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Abstract: Restrictions resulting from the COVID-19 pandemic abruptly reversed the slow
decline of the diagnosis and mortality rates of gastric cancer (GC). This scenario highlights
the importance of developing cost-effective methods for mass screening and evaluation
of treatment response. In this study, we evaluated a non-invasive method based on the
circulating methylated cell-free DNA (cfDNA) of Reprimo (RPRM), a tumor suppressor
gene associated with the development of GC. Methylated RPRM cfDNA was analyzed in
three de-identified cohorts: Cohort 1 comprised 81 participants with GC and 137 healthy
donors (HDs); Cohort 2 comprised 27 participants with GC undergoing gastrectomy
and/or chemotherapy analyzed at the beginning and after three months of treatment;
and Cohort 3 comprised 1105 population-based participants in a secondary prevention
program who underwent esophagogastroduodenal (EGD) endoscopy. This cohort in-
cludes 180 normal participants, 845 participants with premalignant conditions (692 with
chronic atrophic gastritis [AG] and 153 with gastric intestinal metaplasia/low-grade dys-
plasia [GIM/LGD]), 21 with high-grade dysplasia/early GC [HGD/eGC], and 59 with
advanced GC [aGC]). A nested case-control substudy was performed using a combination
of methylated RPRM cfDNA and pepsinogens (PG)-I/II ratio. The dense CpG island of
the promoter region of the RPRM gene was bisulfite sequenced and analyzed to develop a
fluorescence-based real-time PCR assay (MethyLight). This assay allows the determination
of the absolute number of copies of methylated RPRM cfDNA. A targeted sequence of PCR
amplicon products confirmed the gastric origin of the plasma-isolated samples. In Cohort
1, the mean value of GCs (32,240.00 copies/mL) was higher than that of the HD controls
(139.00 copies/mL) (p < 0.0001). After dividing this cohort into training–validation
subcohorts, we identified an area under the curve of 0.764 (95% confidence interval
(CI) = 0.683–0.845) in the training group. This resulted in a cut-off value of 87.37 copies/mL
(sensitivity 70.0% and specificity 80.2%). The validation subcohort predicted a sensitivity
of 66.67% and a specificity of 83.33%. In Cohort 2 (monitoring treatment response), RPRM
levels significantly decreased in responders (p = 0.0042) compared to non-responders.
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In Cohort 3 (population-based participants), 18.9% %, 24.1%, 30.7%, 47.0%, and 71.2%
of normal, AG, GIM/LGD, HGD/eGC, and aGC participants tested positive for methy-
lated RPRM cfDNA, respectively. Overall sensitivity and specificity in distinguishing
normal/premalignant conditions vs. GC were 65.0% (95% CI 53.52% to 75.33%) and 75.9%
(95% CI 73.16% to 78.49%), respectively, with an accuracy of 75.11% (95% CI 72.45% to
77.64%). Logistic regression analyses revealed an OR of 1.85 (95% CI 1.11–3.07, p = 0.02) and
an odds ratio (OR) of 3.9 (95% CI 1.53–9.93, p = 0.004) for the risk of developing GIM/LGD
and HGD/eGC, respectively. The combined methylated RPRM cfDNA and PG-I/II ra-
tio reached a sensitivity of 78.9% (95% CI 54.43% to 93.95%) and specificity of 63.04%
(95% CI 52.34% to 72.88%) for detecting HGD/eGC vs. three to six age- and sex-matched
participants with premalignant conditions. Our results demonstrate that methylated RPRM
cfDNA should be considered a direct biomarker for the non-invasive detection of GC and a
predictive biomarker for treatment response.

Keywords: gastric cancer; biomarkers; liquid biopsy; non-invasive diagnosis; cancer
screening; cancer prevention; methylated RPRM; cfDNA

1. Introduction
Global diagnosis and mortality rates of gastric cancer (GC)1.1 million and 770,000 per

year, respectively—were slowly declining prior to the COVID-19 pandemic [1]. Restrictions
resulting from this health crisis abruptly reversed this decline, causing patients to present
with more severe stages at diagnosis and worse survival outcomes [2,3]. This new scenario
not only models the planning capacity of the health system but highlights the importance
of developing screening programs for the early detection of GC [4].

Although both mass and opportunistic screening have reduced GC mortality, their
implementation cost represents a major challenge for public health systems [5]. In this
scenario, non-invasive approaches represent a cost-effective alternative and may be applied
to evaluate treatment response [6].

A growing body of evidence has shown that the measurement of circulating cell-free
DNA (cfDNA) may be a novel approach for non-invasive detection of a variety of tumor
types [7,8]. One such approach is methylated cfDNA, an epigenetic alteration that inacti-
vates tumor suppressor genes at the promoter region [9]. Methylated cfDNA biomarkers,
such as the glutathione S-transferase gene (GSTP1) for prostatic cancer [10] and Sept9 for
colorectal carcinoma [11], are well-established examples of this approach [12]. Several
biomarkers have been identified in GC [13], but they have yet to be tested simultaneously
in screening and treatment response. To address this gap, we evaluated one of the most
promising candidates, the methylated cfDNA of Reprimo (RPRM) [14].

RPRM is a tumor suppressor gene involved in the regulation of the cell cycle [15] as
well as apoptosis [16]. We have found that the loss of RPRM expression is associated with
DNA hypermethylation of its promoter region [17]. It has been described, both by us and
by other researchers, in tissue samples from a variety of tumors (for a review, see [18]). The
DNA hypermethylation of RPRM has exclusively been described in precancerous tissues in
the stomach [19].

Our results support the idea that the methylated cfDNA of RPRM may be a valuable
biomarker for the non-invasive detection of GC as well as treatment response prediction.
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2. Results
2.1. RPRM Promoter Methylation in Gastric Cancer Tissues

We analyzed the dense CpG island of the promoter region of the RPRM gene (National
Center for Biotechnology Information [NCBI] NM_019845/Gene ID: 56475), located from
nucleotides −207 to +309 relative to the transcription start site (TSS) [17]. This region
was bisulfite sequenced from peripheral blood mononuclear cells (PBMC) from healthy
donors (HDs) (n = 2) and tissues from chronic atrophic gastritis (AG) (n = 3) and GC
(n = 6). Low methylation levels (< 10%) were found in the HDs, while the AG cases
demonstrated intermediate levels of hypermethylation (51%), and the GC tissues showed
the highest levels (660%) of CpG island methylation (Figure 1). Based on these findings,
we converted our previously reported MSP [14] into a fluorescence-based real-time PCR
assay (MethyLight) which allows for the calculation of the absolute number of copies of
the methylated DNA after sodium bisulfite conversion [20].
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Figure 1. Bisulfite sequencing results of 30 CpG sites from −207 to +309 relative to the TSS of the
promoter region of RPRM in peripheral blood mononuclear cells (PBMC-1 and -2) and stomach
tissues including chronic atrophic gastritis (AG-1, -2, and -3) and gastric cancer (GC-1 to GC-6). White
dots stand for unmethylated CpG sites and black dots stand for methylated CpG sites.
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2.2. RPRM Promoter Methylation in Paired Tissue and Plasma Gastric Cancer Samples

To validate the capacity of this novel assay to detect the presence of RPRM promoter
DNA methylation as a surrogate cfDNA biomarker for GC, 20 paired tumor and plasma
tissue samples were analyzed using MethyLight. This analysis resulted in 19/20 (95%)
positive cases. A targeted sequence of the PCR amplicon products was performed on three
paired samples to confirm the gastric origin of the plasma-isolated samples. As shown in
Figure 2, two identical clones were identified in one of these samples. In the other cases,
four and five identical clones were identified, respectively (Figures S2 and S3).
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Figure 2. Targeted sequencing of the PCR amplicon products from paired tumor and plasma samples
from a gastric cancer case. (A) Alignment of tissue samples (clusters 002) and plasma samples (clusters
001) by clustalW. (B) Distance trees of the same tissue and plasma clusters by the makeTree.py script.
Two of five clusters were found in tumor and plasma samples (cluster1 and cluster2).

