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Abstract

Background: Lung (LC), prostate (PCa) and colorectal (CRC) cancers are the most incident in males worldwide.
Despite recent advances, optimal population-based cancer screening methods remain an unmet need. Due to its
early onset, cancer specificity and accessibility in body fluids, aberrant DNA promoter methylation might be a
valuable minimally invasive tool for early cancer detection. Herein, we aimed to develop a minimally invasive
methylation-based test for simultaneous early detection of LC, PCa and CRC in males, using liquid biopsies.

Results: Circulating cell-free DNA was extracted from 102 LC, 121 PCa and 100 CRC patients and 136 asymptomatic
donors’ plasma samples. Sodium-bisulfite modification and whole-genome amplification was performed. Promoter
methylation levels of APCme, FOXA1me, GSTP1me, HOXD3me, RARβ2me, RASSF1Ame, SEPT9me and SOX17me were assessed
by multiplex quantitative methylation-specific PCR.
SEPT9me and SOX17me were the only biomarkers shared by all three cancer types, although they detected CRC with
limited sensitivity. A “PanCancer” panel (FOXA1me, RARβ2me and RASSF1Ame) detected LC and PCa with 64%
sensitivity and 70% specificity, complemented with “CancerType” panel (GSTP1me and SOX17me) which discriminated
between LC and PCa with 93% specificity, but with modest sensitivity. Moreover, a HOXD3me and RASSF1Ame panel
discriminated small cell lung carcinoma from non-small cell lung carcinoma with 75% sensitivity, 88% specificity, 6.5
LR+ and 0.28 LR–. An APCme and RASSF1Ame panel independently predicted disease-specific mortality in LC patients.

Conclusions: We concluded that a DNA methylation-based test in liquid biopsies might enable minimally invasive
screening of LC and PCa, improving patient compliance and reducing healthcare costs. Moreover, it might assist in
LC subtyping and prognostication.

Keywords: Lung cancer, Prostate cancer, Colorectal cancer, Epigenetic biomarkers, DNA methylation, Circulating
cell free DNA, Liquid biopsy

Background
According to GLOBOCAN, cancers of the lung (LC),
prostate (PCa), and colorectal (CRC) were estimated to
account, globally, for 39% of all cancers diagnosed in

males worldwide in 2018, or 46% if only Europe was
considered [1], representing major public health issues.
Despite advances in therapeutic strategies over the years,
mortality rates remain high, mainly due to late diagnosis.
Hence, the development and implementation of effective
screening methods that might allow for easy detection of
these cancers at early stages, when treatment is most
likely to be curative, is crucial. Although no LC screening
method is currently implemented, low-dose computed tom-
ography (LD-CT) has been suggested owing to a reduction
in LC-related mortality in screening trials targeting high-risk
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smokers [2–4], although at the expense of a high rate of
false-positive results [2, 5]. The widespread adoption of
serum prostate-specific antigen (PSA) and digital rectal
examination (DRE) based PCa screening has increased the
detection of early stage disease [6]. However, serum PSA-
based screening is associated with significant overdiagnosis
and overtreatment of non-life threatening PCa [7], whereas
DRE results are dependent on clinicians’ expertise and
mostly detects advanced-stage disease [6]. For CRC screen-
ing, both faecal occult blood test (FOBT) and coloscopy-
based screening are available options [8]. Nonetheless, the
former has limited sensitivity to detect precancerous lesions,
and although colonoscopy is very precise and enables resec-
tion of precancerous polyps during examination, it is an in-
vasive and expensive procedure with low patient compliance
[9]. Although the aforementioned strategies might help de-
crease cancer-related mortality among those three cancer
types, considering the limitations, potential harms for men’s
quality of life and the negative economic impact in health-
care systems, more effective and minimally invasive methods
are required.
Aberrant DNA promoter methylation, which is closely

associated with inappropriate gene transcription and is
thought to precede the emergence of the malignant
phenotype, can be easily detected with minimal-
invasiveness in circulating cell-free DNA (ccfDNA) from
body fluids, such as serum/plasma [10–13], representing a
valuable tool for early cancer detection. Several studies
have assessed the feasibility of ccfDNA methylation for
specific cancer type detection [13, 14], including “Epi pro-
Colon” (SEPT9me) and “Epi proLung” (PTGER4me and
SHOX2me), two commercially available tests for CRC and
LC detection, respectively [15, 16]. Nonetheless, to the
best of our knowledge, only few research teams have in-
vestigated the feasibility of this approach for simultaneous
detection of several types of cancer [17–20]. Herein, we
sought to determine the feasibility of using a minimally in-
vasive methylation-based test (comprising eight candidate
genes selected based on a literature review) in liquid biop-
sies for simultaneous detection of LC, PCa and CRC in
males. Additionally, the prognostic value of the selected
genes was also tested.

Results
Clinical and pathological data
Plasma samples were obtained from 323 male patients
diagnosed with LC (n = 102), PCa (n = 121) and CRC (n
= 100), and 136 male AC (Table 1). Overall, cancer pa-
tients’ median age was significantly higher than that of
controls (p < 0.0001). Nonetheless, except for SOX17me

levels that correlated with controls’ age (R = 0.179; p =
0.037), and FOXA1me levels which correlated with cancer
patients’ age (R = 0.144; p = 0.010), no other correlations
were disclosed.

