlacius-Ussing, O.; Madsen, P.H. High recovery of cell-free methylated DNA based on a rapid
bisulfite-treatment protocol. BMC Mol. Biol. 2012, 13, 12. [CrossRef]

Henriksen, S.D.; Madsen, PH.; Larsen, A.C.; Johansen, M.B.; Drewes, A.M.; Pedersen, 1.S.; Krarup, H.; Thorlacius-Ussing, O.
Cell-free DNA promoter hypermethylation in plasma as a diagnostic marker for pancreatic adenocarcinoma. Clin. Epigenet. 2016,
8, 117. [CrossRef]

Snapinn, S.M.; Jiang, Q.; Iglewicz, B. Illustrating the impact of a time-varying covariate with an extended Kaplan-Meier estimator.
Am. Stat. 2005, 59, 301-307. [CrossRef]

Kamarudin, A.N.; Cox, T.; Kolamunnage-Dona, R. Time-dependent ROC curve analysis in medical research: Current methods
and applications. BMC Med. Res. Methodol. 2017, 17, 53. [CrossRef]

Heagerty, PJ.; Zheng, Y. Survival model predictive accuracy and ROC curves. Biometrics 2005, 61, 92-105. [CrossRef]

Zhang, Q.; Meng, X K.; Wang, W.X,; Zhang, RM.; Zhang, T.; Ren, J.]. The Wnt/ 3-catenin signaling pathway mechanism for
pancreatic cancer chemoresistance in a three-dimensional cancer microenvironment. Am. J. Transl. Res. 2016, 8, 4490-4498.
Manegold, P; Lai, KK.Y,; Wu, Y,; Teo, ].L.; Lenz, H.J.; Genyk, Y.S.; Pandol, S.J.; Wu, K,; Lin, D.P;; Chen, Y.; et al. Differentiation
therapy targeting the 3-catenin/CBP interaction in pancreatic cancer. Cancers 2018, 10, 95. [CrossRef]

Suzuki, H.; Toyota, M.; Caraway, H.; Gabrielson, E.; Ohmura, T.; Fujikane, T.; Nishikawa, N.; Sogabe, Y.; Nojima, M.;
Sonoda, T.; et al. Frequent epigenetic inactivation of Wnt antagonist genes in breast cancer. Br. J. Cancer 2008, 98, 1147-1156.
[CrossRef]

Matsuda, Y.; Schlange, T.; Oakeley, E.J.; Boulay, A.; Hynes, N.E. WNT signaling enhances breast cancer cell motility and blockade
of the WNT pathway by sFRP1 suppresses MDA-MB-231 xenograft growth. Breast Cancer Res. 2009, 11, R32. [CrossRef]

Shih, Y.L.; Hsieh, C.B.; Lai, H.C.; Yan, M.D.; Hsieh, T.Y.; Chao, Y.C.; Lin, Y.W. SFRP1 suppressed hepatoma cells growth through
Wnt canonical signaling pathway. Int. . Cancer 2007, 121, 1028-1035. [CrossRef]

Jiang, G.-X.; Liu, W,; Cui, Y.-F; Zhong, X.-Y.; Tai, S.; Wang, Z.-D.; Shi, Y.-G.; Li, C.-L.; Zhao, S.-Y. Reconstitution of Secreted
Frizzled-Related Protein 1 Suppresses Tumor Growth and Lung Metastasis in an Orthotopic Model of Hepatocellular Carcinoma.
Dig. Dis. Sci. 2009, 55, 2838-2843. [CrossRef]

Lodygin, D.; Epanchintsev, A.; Menssen, A.; Diebold, J.; Hermeking, H. Functional Epigenomics Identifies Genes Frequently
Silenced in Prostate Cancer. Cancer Res. 2005, 65, 4218-4227. [CrossRef]

Chung, M.T,; Lai, H.C.; Sytwu, HK,; Yan, M.D.; Shih, Y.L.; Chang, C.C.; Yu, M.H,; Liu, H.S.; Chu, D.W,; Lin, YW. SFRP1 and
SFRP2 suppress the transformation and invasion abilities of cervical cancer cells through Wnt signal pathway. Gynecol. Oncol.
2009, 112, 646—653. [CrossRef]

Trevant, B.; Gaur, T.; Hussain, S.; Symons, J.; Komm, B.S.; Bodine, P.V.N.; Stein, G.S.; Lian, ].B. Expression of Secreted Frizzled
Related Protein 1, A Wnt Antagonist, in Brain, Kidney, and Skeleton is Dispensable for Normal Embryonic Development. J. Cell.
Physiol 2008, 217, 113-126. [CrossRef]