2.3. Characterization of Methylated RPRM Cell-Free DNA as a Biomarker for Non-Invasive
Detection of Gastric Cancer (Cohort 1)

The gastric origin of methylated RPRM cfDNA suggests that RPRM promoter methyla-
tion could be used as a biomarker for non-invasive assessment of GC as well as monitoring
treatment response. To evaluate the first of these potentialities, methylated RPRM cfDNA
was prospectively collected and assessed in 81 GC participants from the blood plasma
samples obtained prior to esophagogastroduodenoscopy (EGD) and from 137 HD controls.
Although the age of the GC group was older than that of the control group (p < 0.0001),
the proportion of male to female participants was similar (ratio 1.9:1 vs. 2:1, respectively).
The ratio of intestinal- to diffuse-type GC was 2.5:1, and the ratio of early to advanced
stages was 1:4.3. Due to the age discrepancy between the cancer cases and the HD controls
(p < 0.0001), we performed a pairwise comparison by quantile regression models. This
analysis indicated that the values of methylated RPRM cfDNA do not increase according
to age. These findings suggest that age differences did not affect our results (Table S1).
A total of 73% (59/81) of the GC participants and 31% (42/137) of the HD controls were
positive for methylated RPRM cfDNA. As shown in Figure 3A, the mean value of the GC
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cases (32,240.00 copies/mL, SD = 157,700.00 copies/mL) was higher than that of the HD
controls (139.00 copies/mL, SD = 657.00 copies/mL). These differences were statistically
significant (p < 0.0001; Mann–Whitney test). To identify the best sensitivity and specificity
of the methylated RPRM cfDNA for non-invasive assessment, patients and controls were
randomly divided through a training–validation approach and analyzed in a blind fashion.
As shown in Figure 3B, the ROC curve of the training group (60 GC participants and 101
HD controls) demonstrated an AUC of 0.764 (95% confidence interval (CI) = 0.683–0.845) to
determine the optimal cut-off value of 87.37 copies/mL (sensitivity 70.0%, and specificity
80.2%).
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To evaluate the role of methylated RPRM cfDNA in monitoring GC treatment re-
sponse, RPRM levels were measured in plasma samples from 27 patients undergoing total 
gastrectomy, palliative chemotherapy, or perioperative chemotherapy (Table S3—Cohort 
2). Measurements were performed at the beginning of treatment (T0) and again 3 months 
after (T1). The Response Evaluation Criteria in Solid Tumours (RECIST) score score was 
used for individual evaluation of the treatment response. The analysis of methylated 
RPRM cfDNA levels between T0 and T1 revealed a significant decrease in the responders 
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showed stable or progressive disease, no significant differences were observed (p = 0.54; 
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Figure 3. RPRM promoter methylation as a biomarker for non-invasive assessment of gastric cancer
(Cohort 1). (A) Levels of methylated RPRM cfDNA in 81 cases of gastric cancer (mean value
32,240.00 copies/mL, SD =157,700.00 copies/mL) and 137 healthy donor controls (mean value
139.00 copies/mL, SD = 657.00 copies/mL). Levels are significatively different by the Mann–Whitney
test. (B) Receiver operating characteristic (ROC) curve for methylated RPRM cfDNA in plasma to
determine the best cut-off point for sensitivity and specificity for non-invasive detection of GC. The
light blue line represents the ROC curve. The red line represents the non-discrimination line between
good and bad classification. The ROC curve for methylated RPRM cfDNA in plasma shows an area
under the curve (AUC) of 0.764 (95% CI = 0.683–0.845) to determine the optimal cut-off value of
87.37 copies/mL (sensitivity 70.0%, and specificity 80.2%).

The prediction accuracy was assessed in the validation group (21 GC and 36 HDs),
which showed a sensitivity of 66.67% and a specificity of 83.33% (Table S2).

2.4. Characterization of Methylated RPRM Cell-Free DNA as a Biomarker for Monitoring Gastric
Cancer Treatment Response (Cohort 2)

To evaluate the role of methylated RPRM cfDNA in monitoring GC treatment re-
sponse, RPRM levels were measured in plasma samples from 27 patients undergoing total
gastrectomy, palliative chemotherapy, or perioperative chemotherapy (Table S3—Cohort
2). Measurements were performed at the beginning of treatment (T0) and again 3 months
after (T1). The Response Evaluation Criteria in Solid Tumours (RECIST) score score was
used for individual evaluation of the treatment response. The analysis of methylated
RPRM cfDNA levels between T0 and T1 revealed a significant decrease in the responders
(p = 0.0042; Wilcoxon paired signed rank test) (Figure 4). Among non-responders who
showed stable or progressive disease, no significant differences were observed (p = 0.54;
Wilcoxon matched pairs signed rank test).
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Figure 4. Treatment Response. Methylated Reprimo (RPRM) cell-free DNA (cfDNA) as a tumor
marker for monitoring response to treatment (Cohort 2). Methylated RPRM cfDNA at initial diagnosis
(baseline) and 3 months after starting treatment (treatment). Data was plotted separately for treatment-
responder (e.g., disease free and partial response) and non-responder (stable and progressive disease)
groups according to the Response Evaluation Criteria in Solid Tumours (RECIST). A statistically
significant decrease in methylated RPRM cfDNA in plasma was observed in the responder group
(p = 0.004, Wilcoxon matched pairs signed rank test), while no difference was observed in the
non-responder group (p = 0.547).

2.5. Evaluation of Methylated RPRM Cell-Free DNA Across the Premalignant Conditions and
Gastric Cancer (Cohort 3)

Having shown that methylated RPRM cfDNA can be a biomarker for non-invasive
assessment and monitoring treatment response, we evaluated its capacity to distinguish
premalignant conditions of the stomach. To accomplish this, 1105 consecutively referred
symptomatic patients were accrued for EGD procedures and analyzed in a blind fashion.
MethyLight detected methylated RPRM in cfDNA extracted from the blood plasma sample
prior to EGD. The distribution of the population study is shown in Table S4—Cohort 3.
Participants with normal EGD were considered the control group. This group represents
16.3% (n = 180) of the sample, with a mean age of 57 years old (range 38–85). The predom-
inant group (62.6%, n = 692 of the sample) was comprised by AG cases with an average
age of 58 years old (range 36–88). The cases diagnosed with gastric intestinal metaplasia
(GIM) (n = 136) and low-grade dysplasia (LGD were grouped together due to the small
number in the latter group (LGD = 13), accounting for 13.8% of the series. The mean
age of this group was 63 years old (range 38–92). The early GC (eGC) and high-grade
dysplasia (HGD) cases represent 1.9% of the sample and were also grouped together due
to the small number of patients in both groups (eGC = 18 and HGD = 3). The mean age
of this group was 67 years old (range 47–95) (p < 0.0001). The advanced GC (aGC) cases
accounted for 5.3% of the series, with an average age of 65 years old (range 17–85). Women
were more prevalent in the control and AG groups (81.7% and 69.1%) (p < 0.0001) and
conversely, men were prevalent in the aGC group (64.4%) (p < 0.0001) (Table S4—Cohort 3).
H. pylori was evaluated in a subset of premalignant and tumor lesions (n = 172, 15.56%),
with positive results in 69.7% (62/89), 60.9% (42/69), and 28.6% (4/14) of AG, GIM/LGD,
and eGC/HGD, respectively (p = 0.012 Pearson’s) (Table S4—Cohort 3).