Gene promoter methylation levels in ccfDNA
CcfDNA’s APCme, FOXA1me, GSTP1me, HOXD3me,
RARβ2me, RASSF1Ame, SEPT9me and SOX17me levels were
compared between each cancer type and controls. APCme

(p = 0.033), FOXA1me (p = 0.024), RARβ2me, RASSF1Ame,
SEPT9me and SOX17me (p < 0.0001) levels were signifi-
cantly higher in LC patients than in AC, whereas no dif-
ferences were disclosed for GSTP1me and HOXD3me (p =
0.718 and p = 0.174, respectively) (Fig. 1).
In PCa patients, significantly higher levels were ob-

served for FOXA1me, GSTP1me, HOXD3me, RARβ2me,
SOX17me (p < 0.0001), RASSF1Ame and SEPT9me (p =
0.014 and p = 0.0001, respectively), although no differ-
ences were apparent for APCme (p = 0.443) (Fig. 1).
Concerning CRC patients, only SEPT9me and SOX17me

(p = 0.012 and p = 0.014, respectively) displayed signifi-
cantly higher levels in patients comparing with controls.
Moreover, HOXD3me levels (p = 0.009) were significantly
lower in CRC patients than in controls (Fig. 1).

Biomarker performance of ccfDNA
Since our main goal was to test biomarker performance
for LC, PCa and CRC detection of a methylation-based
panel in ccfDNA, genes displaying significantly higher
methylation levels in cancer patients compared to con-
trols were selected for further analysis.
SEPT9me and SOX17me were the only two biomarkers

shared by all three cancer types, displaying specificity be-
tween 93 and 100% (Table 2). Nonetheless, these two
biomarkers detected CRC with limited sensitivity (8 and
11%, respectively) (Table 2), thus, no further analyses
were performed for this tumour.
RARβ2 me, RASSF1A me, SEPT9 me and SOX17 me were

able to detect both LC and PCa with over 93% specificity
(Table 2). Conversely, FOXA1me disclosed the highest
sensitivity for detecting LC and the second highest for
detecting PCa (38% and 61%, respectively), with 77%
specificity for both. SOX17me detected both LC and PCa,
individually, with 29% sensitivity, and RARβ2me identi-
fied both cancers with 22–24% sensitivity (Table 2).
Gene panels were further constructed to increase detec-

tion sensitivity. Hence, the best LC panel (FOXA1me,
RARβ2me, RASSF1Ame and SOX17me) achieved 66% sensi-
tivity and 70% specificity, whereas for PCa, the panel
(FOXA1me, RARβ2me, RASSF1Ame and GSTP1me) depicted
72% sensitivity and specificity (Table 2).
Aiming to obtain a gene panel for simultaneous LC and

PCa detection (designated as “PanCancer” panel), all genes
(FOXA1me, RARβ2me, RASSF1Ame and SEPT9me) that were
shared [except for SOX17me that displayed a relatively differ-
ent cut-off between these two cancer types (70.0725 for LC
and 16.153 for PCa)) (Table 2), were further tested as panel.
Additionally, APCme, GSTP1me, HOXD3me and SOX17me

were tested as a suitable panel for tumour’s primary location
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Table 1 Clinical and pathological features of LC, PCa and CRC patient and ACs included in this study

Clinicopathological features AC Cancer patients

Number 136 323

Age median (range) 57 (48–66) 68 (27–93)

Lung cancer

Number 102

Age median (range) 66 (45–89)

Histological type n.a.

Non-small cell lung carcinoma (NSCLC)

Adenocarcinoma 42

Squamous cell carcinoma 43

Large cell carcinoma 1

Small cell lung carcinoma (SCLC) 16

Primary tumour (T)a n.a.

T1 12

T2/T3/T4 82

Regional lymph node (N)b n.a.

N0 25

N+ 72

Distant metastasis (M) n.a.

M0 47

M+ 55

Clinical stage n.a.

I/II 17

III/IV 85

Prostate cancer

Number 121

Age median (range) 71 (52–88)

Histological type n.a.

Adenocarcinoma 121

Primary tumour (T)c n.a.

T1/T2 104

T3 16

Regional lymph node (N) n.a.

N0 119

N+ 2

Distant metastasis (M) n.a.

M0 116

M+ 5

Grade group n.a.

1 59

2 38

3/4/5 24

Serum PSA levels (ng/mL) n.a.

< 10 71

10–20 27
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discrimination (“CancerType” panel). Remarkably, the “Pan-
Cancer” panel (FOXA1me, RARβ2me and RASSF1Ame) identi-
fied LC and PCa with 64% sensitivity, 70% specificity, 66%
accuracy, positive likelihood ratio (LR+) of 2.3 and a negative
likelihood ratio (LR–) of 0.53 (Table 3 and Fig. 2).
As early diagnosis is imperative and specifically for PCa

it is also relevant to detect clinically significant disease, we
further tested this panel for those purposes. “PanCancer”
panel detected LC stages I and II with 95% (95% CI 90–
98%) specificity, however with modest 35% (95% CI 14–
62%) sensitivity, displaying 88% (95% CI 81–93%) accur-
acy, LR+ of 7.1 (95% CI 2.6–19.6) and LR– of 0.68 (95%
CI 0.48–0.97). Importantly, this panel was able to discrim-
inate intermediate and high-risk PCa patients (stage II and
III-IV) from controls and low-risk (stage I) PCa patients

with 71% (95% CI 61–80%) sensitivity, 65% (95% CI 57–
72%) specificity, 67% (61–73%) accuracy, LR+ of 2.0 (1.6–
2.6) and LR– of 0.45 (0.32–0.63).
Among the four genes tested for “CancerType” panel,

SOX17me and GSTP1me demonstrated the best perform-
ance for discriminating LC from PCa. Indeed, SOX17me

discriminated LC from PCa with 93% specificity, whereas
GSTP1me detected PCa with 97% specificity, although
with limited sensitivity (Table 4).