Baharudin, R.; Tieng, EY.F.; Lee, L.H.; Mutalib, N.S.A. Epigenetics of SFRP1: The dual roles in human cancers. Cancers 2020,
12, 445. [CrossRef]

Shang, D.; Xie, C.; Hu, J.; Tan, J.; Yuan, Y.; Liu, Z.; Yang, Z. Pancreatic cancer cell-derived exosomal microRNA-27a promotes
angiogenesis of human microvascular endothelial cells in pancreatic cancer via BTG2. J. Cell. Mol. Med. 2020, 24, 588—604.
[CrossRef]

Solimando, A.G.; De Summa, S.; Vacca, A.; Ribatti, D. Cancer-associated angiogenesis: The endothelial cell as a checkpoint for
immunological patrolling. Cancers 2020, 12, 3380. [CrossRef]

Zhou, W.; Li, Y,; Gou, S.; Xiong, J.; Wu, H.; Wang, C.; Yan, H.; Liu, T. MiR-744 increases tumorigenicity of pancreatic cancer by
activating Wnt/ 3-catenin pathway. Oncotarget 2015, 6, 37557-37569. [CrossRef]


http://doi.org/10.1097/01.mpa.0000221617.89376.38
http://doi.org/10.1016/j.jss.2016.03.051
http://doi.org/10.18632/oncotarget.3214
http://doi.org/10.1016/j.bbrc.2021.02.076
http://doi.org/10.18632/oncotarget.21397
https://clinicaltrials.gov/ct2/show/NCT03311776
http://doi.org/10.1186/1471-2199-13-12
http://doi.org/10.1186/s13148-016-0286-2
http://doi.org/10.1198/000313005X70371
http://doi.org/10.1186/s12874-017-0332-6
http://doi.org/10.1111/j.0006-341X.2005.030814.x
http://doi.org/10.3390/cancers10040095
http://doi.org/10.1038/sj.bjc.6604259
http://doi.org/10.1186/bcr2317
http://doi.org/10.1002/ijc.22750
http://doi.org/10.1007/s10620-009-1099-3
http://doi.org/10.1158/0008-5472.CAN-04-4407
http://doi.org/10.1016/j.ygyno.2008.10.026
http://doi.org/10.1002/jcp.21482
http://doi.org/10.3390/cancers12020445
http://doi.org/10.1111/jcmm.14766
http://doi.org/10.3390/cancers12113380
http://doi.org/10.18632/oncotarget.5317

Cancers 2021, 13, 5717 15 of 15

44. Yang, HW,; Liu, G.H,; Liu, Y.Q.; Zhao, H.C,; Yang, Z.; Zhao, C.L.; Zhang, X.F,; Ye, H. Over-expression of microRNA-940 promotes
cell proliferation by targeting GSK3f3 and sFRP1 in human pancreatic carcinoma. Biomed. Pharmacother. 2016, 83, 593-601.
[CrossRef]

45. Wattenberg, M.M.; Asch, D.; Yu, S.; O’'Dwyer, PJ.; Domchek, S.M.; Nathanson, K.L.; Rosen, M.A; Beatty, G.L.; Siegelman, E.S.;
Reiss, K.A. Platinum response characteristics of patients with pancreatic ductal adenocarcinoma and a germline BRCA1, BRCA2
or PALB2 mutation. Br. J. Cancer 2020, 122, 333-339. [CrossRef]

46. Javadrashid, D.; Baghbanzadeh, A.; Derakhshani, A.; Leone, P.; Silvestris, N.; Racanelli, V.; Solimando, A.G.; Baradaran, B.
Pancreatic cancer signaling pathways, genetic alterations, and tumor microenvironment: The barriers affecting the method of
treatment. Biomedicines 2021, 9, 373. [CrossRef]


http://doi.org/10.1016/j.biopha.2016.06.057
http://doi.org/10.1038/s41416-019-0582-7
http://doi.org/10.3390/biomedicines9040373

	Introduction 
	Materials and Methods 
	Study Design 
	Analytical Methods 
	Statistical Methods 

	Results 
	Results of the Discovery Cohort 
	Patient Characteristics 
	Survival According to SFRP1 Promoter Hypermethylation 
	Crude Cox Regression Analysis 
	Adjusted Cox Regression Analysis 
	Efficiency of Gem 

	Results of the Validation Cohort 
	Patient Characteristics 
	Survival According to SFRP1 Promoter Hypermethylation 
	Crude Cox Regression Analysis 
	Adjusted Cox Regression Analysis 


	Discussion 
	Conclusions 
	References