A total of 18.9% of the normal patients tested positive for methylated RPRM cfDNA,
compared to 24.1% of the AG patients and 30.7% of the GIM/LGD patients. A total of 47.0%
(n = 10) of the HGD/eGC cases and 71.2% (n = 42) of the aGC cases, respectively, tested
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positive for methylated RPRM cfDNA. As shown in Table 1, the overall sensitivity (true
positive rate) was 65.0% (95% CI 53.52% to 75.33%), and the specificity (or false positive
rate) was 75.9% (95% CI 73.16% to 78.49%). Moreover, the positive predictive value was
estimated at 17.39% (95% CI 14.78–20.36%), while the negative predictive value was 96.53%
(95% CI 95.36–97.40%).

Table 1. Overall evaluation of methylated RPRM cell-free DNA as a non-invasive diagnostic tool in
gastric cancer (Cohort 3).

Statistic Value 95% CI

Sensitivity 65.00% 53.52% to 75.33%

Specificity 75.90% 73.16% to 78.49%

Positive Likelihood Ratio 2.70 2.22 to 3.28

Negative Likelihood Ratio 0.46 0.34 to 0.62

Disease prevalence 7.24% 5.78% to 8.93%

Positive Predictive Value 17.39% 14.78% to 20.36%

Negative Predictive Value 96.53% 95.36% to 97.40%

Accuracy 75.11% 72.45% to 77.64%

Considering these parameters, the overall accuracy of methylated RPRM cfDNA to
distinguish GC from normal subjects and premalignant patients was 75.11% (95% CI 72.45%
to 77.64%). These values were more accurate for aGC than HGD/eGC.

Logistic regression analyses revealed that methylated RPRM cfDNA was not capa-
ble of distinguishing the normal from the AG subjects (Table 2). However, it was able
to identify the risk of developing GIM/LGD (odds ratio (OR) 1.85 (95% CI 1.11–3.07),
p = 0.02), and it was even more accurate at identifying HGD/eGC (OR 3.9 (95% CI
1.53–9.93), p = 0.004) and aGC (OR 10.61 (95% CI 5.409–20.85), p < 0.0001) (Table 3). After
adjusting for sex and age, only HGD/eGC (OR 3.23 (95% CI 1.15–9.11) p < 0.026) and aGC
(OR 9.79 (95% CI 4.43–21.61) p < 0.0001) were accurately identified by methylated RPRM
cfDNA (Table 2).

Table 2. Methylated RPRM cell-free DNA detection by lesion grade (crude and adjusted by sex and
age) (Cohort 3).

Non-Adjusted Adjusted by Sex and Age

Lesion Grade Positive
n (%)

Odds Ratio
(Crude Rate) 95% C.I. OR p-Value Odds Ratio

(Adjusted) 95% C.I. OR p-Value

Normal (No
histological analysis

was performed)
34 (18.89) reference reference reference reference reference reference

Chronic
atrophic gastritis 167 (24.13) 1.37 0.91 to 2.06 0.164 1.37 0.90 to 2.07 0.140

Intestinal metaplasia
and low

grade dysplasia
46 (30.07) 1.85 1.11 to 3.07 0.020 1.60 0.93 to 2.75 0.091

Early gastric cancer
(stage I-II) and

high-grade dysplasia
10 (47.62) 3.90 1.53 to 9.94 0.004 3.23 1.15 to 9.11 0.026



Int. J. Mol. Sci. 2025, 26, 3333 8 of 15

Table 2. Cont.

Non-Adjusted Adjusted by Sex and Age

Lesion Grade Positive
n (%)

Odds Ratio
(Crude Rate) 95% C.I. OR p-Value Odds Ratio

(Adjusted) 95% C.I. OR p-Value

Advanced gastric
cancer (stage III-IV) 42 (71.19) 10.61 5.40 to 20.85 <0.0001 9.79 4.43 to 21.61 <0.0001

Chronic atrophic
gastritis and gastric

intestinal metaplasia/
low-grade dysplasia

213 (25.21) 1.45 0.97 to 2.17 0.084 1.40 0.93 to 2.11 0.104

Early gastric cancer
(stage I-II)/high-grade

dysplasia and
advanced

gastric cancer

52 (65.00) 7.98 4.41 to 14.41 <0.0001 6.93 3.48 to 13.81 <0.0001

Table 3. Sensitivity, specificity and odds ratio of the combined use of methylated RPRM cfDNA and
PG-I/II ratio for non-invasive assessment of early gastric cancer (eGC) (Cohort 3).

Test
Cases Controls Sensitivity Specificity Odds Ratio

n = 19 n = 92 % 95% CI % 95% CI Odds
Ratio 95% CI p-Value

Methylated RPRM
cfDNA

47.37% 24.45% to
71.14%

77.17% 67.25% to
85.28%

3.04 1.09 to
8.47

0.033positive 9 21

negative 10 71

PG-I/II ratio

52.63% 28.86% to
75.55%

80.22% 70.55% to
87.84%

4.51 1.60 to
12.72

0.005Positive 10 18

Negative 9 74

Combined
Methylated RPRM

cfDNA or
PG-I/II ratio 78.95% 54.43% to

93.95%
63.04% 52.34% to

72.88%
6.40 1.96 to

20.85
0.002

Positive 15 34

Negative 4 58

A stratified analysis by lesion grade (adjusted by age and sex reveals that these
variables do not influence the accuracy of methylated RPRM cfDNA (Table S5—Cohort
3). The rate of detection of H. pylori among methylated RPRM cfDNA positive cases was
significatively lower among the HGD/eGC cases (1/7, 14.3%) than that of the AG cases
(14/17, 82.4%) and the GIM/LGD cases (15/19; 78.9%) (p = 0.004 Fisher’s exact test). Taken
together, the detection of methylated RPRM cfDNA in a blood sample highly correlates
with the presence of HGL/eGC and aGC.

To improve our results for the non-invasive diagnosis of the early stages of GC, we
combined methylated RPRM cfDNA with a PG-I/II ratio. Twenty-one HGD/eGC cases
were matched with three to six age and sex controls from each lesion of the premalignant
conditions (AG and GIM/LGD). As shown in Table 3, the combined assay reached a
sensitivity of 78.9% (95% CI 54.43% to 93.95%) and specificity of 63.04% (95% CI 52.34% to
72.88%) with a positive and negative predictive value of 30.61% (95% CI 23.65% to 38.59%)
and 93.55% (95% CI 85.69% to 97.23%), respectively. In this series we found 34 (69.4%) false
positives and 4 (6.8%) false negatives.
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Considering these results, the overall accuracy of the combined use of the methylated
RPRM cfDNA and the PG-I/II ratio to distinguish HGD/eGC from precancerous lesions
was 65.77% (95% CI 56.16% to 74.51%).