Association between promoters’ methylation levels and
clinicopathological features
Concerning associations between promoters’ methylation
levels and clinicopathological features (Additional file 1:
Tables S1–S3), in LC patients, higher circulating

Table 1 Clinical and pathological features of LC, PCa and CRC patient and ACs included in this study (Continued)

Clinicopathological features AC Cancer patients

> 20 23

Clinical stage n.a.

I 31

II 55

III/IV 35

Colorectal cancer

Number 100

Age median (range) 66 (27–93)

Histological Type n.a.

Adenocarcinoma (all subtypes) 99

Squamous cell carcinoma 1

Tumour location n.a.

Proximal colon 23

Distal colon 36

Rectum 41

Primary tumour (T)d n.a.

T1/T2 26

T3/T4 72

Regional lymph node (N)e n.a.

N0 40

N+ 57

Distant metastasis (M) n.a.

M0 82

M+ 18

Clinical stage n.a.

I/II 39

III/IV 61
aNo information available in 8 cases
bNo information available in 5 cases
cNo information available in 1 case
dNo information available in 2 cases
eNo information available in 3 cases
n.a. not applicable
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FOXA1me and RARβ2me levels associated with advanced
primary tumour stage (T) (p = 0.014 and p = 0.044,
respectively) (Fig. 3), whereas higher levels of those
two genes and APCme and HOXD3me were also
depicted in LC patients with regional lymph node
involvement (p = 0.021, p = 0.015, p = 0.044 and p =
0.022, respectively) (Fig. 4).

Furthermore, circulating APCme, FOXA1me, HOXD3me

and RASSF1Ame levels were significantly higher in LC
patients with distant metastatic disease (p = 0.028, p =
0.001, p < 0.0001 and p = 0.001, respectively) (Fig. 5a),
whereas RARβ2me, SEPT9me and SOX17me levels were
higher in CRC metastatic patients (p < 0.0001, in all
comparisons) (Fig. 5b). Similarly, significantly higher APCme,

Fig. 1 Distribution of a APC, b FOXA1, c GSTP1, d HOXD3, e RARβ2, f RASSF1A, g SEPT9 and h SOX17 relative methylation levels of asymptomatic
controls (AC) (n = 136), lung cancer (LC) (n = 102), prostate cancer (PCa) (n = 121) and colorectal cancer (CRC) (n = 100) samples. Mann-Whitney
U Test between AC and each cancer type, n.s. p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Red horizontal lines represent median
methylation levels
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GSTP1me, HOXD3me, RARβ2me, RASSF1Ame and SEPT9me

levels were observed in the five PCa patients with metastatic
disease at diagnosis (p < 0.0001, for all comparisons, except
for HOXD3me, p = 0.003) (Additional file 2: Figure S1).
Significantly higher circulating RASSF1Ame levels

were also apparent in LC patients with advanced clin-
ical stage (III and IV) (p = 0.043) (Fig. 6a), whereas
higher GSTP1me levels were observed in PCa patients
with advanced clinical stage (III and IV) (p = 0.039)
comparing to patients with clinical stage I (Fig. 6b).
Similar results were found for RARβ2me and SEPT9me

in CRC patients (p = 0.012 and p = 0.019, respect-
ively) (Fig. 6c).

Concerning LC patients, significantly higher circulat-
ing HOXD3me, RASSF1Ame and SOX17me levels were ob-
served in small cell lung cancer (SCLC) vs non-small cell
lung cancer (NSCLC) patients (p = 0.001, p < 0.001 and
p = 0.013, respectively) (Fig. 7). Therefore, we further
assessed biomarker’s performance of these three genes
to discriminate between these two major histological
subtypes (Table 5). Individually, all three genes identified
SCLC with specificities above 75%. RASSF1Ame disclosed
the highest specificity (98% (95% CI 92–100%)), correctly
identifying 10 out of the 16 SCLC patients, misclassify-
ing only 2 out of 86 NSCLC patients. Importantly, the
panel including the two genes with the highest specifi-
city (HOXD3me and RASSF1Ame) discriminated between
LC subtypes with 75% (95% CI 48–93%) sensitivity, 88%
(95% CI 80–94%) specificity, 86% (95% CI 78–92%) ac-
curacy, LR+ of 6.5 (95% CI 3.4–12.3) and LR– of 0.28
(95% CI of 0.12–0.66) (Table 5).

Prognostic biomarker performance of ccfDNA
The median patient follow-up time for LC patients’ cohort
was 9months (range from 0 to 40months), during which
62 patients have deceased due to cancer. Since only 15 out
of 102 LC patients were submitted to surgery, disease-free
survival (DFS) was not assessed. Moreover, no significant

Table 2 Biomarker performance of each gene promoter methylation for LC, PCa and CRC detection in ccfDNA

Genes AUC (95 % CI) p-value Cut-off value Sensitivity %
(95% CI)

Specificity %
(95% CI)

Accuracy %
(95% CI)

Positive likelihood
ratio (LR+) (95% CI)

Negative likelihood
ratio (LR-) (95% CI)

Lung Cancer

APCme 0.556 (0.482-0.631) 0.136 7.2629 26 (18-36) 85 (77-90) 60 (53-66) 1.7 (1.0-2.9) 0.87 (0.76-1.00)

FOXA1me 0.579 (0.505-0.653) 0.037 301.1682 38 (29-48) 77 (69-84) 61 (54-67) 1.7 (1.1-2.5) 0.80 (0.67-0.96)

RARβ2me 0.599 (0.525-0.674) 0.009 0.3548 24 (16-33) 96 (92-99) 65 (59-71) 6.4 (2.5-16.2) 0.79 (0.71-0.89)