3. Discussion
The slow decline in the global diagnosis and mortality rates of GC abruptly reversed in

2020 due to the COVID-19 pandemic [21]. To address this dire situation, biomarkers for the
non-invasive diagnosis of tumors, which must be included in health and/or metastases [9],
has emerged as a novel biomarker system planning capacity [22,23]. Circulating cell-free
DNA (cfDNA), derived from primary tumors for the non-invasive detection of cancer,
is now one of the most extensively studied areas in translational research [7,8,24,25]. A
consolidation of this expanding field is the LiqBioer, a manually curated database of cancer
biomarkers in body fluids [26].

In this study, we developed a novel fluorescence-based real-time PCR assay based
on the methylation of the promoter region of RPRM, a well-established tumor suppressor
gene and recognized biomarker for GC [14,17,27–29]. Our assay can calculate the absolute
number of bisulfite-converted DNA molecules using a hybridization probe and a standard
curve. The gastric origin of this biomarker in plasma was confirmed by the targeted
sequence of PCR amplicon products. This finding aligns with large-scale genomic profiling
of the cfDNA that reproduces the genomic landscape of driver mutations found in primary
tumor tissues [30]. The assessment of methylated RPRM cfDNA as a non-invasive approach
revealed that, despite the age discrepancy between cases and controls, our predicted cut-off
reaches sensitivities and specificities replicated in the validation cohort. Age discrepancies
are frequently observed in screening studies and might be a limitation of a cancer screening
program [31]. In treatment response, methylated RPRM cfDNA revealed a significant
decrease among responders, but not in the group of non-responders. In particular, the
observation that methylated RPRM cfDNA levels decreased dramatically after three months
of treatment also provides new opportunities to detect residual disease in the GC space [32].
Our results of similar clones in tumor and plasma aligned with the high correlation of
tumor mutational burden found by Maron et al. [33] in paired tissue-cfDNA from patients
with MSI-high tumors. An ongoing prospective observational study focusing on this issue
(PLAGAST, NCT-02674373) could provide more insight into this area.

We evaluated our assay on 1105 consecutively symptomatic patients representing all
steps of the premalignant conditions of the GC cascade. This analysis shows that RPRM
methylated cfDNA correlates with the presence of GC with an overall accuracy of 75.11%
(95% CI 72.45% to 77.64%). As expected, these values were more accurate for aGC than
eGC/HGD. In addition, logistic regression analyses revealed that methylated RPRM cfDNA
could progressively identify advanced lesions of the cascade or GC at early or advanced
stages. This finding was even more accurate when the analysis was adjusted by sex or age.
In cases of eGC, the combined analysis of RPRM methylated cfDNA and the PG-I/II ratio
yielded sensitivities and specificities higher than those achieved by each one alone. The
combined result warrants further exploratory research. Of note, the prevalence of infection
decreased across the premalignant conditions.

Pepsinogens (PGI < 70 or PG-I/II ratio < 3) are the longest standing candidates
for the non-invasive detection of GC and its precursor lesions. Multiple studies have
shown a moderate sensitivity and specificity for these biomarkers (for a review see [34]).
Combining PGs with H. pylori detection, known as the ABC method [35], can improve
their performance, particularly in patients in which H. pylori has been eradicated [36].
Trefoil factor 3 (TFF-3) belongs to a secretory peptide family that maintains gastric mucosal
integrity. TFF3 has reached 80.9% sensitivity and 81.0% specificity as a non-invasive
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biomarker for GC [37]. However, serum levels of TFF3 did not respond after treatment,
meaning they might not be useful for monitoring response. Carcinoembryonic antigen
(CEA), carbohydrate antigen 19-9 (CA19-9), and carbohydrate antigen 72-4 (CA72-4) have
low sensitivity and specificity [38]. A single study shows that the combined use of these
biomarkers reaches 67% and 89% sensitivity and specificity, respectively [39]. Recently,
So et al. [40] evaluated a serum-based biomarker signature of 12 microRNAs. In a large
prospective cohort (n = 4566 participants) this panel distinguished the GCs from the HDs
with sensitivity of 87% and specificity of 68.4%. These results are promising; however,
RNAs are prone to degrade faster than DNA-based assays and levels can vary rapidly
depending on gastric condition (fasting or not fasting) [41]. Both conditions are important
considerations for the implementation of a clinical test.

A limitation of this study in Cohort 1 was the age differences between the GC and
control groups (p < 0.0001). A pairwise comparison by quantile regression models showed
differences according to age did not affect our results. In Cohort 2, the observed decrease
of methylated RPRM cfDNA after treatment may be confounded with non-tumor-related
cfDNA alterations, as has been described by Leal et al. [32]. In Cohort 3, normal subjects
were those in which the endoscopic evaluation of the stomach did not find any lesions
that justify the performance of a tissue biopsy. Due to ethical restrictions, we do not have
a histological assessment of these subjects. The predominance of women in the control
and AG groups (81.7% and 69.1%, respectively) and, conversely, the men in the aGC group
are other limitations of our results. In this study, we did not include OLGA staging to
evaluate the premalignant conditions. We did not have sufficient data with the biopsy
Sydney protocol to perform this analysis.

Our data show that methylated RPRM cfDNA should be considered a direct biomarker
for the non-invasive detection of GC. Our results also highlight the utility of cfDNA as
a predictive biomarker of patient treatment outcomes. The non-invasive nature of this
approach will impact the compliance and participation rates of GC screening programs [42].
A clinical trial in an asymptomatic population will be necessary to evaluate the clinical
performance of this biomarker and its cost-effectiveness as a screening strategy in GC.