RASSF1Ame 0.602 (0.528-0.677) 0.007 14.5588 25 (17-34) 96 (91-98) 65 (59-71) 5.6 (2.4-13.0) 0.79 (0.70-0.89)

SEPT9me 0.596 (0.522-0.671) 0.011 9.1907 21 (13-30) 99 (95-100) 65 (59-71) 14.0 (3.4-58.4) 0.81 (0.73-0.89)

SOX17me 0.619 (0.546-0.693) 0.002 70.0725 29 (21-39) 94 (89-97) 66 (60-72) 5.0 (2.4-10.4) 0.75 (0.66-0.86)

LC panel - - - 66 (56-75) 70 (61-77) 68 (62-74) 2.2 (1.6-2.9) 0.49 (0.37-0.66)

Prostate Cancer

FOXA1me 0.719 (0.656-0.782) <0.001 295.8133 61 (52-70) 77 (69-84) 70 (64-75) 2.7 (1.9-3.8) 0.50 (0.40-0.64)

GSTP1me 0.564 (0.493-0.634) 0.078 36.7086 15 (9-22) 98 (94-100) 59 (52-65) 6.7 (2.0-22.3) 0.87 (0.80-0.94)

HOXD3me 0.650 (0.583-0.717) <0.001 320.9365 80 (72-87) 43 (34-51) 60 (54-66) 1.4 (1.2-1.7) 0.47 (0.31-0.70)

RARβ2me 0.594 (0.524-0.664) 0.010 5.2251 22 (15-31) 96 (92-99) 61 (55-67) 6.1 (2.4-15.3) 0.81 (0.73-0.89)

RASSF1Ame 0.543 (0.472-0.614) 0.232 0.5627 13 (8-21) 96 (91-98) 57 (51-64) 3.0 (1.2-7.4) 0.91 (0.84-0.98)

SEPT9me 0.550 (0.479-0.621) 0.164 7.7096 12 (6-19) 99 (95-100) 58 (51-64) 7.9 (1.8-33.9) 0.90 (0.84-0.96)

SOX17me 0.611 (0.542- 0.681) 0.002 16.153 29 (21-38) 93 (88-97) 63 (57-69) 4.4 (2.2-8.7) 0.76 (0.67-0.86)

PCa panel - - - 72 (63-80) 72 (64-79) 72 (66-77) 2.6 (1.9-3.5) 0.39 (0.29-0.53)

Colorectal cancer

SEPT9me 0.533 (0.458 - 0.608) 0.383 265.2606 8 (4-15) 100 (97-100) 61 (54-67) - 0.92 (0.87-0.97)

SOX17me 0.550 (0.475 - 0.625) 0.189 732.3866 11 (6-19) 100 (97-100) 62 (56-68) - 0.89 (0.83-0.95)

CRC panel - - --- 12 (6-20) 100 (97-100) 63 (56-69) - 0.88 (0.82-0.95)

LC panel—FOXA1me, RARβ2me, RASSF1Ame and SOX17me; PCa panel—FOXA1me, RARβ2me, RASSF1Ame and GSTP1me; CRC panel—SEPT9me and SOX17me

Table 3 Biomarker performance detection of “PanCancer” panel
(FOXA1me, RARβ2me and RASSF1Ame) in ccfDNA

PanCancer

Sensitivity % 64.3

Specificity % 69.8

Accuracy % 66.4

Positive likelihood ratio (LR+) 2.3

Negative likelihood ratio (LR-) 0.52
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associations were disclosed between circulating methyla-
tion levels of the selected genes and progression-free sur-
vival (PFS) (data not shown).
Cumulative incidence of disease-specific mortality (DSM)

was significantly increased in LC patients with lymph node
involvement or distant metastasis (both p < 0.001), ad-
vanced clinical stage (p < 0.001) and SCLC subtype (p =
0.004) (Additional file 1: Table S4; Additional file 2: Figure
S2), as expected. Interestingly, methylation of APC (p <
0.001), FOXA1 (p = 0.033), HOXD3 (p = 0.047), RASSF1A
(p < 0.001), SEPT9 (p = 0.009) and SOX17 (p = 0.037) also
significantly associated with increased cumulative incidence
of DSM (Fig. 8 and Additional file 1: Table S5).
As both APC and RASSF1A methylation positivity

were strongly associated with increased cumulative inci-
dence of DSM, the value as a prognostic panel to better
stratify outcome in LC patients was assessed for the
combined genes. Indeed, this prognostic panel was also
significantly associated with cumulative incidence of
DSM (p < 0.001). LC patients classified as negative for
methylation for the both genes presented an estimated
32% of cumulative incidence of DSM at 12 months,

whereas the patients with only one methylated gene pro-
moter presented a DSM cumulative incidence of 73%.
Remarkably, the estimated DSM cumulative increased to
82% in patients classified as positive for both genes
(Additional file 1: Table S4; Fig. 9).
On univariable Cox-regression analysis, circulating

APCme (p < 0.0001), FOXA1me (p = 0.039), RASS-
F1Ame (p = 0.001), SEPT9me (p = 0.018) and prognos-
tic panel (APCme and RASSF1Ame) (both negative vs
one positive and both negative vs both positive) (p <
0.0001) were DSM predictors in LC patients, along
with nodal involvement (p = 0.001) and distant me-
tastasis (p < 0.0001) at diagnosis, clinical stage (p =
0.001) and histological subtype (p = 0.015) (Table 6).
Remarkably, on multivariable Cox-regression analysis
comprising the significant variables in univariable ana-
lysis (clinical stage, histological subtype, FOXA1me,
SEPT9me and prognostic panel (APCme and RASS-
F1Ame)), both clinical stage (p = 0.002) and prognos-
tic methylation panel (APCme and RASSF1Ame) (p <
0.0001) were found to be independent disease-specific
mortality predictors (Table 6). Indeed, LC patients

Fig. 2 Percentage of cases identified by “PanCancer” panel in cancer samples (64% positive, 36% negative) and in asymptomatic controls (ACs)
(30% positive, 70% negative)

Table 4 Biomarker performance of “CancerType” for discrimination among LC and PCa

Gene Sensitivity % Specificity % Accuracy % Positive likelihood ratio (LR+) Negative likelihood ratio (LR–)

Lung cancer

SOX17me 15.2 93.4 57.7 3.0 0.91

GSTP1me --- --- --- --- ---

Prostate cancer

SOX17me --- --- --- --- ---

GSTP1me 13.6 97.0 51.8 3.6 0.89
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Fig. 3 a FOXA1 and b RARβ2 promoter’s methylation levels according with T stage (T1 (n = 12) and T2-4 (n = 82)) in LC patients. Mann-Whitney
U Test, *p < 0.05. Red horizontal lines represent median methylation levels

Fig. 4 a APC, b FOXA1, c HOXD3 and d RARβ2 promoter’s methylation levels according with node status, node-negative (N0) (n = 25) and node-
positive (N+) (n = 72) in LC patients. Mann-Whitney U Test, *p < 0.05. Red horizontal lines represent median methylation levels
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with detectable circulating APCme and RASSF1Ame

displayed a 3.918-fold risk (95%CI for HR 1.935–
7.933, p < 0.0001) of dying from LC comparing to
those lacking methylation (Table 6).
PCa patient’s cohort displayed the longer follow-up

time, with a median of 85 months (range, 3 to 155
months). From the 85 patients treated with curative in-
tent (radical prostatectomy, external beam radiotherapy
or brachytherapy), 24 developed biochemical relapse and
12 endured disease progression. Moreover, nine out of
the remainder 36 patients (subjected to androgen
deprivation therapy or active surveillance) presented
disease progression. Nonetheless, no relevant signifi-
cant associations were disclosed between circulating

methylation positivity and PFS or DFS (data not shown).
Although 38 patients deceased during follow-up, only 11
deaths were attributable to PCa. Cumulative incidence of
DSM was significantly increased in PCa patients with
higher serum PSA levels at diagnosis (p < 0.001), higher
group grade (p = 0.007) and advanced clinical stage (p =
0.003). Interestingly, patients with detectable circulating
APCme (p < 0.001), GSTP1me (p = 0.003), RARβ2me (p =
0.001), RASSF1Ame, SEPT9me (both p < 0.001) or SOX17me

(p = 0.014) also disclosed increased cumulative incidence
of DSM (Additional file 1: Table S5; Additional file 2:
Figure S3). Nevertheless, Cox-regression analysis was not
performed due to the reduced number of events in each
group.

Fig. 5 Distribution of methylation levels in LC a and in CRC patients according with metastatic dissemination b. a (1) APC, (2) FOXA1, (3) HOXD3
and (4) RASSF1A promoter’s methylation levels in non-metastatic (M0) (n = 47) and metastatic (M+) (n = 55) LC patients. b (1) RARβ2, (2) SEPT9
and (3) SOX17 promoter’s methylation levels in non-metastatic (M0) (n = 82) and metastatic (M+) (n = 18) CRC patients. Mann-Whitney U Test, *p
< 0.05, **p < 0.01, ****p < 0.0001. Red horizontal lines represent median methylation levels
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Regarding CRC patients, a median follow-up time of
13 months (range from 0 to 44months) was achieved.
From the 90 CRC patients submitted to surgery, 10 de-
veloped recurrence/progression. Given the difficulty to
ascertain whether patients submitted to surgery were in-
deed free of the disease, DFS was not performed. CRC
was the cause of death of nine of the 11 patients that

deceased during follow-up. The presence of distant me-
tastasis (p < 0.001) and detection of circulating RARβ2me

(p = 0.002), SEPT9me (p < 0.001) and SOX17me (p =
0.031) significantly associated with increased cumulative
incidence of DSM (Additional file 1: Table S6; Add-
itional file 2: Figure S4), although due to lack of events,
no Cox-regression analysis was performed.

Fig. 6 Scatter plot of a RASSF1A promoter methylation levels between clinical stage I & II (n = 17) and III & IV (n = 85) LC patients. b GSTP1
promoter methylation levels between clinical stage I (n = 31), II (n = 55) and III & IV (n = 35) PCa patients. c (1) RARβ2 and (2) SEPT9 promoters’
methylation levels between clinical stage I & II (n = 39) and III & IV (n = 61) CRC patients. Mann-Whitney U Test for a and c and Mann-Whitney U
test with Bonferroni’s correction for b, n.s. p < 0.05, *p < 0.05. Red horizontal lines represent median methylation

Fig. 7 Scatter plot of a HOXD3, b RASSF1A, and c SOX17 promoter’s methylation levels according with histological subtype (Non-small cell lung
carcinoma (NSCLC) (n = 86) and small cell lung carcinoma (SCLC) (n = 16)). Mann-Whitney U Test, *p < 0.05, **p < 0.01, ****p < 0.0001. Red
horizontal lines represent median methylation levels
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Discussion
LC, PCa and CRC are the three most incident and
prevalent cancers in males worldwide, and the most
deadly in Europe and North America [1]. Despite efforts
to develop more effective screening methods, due to ei-
ther low sensitivity, high false-positive rate leading to
overdiagnosis [7, 21, 22] or high invasiveness and cost
[9], currently available strategies are suboptimal for

population-based screening. Thus, development of new
minimally invasive and effective pre-screening methods to
triage patients for subsequent screening/detection tests
are urgently needed. Aberrant DNA methylation of
cancer-related genes occurs at very early stages of tumori-
genesis, is cancer-specific, and amenable to be assessed in
ccfDNA [13, 23], representing a valuable candidate tool
for minimally invasive early cancer detection. Thus, we