4. Methods
4.1. Clinical Samples

RPRM promoter methylation was investigated in de-identified matched tumor and
plasma samples and three prospectively collected series of GC, premalignant conditions,
and healthy donors (HDs). De-identified samples were used for bisulfite sequencing,
targeted sequence, and MethyLight development. The first prospectively collected series
(Cohort 1, see Figure S1) comprised 81 participants with GC and 137 HD controls. The
GC cases, confirmed by EGD and targeted biopsies, were accrued from the Gastric Cancer
Prevention Center at Centro Referencia Salud (CRS), Servicio Salud Metropolitano Sur
Oriente (SSMSO), Santiago [43] and from the Instituto Chileno–Japonés de Enfermedades
Digestivas del Hospital Clinico San Borja Arriarán (ICHJED-HCSBA), Salud Metropolitano
Sur Oriente (SSMC), Santiago, Chile. The 137 HDs were blood donors who received a health
check at blood bank units at SSMSO and SSMSC. Blood samples from the cases and controls
were collected from September 2004 to November 2008. Controls were accrued within
two weeks of GC case collection. The second prospectively collected series (Cohort 2, see
Figure S1) was composed of 27 samples from GC patients undergoing total gastrectomy,
palliative chemotherapy, or perioperative chemotherapy from the Hospital Clinico de la
Universidad Católica at Pontificia Universidad Católica de Chile (HCUC/PUC), Santiago,
Chile. Patients from this cohort were grouped into responders (including partial responders,
n = 17) and non-responders (including disease progressors, n = 10) according to the RECIST
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score [44]. The methylated RPRM cfDNA levels were analyzed at the beginning of treatment
(T0) and again three months after (T1). Blood samples were collected from October 2009
to August 2010. A third population-based series of 1105 patients (Cohort 3, see Figure S1)
referred for EGD was established at CRS, SSMSO, and ICHJED-HCSBA, SSMC, Santiago,
Chile, between April 2010 and August 2013. All patients underwent EGD, and paired
gastric tissues and plasma samples were collected. The series included 180 cases with
normal stomachs, 692 cases diagnosed with AG, 140 with GIM, 13 with LGD, 3 with HGD,
18 with stage I and II eGC, and 59 with stage III and IV aGC. Cases diagnosed with GIM
and LGD were grouped due to the small number in the latter group and their similar
biological behavior (LGD = 13). HGD (n = 3) and eGC (n = 18) were grouped due to the
small number of patients diagnosed in both groups and the similarities in their biological
behavior [45]. All diagnoses were based on a histopathological analysis, except for normal
stomachs, which were based on an EGD examination. Cases with LGH, HGD, and eGC
were reviewed and confirmed by a second pathologist. We performed a nested case-control
study (n = 111) in a subset of samples to evaluate the combined use of the methylated
RPRM cfDNA and the pepsinogens (PG)-I/II ratio for the non-invasive detection of eGC.
This design included 19 HGD/eGC cases and 3 to 6 age- and sex-matched premalignant
conditions (92 AG/GIM/LGD). The EGD and histopathology reports (Hematoxylin and
Eosin (H&E) and Giemsa stains) from both sites were abstracted onto study forms and
entered into a Microsoft (MS) Access database [46]. Laboratory staff performing the testing
were blinded to any characteristics of the samples. Ethical approval was obtained from the
Internal Review Board of the Servicio Salud Metropolitano Sur Oriente and the Hospital
Clinico Pontificia Universidad Católica de Chile.

4.2. Molecular Biology Methods

DNA extraction was performed from 1 mL of plasma obtained from subjects using the
QIAamp DNA Mini Kit (QIAGEN, Germantown, MD, USA) following the instructions from
the manufacturer. The DNA samples were resuspended in nuclease-free water and stored
at −80 ◦C until use. According to the manufacturer’s instructions, bisulfite conversion was
performed from 20 µL of extracted genomic DNA with the EZ DNA Methylation-Gold
kit (Zymo Research, Irvine, CA, USA). Bisulfite sequencing of the RPRM promoter region
was performed from bisulfite-treated DNA as previously described [17]. After cloning,
the RPRM promoter region was sequenced using universal M13 primers by Macrogen
(http://dna.macrogen.com (accessed on 29 November 2014)). Based on bisulfite sequencing
results, we developed a fluorescence-based real-time PCR assay based on our previously
reported methylation-specific PCR (MSP) [14]. Primers and probe design are available on
request. Using a hybridization probe and a standard curve based on dilutions of known
absolute quantities of the synthetic template allowed for the calculation of the absolute
number of bisulfite-converted DNA molecules. In addition, this system has an increased
sensitivity due to the exclusive discrimination of the methylated DNA after sodium bisulfite
conversion [47]. To confirm the gastric origin of the plasma isolated samples, we performed
a targeted sequence of PCR amplicon products using Ion Torrent technology (ThermoFisher,
Waltham, MA, USA). Reads generated by fastq files were clusterized by the mean shift
clustering algorithm (MeShClust) (v3.0, Kingsville, TX, USA) [48] and reads ≥ 1% were
collected into a JavaScript Object Notation (JSON) database (Ecma International, Geneva,
Switzerland). The Identity package (threshold = 0.8) was used to obtain the best score, and
the makeTree.py script was used to plot the distance tree. Sequences were aligned with
clustalW for each patient separately, and visualization was generated by Jalview software
(v2, University of Dundee, Dundee, UK) [49].

http://dna.macrogen.com
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4.3. Enzyme-Linked Immunosorbent Assay (ELISA) Method for the Detection of PG and H. pylori

Following manufacturer instructions, EDTA plasma samples were assayed for the
PG-I/II levels using a commercial ELISA assay (Biohit, Helsinki, Finland). Plasma samples
were tested singly with replicates across plates to evaluate assay reproducibility. Based
on the manufacturer’s recommendations, the cut-off of the PG-I/II ratio was <3 [50]. A
PG-I/II ratio lower than 3 indicates advanced corpus atrophy. Circulating whole-cell
immunoglobulin G antibodies anti-H. pylori were measured using a commercial ELISA
assay (Biohit, Helsinki, Finland) following the manufacturer’s instructions. The cutoff was
defined as values ≥ 30 EIU.

4.4. Biostatistical Methods

For Cohort 1, the mean value of the methylated RPRM cfDNA level in the participants
with GC and HD controls was compared using the Mann–Whitney test. Age differences
between the participants with GC and HD controls were adjusted by quantile regression,
and a pairwise comparison between both groups was performed. For a receiver operating
characteristics (ROC) curve analysis, a training–validation approach in a blinded fashion
was performed to identify the test’s best sensitivity and specificity. The area under the
curve (AUC) was determined in the training cohort to identify the optimal cut-off value
of the methylated RPRM cfDNA, which was evaluated in the validation cohort. For the
treatment response (Cohort 2), levels of the methylated RPRM cfDNA were compared at
T0 and T1 by the Wilcoxon matched pairs signed rank test. To evaluate the role of the
methylated RPRM cfDNA in the stepwise progression of the precancerous cascade of the
stomach (Cohort 3), we used sensitivity and specificity as well as negative and positive
predictive and overall accuracy of the methylated RPRM cfDNA alone or in combination
with PG. STATA 17 (College Station, TX, USA), R 4.4.1 (R Core Team 2024, Vienna, AU),
and GraphPad Prisma 5 (Boston, MA, USA) software were employed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms26073333/s1.

Author Contributions: Conceptualization: M.J.M. and A.H.C.; methodology: M.J.M., M.A.A., W.O.,
A.B., R.A. and A.H.C.; software: M.J.M., O.P., P.M.S. and A.H.C.; validation: M.J.M. and A.H.C.;
formal analysis: M.J.M., O.P., M.A.A., P.M.S. and A.H.C.; investigation: M.J.M., E.A., C.B., A.C.-B.,
M.G. and A.H.C.; resources: M.J.M. and A.H.C.; data curation: M.J.M., P.M.S., O.P. and A.H.C.;
writing-original draft preparation: M.J.M., P.M.S., W.O. and A.H.C.; writing-review and editing:
M.J.M. and A.H.C.; visualization: M.J.M., P.M.S., W.O. and A.H.C.; supervision: M.J.M. and A.H.C.;
project administration: M.J.M. and A.H.C.; funding acquisition: M.J.M. and A.H.C. All authors have
read and agreed to the published version of the manuscript.

Funding: Grants Conicyt–Fondap 15130011, ANID FONDAP apoyo 1523A0008, Fondecyt 1231778
(AHC), and FONDEF VIU20P0071 (MJM) from the Government of Chile. The funder had no
role in conceptualizing the study design, data collection and analysis, publication decision, or
manuscript preparation.