Table 5 Biomarker performance of HOXD3, RASSF1A and SOX17 promoters’ methylation levels for discrimination among small cell
lung carcinoma (SCLC) and non-small cell Lung carcinoma (NSCLC)

Genes AUC (95 %
CI)

p-
value

Cut-off
value

Sensitivity %
(95% CI)

Specificity %
(95% CI)

Accuracy %
(95% CI)

Positive likelihood ratio
(LR+) (95% CI)

Negative likelihood ratio
(LR–) (95% CI)

SCLC vs NSCLC

HOXD3me 0.742
(0.577–
0.907)

0.002 1401.1301 69 (41–89) 88 (80–94) 85 (77–92) 5.9 (3.0–11.6) 0.35 (0.17–0.73)

RASSF1Ame 0.775
(0.617–
0.934)

<
0.001

204.8474 63 (35–85) 98 (92–100) 92 (85–97) 26.9 (6.5–113.3) 0.38 (0.20–0.72)

SOX17me 0.657
(0.504–
0.811)

0.046 30.1876 56 (30–80) 76 (65–84) 73 (63–81) 2.3 (1.3–4.1) 0.58 (0.33–1.02)

HOXD3me/
RASSF1Ame

- - - 75 (48–93) 88 (80–94) 86 (78–92) 6.5 (3.4–12.3) 0.28 (0.12–0.66)

Fig. 8 Cumulative incidence function plots according to a APC, b FOXA1, c RASSF1A, d SEPT9 and e SOX17 promoter methylation status in LC
patients. Dashed red line and full black line represent positive and negative for promoter methylation status, respectively. p values obtained by
Gray’s test for disease-specific mortality
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assessed the clinical utility of a liquid biopsy-based strat-
egy for simultaneous detection of LC, PCa and CRC in
males using multiplex qMSP in ccfDNA.
The eight candidate genes tested were selected based

on a critical analysis of published data available in
PubMed, including previously published data by our re-
search team [14, 20, 24]. Firstly, the performance of can-
didate genes was individually analysed for each cancer
type. In accordance with previously published studies
[20, 25–33], significantly higher circulating APCme, FOX-
A1me, RARβ2me, RASSF1Ame, SEPT9me and SOX17me

levels were observed in LC patients. Although the best
panel for LC detection—FOXA1me, RARβ2me, RASS-
F1Ame, SOX17me—disclosed similar specificity to “Epi
proLung”, it showed modest sensitivity [16]. Concerning
PCa, except for APCme that was only reported in tissue
and urine of cancer patients [34, 35], our results are in
line with previously published studies showing GSTP1me,
RARβ2me and RASSF1Ame hypermethylation in ccfDNA
of PCa patients [36–39]. Furthermore, to the best of our
knowledge, we are the first research team reporting the
biomarker potential of FOXA1me, HOXD3me, SOX17me

and SEPT9me levels for PCa detection in blood-based li-
quid biopsies. Interestingly, the combination of FOX-
A1me, RARβ2me, RASSF1Ame and GSTP1m identified PCa
with 72% sensitivity and specificity. Although a panel
comprising RARβ2me, RASSF1Ame and GSTP1me

disclosing 29% sensitivity and 100% specificity to detect
PCa was previously shown [38], the addition of FOXA1
to this panel in our study increased sensitivity although
at expense of lower specificity. Nonetheless, the former
panel was assessed using MSP [38], whereas we performed
multiplex qMSP, which requires less amounts of DNA, is
less time-consuming and more sensitive. We also con-
firmed SEPT9 and SOX17 hypermethylation in ccfDNA of
CRC patients, although displaying modest sensitivity
(12%), in contrast with previous reports [20, 40]. More-
over, the disparate results observed for APCme FOXA1me,
RARβ2me and RASSF1Ame [20, 41–45] might be due to dif-
ferences in sample collection procedures, methodology or
population studied, since we have only evaluated these
genes in males. Interestingly, HOXD3 was significantly
hypomethylated in CRC samples.
Although the initial goal was to identify a panel suit-

able for simultaneous detection of LC, PCa and CRC in
males, due to the results observed in CRC, we decided
to move forward with simultaneous detection of LC and
PCa, only, which constitute the two most incident can-
cers in males. The best combination to this end—“Pan-
Cancer” panel (FOXA1me, RARβ2me and RASSF1Ame)—
disclosed 70% specificity and 64% sensitivity, which is
slightly lower than we have reported for the simultan-
eous detection of breast cancer (BrC), CRC and LC in
women [20]. Nonetheless, compared to LD-CT LC

Fig. 9 Cumulative incidence function plots according to panel (APCme and RASSF1Ame) promoter methylation status in LC patients. p values
obtained by Gray’s test for disease-specific mortality
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screening [2], our test displayed considerable less false-
positive results. Although asymptomatic donors included
in our study do not represent a high-risk population,
they might better reproduce the “real world” setting,
nonetheless. Furthermore, the panel performance for de-
tecting PCa, outperformed serum PSA specificity (which
is around 20–45%) [46], although with limited sensitiv-
ity. Interestingly, our results are within the range re-
ported for urinary long-non coding RNA Prostate
Cancer Antigen 3 (PCA3), which is analysed in urine
collected after prostatic massage [46, 47], a more inva-
sive PCa screening approach. Thus, we are tempted to
speculate whether our panel might add clinical value to
serum PSA, increasing specificity and potentially redu-
cing the number of unnecessary prostate biopsies, a hy-
pothesis that deserves further studies.

Despite the modest sensitivity to detect early stage (I
and II) LC, the high specificity of “PanCancer” panel to
detect those patients suggests a potential usefulness for
early detection of LC, reducing false-positive rates of some
previously reported screening strategies. Moreover, our
panel also discriminated intermediate and high-risk PCa
(stage II-IV), according to the EAU risk groups [48], with
71% sensitivity and 65% specificity, thus increasing the
ability to identify clinically significant PCa. Therefore, it
has the potential to prevent the excess morbidity associ-
ated with unnecessary biopsies and reduce overdiagnosis
and consequent overtreatment. Hence, the minimally in-
vasive “PanCancer” panel might be advantageous for
population-based screening, limiting drawbacks of cur-
rently available methods, with the advantage of potentially
detecting two cancer types in the same test.

Table 6 Cox-regression models assessing the potential of clinical variables and detection of circulating APCme, FOXA1me, HOXD3me,
RASSF1Ame, SEPT9me, SOX17me and prognostic panel (APCme, RASSF1Ame) in the prediction of disease-specific mortalityin LC patients

Disease-Specific Mortality Variable HR 95% CI for HR P value

Univariable Regional node (N)

N0 vs N+ 4.067 1.827-9.051 0.001

Distant Metastasis (M)

M0 vs M+ 3.320 1.897-5.809 <0.0001

Clinical Stage

I&II vs III&IV 5.594 2.012-15.549 0.001

Histological Subtype

NSCLC vs SCLC 2.098 1.153-3.819 0.015

APCme

Negative vs positive 2.800 1.634-4.800 <0.0001

FOXA1me

Negative vs positive 1.716 1.027-2.867 0.039

HOXD3me

Negative vs positive 1.666 0.982-2.828 0.058

RASSF1Ame

Negative vs positive 2.669 1.529-4.660 0.001

SEPT9me

Negative vs positive 2.011 1.130-3.579 0.018

SOX17me

Negative vs positive 1.696 0.991-2.902 0.054

APCme / RASSF1Ame <0.0001

Both negative vs One positive 2.582 1.428-4.671 0.002

Both negative vs Both Positive 3.958 1.967-7.965 <0.0001

Multivariable Clinical Stage

I&II vs III&IV 5.014 1.781-14.114 0.002

APCme / RASSF1Ame <0.0001

Both negative vs One positive 1.992 1.100-3.608 0.023

Both negative vs Both positive 3.918 1.935-7.933 <0.0001
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Following a positive result in “PanCancer” panel, iden-
tifying the primary location (i.e. LC or PCa) is of fore-
most importance. We, thus, propose a second panel
(“CancerType”) comprising SOX17me and GSTP1me, due
to their remarkable specificity to discriminate between
LC and PCa. Nonetheless, given the limited sensitivity of
these two genes, this strategy must be complemented
with other ancillary tests, including imaging. Notwith-
standing, a positive “PanCancer” test should always trig-
ger a search for LC or PCa and if any of these is
identified, then, closer follow-up and repeat testing must
be performed.
Correlations between clinicopathological features and

circulating methylation levels of candidate genes were
also assessed. Interestingly, higher FOXA1me and
RARβ2me associated with advanced LC tumour stage.
Moreover, methylation of those two genes, as well as of
APCme and HOXD3me, was also increased in node-
positive disease. Furthermore, higher APCme, FOXA1me,
HOXD3me and RASSF1Ame associated with metastatic
dissemination. To the best of our knowledge, only RASS-
F1Ame and SOX17me have been previously associated
with nodal and distant metastasis and advanced stage in
ccfDNA of LC patients [20, 49]. Increased HOXD3me

levels were similarly observed in all five PCa patients
with distant metastasis at diagnosis, along with higher
APCme, GSTP1me, RARβ2me, RASSF1Ame and SEPT9me in
four out of the same five patients. Likewise, higher
RARβ2me, SEPT9me and SOX17me levels were disclosed
in metastatic CRC patients, paralleling recent reports
which indicate the same trend for SEPT9me and
SOX17me [20, 50, 51]. Thus, despite the early onset of
epigenetic alterations in tumorigenesis, higher circulat-
ing methylation levels are detectable in cancer progres-
sion probably owing to increased tumour burden and
metastatic spread.
Remarkably, a panel constituted by HOXD3me and

RASSF1Ame was able to discriminate SCLC from NSCLC
with 75% sensitivity and 88% specificity. Interestingly,
RASSF1Ame potential for SCLC discrimination from
NSCLC in plasma samples was previously observed in
our group [52]. This distinction is critical as SCLC and
NSCLC require quite different therapeutic strategies and
display different prognosis. Although, an IVD-approved
miRNA-based test (miRview) identifies the four main LC
subtypes, in fine-needle aspirates and cytological sam-
ples, with 90% sensitivity and specificity [53], our panel
can discriminated two major LC subtypes in liquid biop-
sies, which has a far less invasive collection method.
Moreover, our panel displays similar performance to a
three miRNAs panel assessed in plasma [54].
We further evaluated whether gene methylation might

convey independent prognostic information. Indeed, de-
tection of circulating APCme, FOXA1me, HOXD3me,