Institutional Review Board Statement: This study was conducted according to the guidelines
of the Declaration of Helsinki and approved by the Institutional Review Board of Servicio Salud
Metropolitano Sur Oriente (date of approval 29 January 2007) and Hospital Clinico Universidad
Católica, Pontificia Universidad Católica de Chile (protocol ID 10-061, date of approval 19 August
2010). Informed consent was obtained from all subjects involved in this study applying the principles
of Good Clinical Practice.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data is unavailable due to ethical restrictions.

https://www.mdpi.com/article/10.3390/ijms26073333/s1
https://www.mdpi.com/article/10.3390/ijms26073333/s1


Int. J. Mol. Sci. 2025, 26, 3333 13 of 15

Acknowledgments: We would like to thank Jose I. Díaz, Verónica Fernandez, Sonia Ponce, Elias
Cerda, Carolina Bravo, Dafne Machuca, Estefanía García, Andres Rodriguez, Nicole Roldan, Jaqueline
Fry, Marianella Sanchez, Solange Valdez, and Lidia Medina for their contributions, particularly in
sample collection and laboratory work. We would like to thank Maria Blanca Piazuelo and Pelayo
Correo for the second histopathological analysis. We would also like to thank Brianna Johnson for
her English proofreading and editing services.

Conflicts of Interest: M.J.M. and A.H.C. have filed patent applications on the technology described
in this work and report to being a stockholder and executive board member of Ilico Genetics, Inc. No
other disclosures were reported.

References
1. Morgan, E.; Arnold, M.; Constanza Camargo, M.; Gini, A.; Kunzmann, A.T.; Matsuda, T.; Meheus, F.; Verhoeven, R.H.A.; Vignat,

J.; Laversanne, M.; et al. The current and future incidence and mortality of gastric cancer in 185 countries, 2020−2040: A
population-based modelling study. eClinicalMedicine 2022, 47, 101404. [CrossRef]

2. Kuzuu, K.; Misawa, N.; Ashikari, K.; Kessoku, T.; Kato, S.; Hosono, K.; Yoneda, M.; Nonaka, T.; Matsushima, S.; Komatsu, T.;
et al. Gastrointestinal Cancer Stage at Diagnosis Before and During the COVID-19 Pandemic in Japan. JAMA Netw. Open 2021,
4, e2126334. [CrossRef] [PubMed]

3. Gómez-Carballa, A.; Bello, X.; Pardo-Seco, J.; Martinón-Torres, F.; Salas, A. Mapping genome variation of SARS-CoV-2 worldwide
highlights the impact of COVID-19 super-spreaders. Genome Res. 2020, 30, 1434–1448. [CrossRef] [PubMed]

4. Shah, S.C.; Gupta, S.; Li, D.; Morgan, D.; Mustafa, R.A.; Gawron, A.J. Spotlight: Gastric Intestinal Metaplasia. Gastroenterology
2020, 158, 704. [CrossRef]

5. Mabe, K.; Inoue, K.; Kamada, T.; Kato, K.; Kato, M.; Haruma, K. Endoscopic screening for gastric cancer in Japan: Current status
and future perspectives. Dig. Endosc. 2022, 34, 412–419. [CrossRef]

6. Hamashima, C. Update version of the Japanese Guidelines for Gastric Cancer Screening. Jpn. J. Clin. Oncol. 2018, 48, 673–683.
[CrossRef]

7. Liu, M.C.; Oxnard, G.R.; Klein, E.A.; Swanton, C.; Seiden, M.V. Sensitive and specific multi-cancer detection and localization
using methylation signatures in cell-free DNA. Ann. Oncol. 2020, 31, 745–759. [CrossRef]

8. Locke, W.J.; Guanzon, D.; Ma, C.; Liew, Y.J.; Duesing, K.R.; Fung, K.Y.C.; Ross, J.P. DNA Methylation Cancer Biomarkers:
Translation to the Clinic. Front. Genet. 2019, 10, 1150. [CrossRef]

9. Malkin, E.; De Michino, S.; Lambie, M.; Gill, R.; Zhao, Z.; Rostami, A.; Arruda, A.; Minden, M.; Bratman, S. Cell-free DNA
topology depends on its subcellular and cellular origins in cancer. JCI Insight 2022, 7, e159590. [CrossRef]

10. Wu, T.; Giovannucci, E.; Welge, J.; Mallick, P.; Tang, W.Y.; Ho, S.M. Measurement of GSTP1 promoter methylation in body fluids
may complement PSA screening: A meta-analysis. Br. J. Cancer 2011, 105, 65–73. [CrossRef]

11. Church, T.R.; Wandell, M.; Lofton-Day, C.; Mongin, S.J.; Burger, M.; Payne, S.R.; Castanos-Velez, E.; Blumenstein, B.A.; Rosch, T.;
Osborn, N.; et al. Prospective evaluation of methylated SEPT9 in plasma for detection of asymptomatic colorectal cancer. Gut
2014, 63, 317–325. [CrossRef] [PubMed]

12. Luo, H.y.; Wei, W.; Ye, Z.; Zheng, J.; Xu, R. Liquid Biopsy of Methylation Biomarkers in Cell-Free DNA. Trends Mol. Med. 2021,
27, 482–500. [CrossRef]

13. Han, H.S.; Lee, K.-W. Liquid Biopsy: An Emerging Diagnostic, Prognostic, and Predictive Tool in Gastric Cancer. J. Gastric Cancer
2023, 24, 4–28. [CrossRef]

14. Bernal, C.; Aguayo, F.; Villarroel, C.; Vargas, M.; Diaz, I.; Ossandon, F.J.; Santibanez, E.; Palma, M.; Aravena, E.; Barrientos, C.;
et al. Reprimo as a potential biomarker for early detection in gastric cancer. Clin. Cancer Res. 2008, 14, 6264–6269. [CrossRef]

15. Ohki, R.; Nemoto, J.; Murasawa, H.; Oda, E.; Inazawa, J.; Tanaka, N.; Taniguchi, T. Reprimo, a new candidate mediator of the
p53-mediated cell cycle arrest at the G2 phase. J. Biol. Chem. 2000, 275, 22627–22630. [CrossRef] [PubMed]

16. Takikawa, M.; Nakano, A.; Krishnaraj, J.; Tabata, Y.; Watanabe, Y.; Okabe, A.; Sakaguchi, Y.; Fujiki, R.; Mochizuki, A.; Tajima, T.;
et al. Extrinsic induction of apoptosis and tumor suppression via the p53-Reprimo-Hippo-YAP/TAZ-p73 pathway. Proc. Natl.
Acad. Sci. USA 2025, 122, e2413126122. [CrossRef]

17. Saavedra, K.; Valbuena, J.; Olivares, W.; Marchant, M.J.; Rodriguez, A.; Torres-Estay, V.; Carrasco-Avino, G.; Guzman, L.; Aguayo,
F.; Roa, J.C.; et al. Loss of Expression of Reprimo, a p53-induced Cell Cycle Arrest Gene, Correlates with Invasive Stage of Tumor
Progression and p73 Expression in Gastric Cancer. PLoS ONE 2015, 10, e0125834. [CrossRef] [PubMed]

18. Amigo, J.D.; Opazo, J.C.; Garcia-Bloj, B.A.; Alarcon, M.A.; Owen, G.I.; Corvalan, A.H. The Reprimo Gene Family: A Novel Gene
Lineage in Gastric Cancer with Tumor Suppressive Properties. Int. J. Mol. Sci. 2018, 19, 1862. [CrossRef]

https://doi.org/10.1016/j.eclinm.2022.101404
https://doi.org/10.1001/jamanetworkopen.2021.26334
https://www.ncbi.nlm.nih.gov/pubmed/34546368
https://doi.org/10.1101/gr.266221.120
https://www.ncbi.nlm.nih.gov/pubmed/32878977
https://doi.org/10.1053/j.gastro.2020.01.012
https://doi.org/10.1111/den.14063
https://doi.org/10.1093/jjco/hyy077
https://doi.org/10.1016/j.annonc.2020.02.011
https://doi.org/10.3389/fgene.2019.01150
https://doi.org/10.1172/jci.insight.159590
https://doi.org/10.1038/bjc.2011.143
https://doi.org/10.1136/gutjnl-2012-304149
https://www.ncbi.nlm.nih.gov/pubmed/23408352
https://doi.org/10.1016/j.molmed.2020.12.011
https://doi.org/10.5230/jgc.2024.24.e5
https://doi.org/10.1158/1078-0432.CCR-07-4522
https://doi.org/10.1074/jbc.C000235200
https://www.ncbi.nlm.nih.gov/pubmed/10930422
https://doi.org/10.1073/pnas.2413126122
https://doi.org/10.1371/journal.pone.0125834
https://www.ncbi.nlm.nih.gov/pubmed/25954972
https://doi.org/10.3390/ijms19071862


Int. J. Mol. Sci. 2025, 26, 3333 14 of 15

19. Schneider, B.G.; Peng, D.F.; Camargo, M.C.; Piazuelo, M.B.; Sicinschi, L.A.; Mera, R.; Romero-Gallo, J.; Delgado, A.G.; Bravo, L.E.;
Wilson, K.T.; et al. Promoter DNA hypermethylation in gastric biopsies from subjects at high and low risk for gastric cancer. Int. J.
Cancer 2010, 127, 2588–2597. [CrossRef]

20. Alarcón, M.A.; Olivares, W.; Córdova-Delgado, M.; Muñoz-Medel, M.; de Mayo, T.; Carrasco-Aviño, G.; Wichmann, I.; Landeros,
N.; Amigo, J.; Norero, E.; et al. The Reprimo-Like Gene Is an Epigenetic-Mediated Tumor Suppressor and a Candidate Biomarker
for the Non-Invasive Detection of Gastric Cancer. Int. J. Mol. Sci. 2020, 21, 9472. [CrossRef]

21. Shigenobu, Y.; Miyamori, D.; Ikeda, K.; Yoshida, S.; Kikuchi, Y.; Kanno, K.; Kashima, S.; Ito, M. Assessing the Influence of the
COVID-19 Pandemic on Gastric Cancer Mortality Risk. J. Clin. Med. 2024, 13, 715. [CrossRef]

22. Mondal, D.; Shinde, S.; Sinha, V.; Dixit, V.; Paul, S.; Gupta, R.K.; Thakur, S.; Vishvakarma, N.; Shukla, D. Prospects of liquid biopsy
in the prognosis and clinical management of gastrointestinal cancers. Front. Mol. Biosci. 2024, 11, 1385238. [CrossRef] [PubMed]

23. Matsuoka, T.; Yashiro, M. Biomarkers of gastric cancer: Current topics and future perspective. World J. Gastroenterol. 2018,
24, 2818–2832. [CrossRef]

24. Rendek, T.; Pos, O.; Duranova, T.; Saade, R.; Budiš, J.; Repiska, V.; Szemeš, T. Current Challenges of Methylation-Based Liquid
Biopsies in Cancer Diagnostics. Cancers 2024, 16, 2001. [CrossRef]

25. Sacdalan, D.; Haq, S.U.; Lok, B. Plasma Cell-Free Tumor Methylome as a Biomarker in Solid Tumors: Biology and Applications.
Curr. Oncol. 2024, 31, 482–500. [CrossRef]

26. Geng, Y.; Jin, L.; Tang, G.; Zhao, Z.; Gu, Y.; Yang, D. LiqBioer: A manually curated database of cancer biomarkers in body fluid.
Database 2022, 2022, baac077. [CrossRef] [PubMed]

27. Lai, J.; Wang, H.; Luo, Q.; Huang, S.; Lin, S.; Zheng, Y.; Chen, Q. The relationship between DNA methylation and Reprimo gene
expression in gastric cancer cells. Oncotarget 2017, 8, 108610–108623. [CrossRef] [PubMed]

28. Maeda, M.; Yamashita, S.; Shimazu, T.; Iida, N.; Takeshima, H.; Nakajima, T.; Oda, I.; Nanjo, S.; Kusano, C.; Mori, A.; et al. Novel
epigenetic markers for gastric cancer risk stratification in individuals after Helicobacter pylori eradication. Gastric Cancer 2018,
21, 745–755. [CrossRef]

29. Guo, J.; Li, J.; Chang, J.; Wang, L.; Xi, Y. Value of Methylation Status of RPRM, SDC2, and TCF4 Genes in Plasma for Gastric
Adenocarcinoma Screening. Int. J. Gen. Med. 2023, 16, 673–681. [CrossRef]

30. Strickler, J.H.; Loree, J.M.; Ahronian, L.G.; Parikh, A.R.; Niedzwiecki, D.; Pereira, A.A.L.; McKinney, M.; Korn, W.M.; Atreya,
C.E.; Banks, K.C.; et al. Genomic Landscape of Cell-Free DNA in Patients with Colorectal Cancer. Cancer Discov. 2018, 8, 164–173.
[CrossRef]

31. Schoenborn, N.L.; Xue, Q.L.; Pollack, C.E.; Janssen, E.M.; Bridges, J.F.P.; Wolff, A.C.; Boyd, C.M. Demographic, health, and
attitudinal factors predictive of cancer screening decisions in older adults. Prev. Med. Rep. 2019, 13, 244–248. [CrossRef]

32. Leal, A.; van Grieken, N.C.T.; Palsgrove, D.N.; Phallen, J.; Medina, J.E.; Hruban, C.; Broeckaert, M.A.M.; Anagnostou, V.; Adleff,
V.; Bruhm, D.C.; et al. White blood cell and cell-free DNA analyses for detection of residual disease in gastric cancer. Nat. Commun.
2020, 11, 525. [CrossRef]

33. Maron, S.B.; Chase, L.M.; Lomnicki, S.; Kochanny, S.; Moore, K.L.; Joshi, S.S.; Landron, S.; Johnson, J.; Kiedrowski, L.A.; Nagy, R.J.;
et al. Circulating Tumor DNA Sequencing Analysis of Gastroesophageal Adenocarcinoma. Clin. Cancer Res. 2019, 25, 7098–7112.
[CrossRef] [PubMed]
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36. Leja, M.; Linē, A. Early detection of gastric cancer beyond endoscopy—New methods. Best Pract. Res. Clin. Gastroenterol. 2021,
50, 101731. [CrossRef]

37. Aikou, S.; Ohmoto, Y.; Gunji, T.; Matsuhashi, N.; Ohtsu, H.; Miura, H.; Kubota, K.; Yamagata, Y.; Seto, Y.; Nakajima, A.; et al. Tests
for serum levels of trefoil factor family proteins can improve gastric cancer screening. Gastroenterology 2011, 141, 837–845.e837.
[CrossRef]

38. Huang, Y.; Shao, Y.; Yu, X.; Chen, C.; Guo, J.; Ye, G. Global progress and future prospects of early gastric cancer screening.
J. Cancer 2024, 15, 3045–3064. [CrossRef]

39. Kodama, I.; Koufuji, K.; Kawabata, S.; Tetsu, S.; Tsuji, Y.; Takeda, J.; Kakegawa, T. The clinical efficacy of CA 72-4 as serum marker
for gastric cancer in comparison with CA19-9 and CEA. Int. Surg. 1995, 80, 45–48.

40. So, J.B.Y.; Kapoor, R.; Zhu, F.; Koh, C.; Zhou, L.; Zou, R.; Tang, Y.C.; Goo, P.C.K.; Rha, S.Y.; Chung, H.C.; et al. Development and
validation of a serum microRNA biomarker panel for detecting gastric cancer in a high-risk population. Gut 2021, 70, 829–837.
[CrossRef]

41. Ravanidis, S.; Grundler, F.; de Toledo, F.W.; Dimitriou, E.; Tekos, F.; Skaperda, Z.; Kouretas, D.; Doxakis, E. Fasting-mediated
metabolic and toxicity reprogramming impacts circulating microRNA levels in humans. Food Chem. Toxicol. 2021, 152, 112187.
[CrossRef] [PubMed]

https://doi.org/10.1002/ijc.25274
https://doi.org/10.3390/ijms21249472
https://doi.org/10.3390/jcm13030715
https://doi.org/10.3389/fmolb.2024.1385238
https://www.ncbi.nlm.nih.gov/pubmed/38770216
https://doi.org/10.3748/wjg.v24.i26.2818
https://doi.org/10.3390/cancers16112001
https://doi.org/10.3390/curroncol31010033
https://doi.org/10.1093/database/baac077
https://www.ncbi.nlm.nih.gov/pubmed/36053554
https://doi.org/10.18632/oncotarget.21296
https://www.ncbi.nlm.nih.gov/pubmed/29312555
https://doi.org/10.1007/s10120-018-0803-4
https://doi.org/10.2147/IJGM.S395951
https://doi.org/10.1158/2159-8290.CD-17-1009
https://doi.org/10.1016/j.pmedr.2019.01.007
https://doi.org/10.1038/s41467-020-14310-3
https://doi.org/10.1158/1078-0432.Ccr-19-1704
https://www.ncbi.nlm.nih.gov/pubmed/31427281
https://doi.org/10.3390/cancers16122254
https://www.ncbi.nlm.nih.gov/pubmed/38927959
https://doi.org/10.2183/pjab.87.405
https://www.ncbi.nlm.nih.gov/pubmed/21785258
https://doi.org/10.1016/j.bpg.2021.101731
https://doi.org/10.1053/j.gastro.2011.05.040
https://doi.org/10.7150/jca.95311
https://doi.org/10.1136/gutjnl-2020-322065
https://doi.org/10.1016/j.fct.2021.112187
https://www.ncbi.nlm.nih.gov/pubmed/33839215


Int. J. Mol. Sci. 2025, 26, 3333 15 of 15

42. Feng, G.; Lin, Z.; Ou, W.-E.; Su, X.; Yan, Q. A Model-Based Meta-Analysis of Willingness to Participate in Cancer Screening. Int. J.
Environ. Res. Public Health 2021, 18, 2580. [CrossRef]

43. Calvo, A.; Galleguillos, B.; Báez, S.; Díaz, A.; Pruyas, M.; Nilsen, V.E.; Aguayo, G.; Villarroel, L.; Domínguez, A.; Ferreccio, C.
Results of a Population-Based Gastric Cancer Screening Program Conducted in Chile 1996-2008. Gastroenterology 2011, 140, S419.
[CrossRef]

44. Eisenhauer, E.A.; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.; Gwyther, S.; Mooney, M.;
et al. New response evaluation criteria in solid tumours: Revised RECIST guideline (version 1.1). Eur. J. Cancer 2009, 45, 228–247.
[CrossRef] [PubMed]

45. Latorre, G.; Silva, F.; Montero, I.; Bustamante, M.; Dukes, E.; Uribe, J.; Corsi Sotelo, O.; Reyes, D.; Fuentes-López, E.; Pizarro, M.;
et al. Comparison of OLGA and OLGIM as predictors of gastric cancer in a Latin American population: The ECHOS Study. Gut
2024, 73, e18. [CrossRef] [PubMed]

46. Schneider, J.K.; Schneider, J.F.; Lorenz, R.A. Creating user-friendly databases with Microsoft Access. Nurse Res. 2005, 13, 57–75.
[CrossRef]

47. Campan, M.; Weisenberger, D.J.; Trinh, B.; Laird, P.W. MethyLight and Digital MethyLight. Methods Mol. Biol. 2018, 1708, 497–513.
[CrossRef]

48. Girgis, H.Z. MeShClust v3.0: High-quality clustering of DNA sequences using the mean shift algorithm and alignment-free
identity scores. BMC Genom. 2022, 23, 423. [CrossRef]

49. Waterhouse, A.M.; Procter, J.B.; Martin, D.M.; Clamp, M.; Barton, G.J. Jalview Version 2—A multiple sequence alignment editor
and analysis workbench. Bioinformatics 2009, 25, 1189–1191. [CrossRef]

50. Agréus, L.; Kuipers, E.J.; Kupcinskas, L.; Malfertheiner, P.; Di Mario, F.; Leja, M.; Mahachai, V.; Yaron, N.; van Oijen, M.; Perez
Perez, G.; et al. Rationale in diagnosis and screening of atrophic gastritis with stomach-specific plasma biomarkers. Scand. J.
Gastroenterol. 2012, 47, 136–147. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijerph18052580
https://doi.org/10.1016/S0016-5085(11)61720-4
https://doi.org/10.1016/j.ejca.2008.10.026
https://www.ncbi.nlm.nih.gov/pubmed/19097774
https://doi.org/10.1136/gutjnl-2023-331059
https://www.ncbi.nlm.nih.gov/pubmed/38148138
https://doi.org/10.7748/nr2005.07.13.1.57.c6000
https://doi.org/10.1007/978-1-4939-7481-8_25
https://doi.org/10.1186/s12864-022-08619-0
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.3109/00365521.2011.645501

	Introduction 
	Results 
	RPRM Promoter Methylation in Gastric Cancer Tissues 
	RPRM Promoter Methylation in Paired Tissue and Plasma Gastric Cancer Samples 
	Characterization of Methylated RPRM Cell-Free DNA as a Biomarker for Non-Invasive Detection of Gastric Cancer (Cohort 1) 
	Characterization of Methylated RPRM Cell-Free DNA as a Biomarker for Monitoring Gastric Cancer Treatment Response (Cohort 2) 
	Evaluation of Methylated RPRM Cell-Free DNA Across the Premalignant Conditions and Gastric Cancer (Cohort 3) 

	Discussion 
	Methods 
	Clinical Samples 
	Molecular Biology Methods 
	Enzyme-Linked Immunosorbent Assay (ELISA) Method for the Detection of PG and H. pylori 
	Biostatistical Methods 

	References