RASSF1Ame, SEPT9me and SOX17me associated with in-
creased cumulative incidence of DSM in LC patients,
alongside with all clinicopathological variables except
tumour stage (T). Remarkably, the prognostic panel
(APCme and RASSF1Ame) is an independent predictor of
DSM in LC patients. These results are in line with the
prognostic value reported for circulating APCme and
RASSF1Ame by other research teams, namely as bio-
markers for evaluation of treatment efficacy and disease
monitoring [26, 55, 56]. Moreover, detectable circulating
APCme, GSTP1me, RARβ2me, RASSF1Ame, SEPT9me and
SOX17me methylation, in PCa patients, and RARβ2me,
SEPT9me and SOX17me, in CRC patients, associated with
increased cumulative incidence of DSM, suggesting that
methylation of selected genes in plasma might convey
prognostic information already at the time of diagnosis.
Our observations are limited owing to the short follow-
up time and the favourable prognosis of most PCa and
CRC patients, and, thus, additional validation in larger
studies with longer follow-up is warranted.
Overall and notwithstanding the promising results of

“PanCancer” panel for simultaneous detection of LC and
PCa in males, it should be acknowledged that the lack of
clinical information and long-term follow-up of asymp-
tomatic controls of our exploratory study constitutes a
limitation. Therefore, the screening utility of “PanCan-
cer” panel in general population, as well as, in high-risk
populations, such as high-risk smokers and family his-
tory of PCa, remains to be ascertained. Hence, our re-
sults should be validated in future large multicentre
prospective studies. Nonetheless, one may envisage that
high-risk populations could benefit from the implemen-
tation of this minimally invasive screening test given the
lack of widely implemented options able to detect LC
and PCa at early stages in these population subsets.
Moreover, further studies should also be considered to
find the best DNA methylation-based test to detect
CRC, and ultimately, to be able to detect the four major
cancers in both genders (LC, BrC, CRC and PCa).

Conclusions
In conclusion, our findings corroborate the hypothesis that a
single minimally invasive test can be devised to simultan-
eously detect multiple malignancies, which might improve
patient compliance and, thereby, increase tumours’ detection
rate at earlier stages, reducing cancer morbidity and mortal-
ity. Moreover, we also provide a novel tool to aid discrimin-
ation between the major LC subtypes and a prognostic panel
that carries independent information for those patients.

Material and methods
Patients and sample collection
A case control retrospective cohort of LC, PCa and CRC
male patients retrieved from consecutive series was
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included in this study. A total of 323 male patients diag-
nosed with LC (n = 102) or CRC (n = 100) between
2015 and 2019, and PCa (n = 121) between 2006 and
2010, at Portuguese Oncology Institute of Porto,
Portugal, without previous oncological treatment were
selected. For control purposes, blood samples were do-
nated from 2016 to 2018 by 136 male asymptomatic
blood donors (AC), without any known malignancy at
the same institution.
After collection of peripheral blood into EDTA-

containing tubes, plasma was separated by centrifuging
at 2000 rpm for 10 min at 4 °C, and subsequently, stored
at − 80 °C in the institutional tumour bank until further
use. Relevant clinical and pathological data was retrieved
from clinical charts and an anonymized database was
constructed for analysis purposes.

CcfDNA extraction, sodium-bisulfite modification and
whole genome amplification
CcfDNA was extracted from 2 to 3mL of plasma using
QIAmp MinElute ccfDNA (Qiagen, Hilden, Germany), ac-
cording to manufacturer’s instructions, and subsequently
eluted in 20 μL of sterile distilled water and stored at −
20 °C until further use. Then, 20 μL of each extracted
ccfDNA sample and 1 μg of CpGenome™ Universal Meth-
ylated DNA (Merck Milipore, Burlington, MA, USA) were
sodium-bisulfite-modified using EZ DNA Methylation-
GoldTM Kit (Zymo Research, Irvine, CA, USA) according
to the manufacturer’s recommendations. Afterwards, the
bisulfite-modified DNA was eluted in 10 μL of sterile dis-
tilled water and stored at − 80 °C until further use. EpiTect
Whole Bisulfitome Kit (Qiagen, Hilden, Germany) was
used to perform Whole Genome Amplification (WGA) of
10 μL sodium-bisulfite-modified DNA following manufac-
turer’s recommendations. Lastly, amplified DNA samples
were diluted in 25 μL of sterile distilled water, in a final
volume of 65 μL, and stored at − 20 °C until further use.
Extracted, sodium-bisulfite converted and amplified DNA
were quantified using Qubit 2 Fluorometer (Invitrogen,
Carlsbad, CA, USA), according to manufacturer’s
instructions.

Multiplex qMSP
Promoter methylation levels of eight genes (APCme,
FOXA1me, GSTP1me, HOXD3me, RARβ2me, RASSF1Ame,
SEPT9me and SOX17me) were assessed by multiplex
quantitative methylation-specific PCR (qMSP), using
WGA-amplified DNA as template and Xpert Fast Probe
(GRiSP, Porto, Portugal). Primers and TaqMan probes
designed specifically for the modified gene sequence plus
fluorochromes and quenchers selected for each probe
are listed in Additional file 1: Table S7. The housekeep-
ing gene β-Actin was used an internal reference gene to
normalize the assay. Multiplex qMSP assay was carried

out in triplicate using a 7500 Sequence Detector (Ap-
plied Biosystems, Perkin Elmer, CA, USA). Sterile dis-
tilled water was used as negative control in all plates.
WGA-amplified CpGenome™ Universal Methylated
DNA subjected to six serial dilutions (5x factor dilution)
was used to generate a standard curve in each plate,
allowing for relative quantification and PCR efficiency
evaluation. All plates displayed efficiency values above
90%. Relative methylation levels were calculated as the
ratio between the mean methylation levels of each gene
and the respective value for β-Actin, multiplied by 1000,
for easier tabulation.

Statistical analysis
Non-parametric tests were performed to compare methy-
lation levels of each gene promoter and to evaluate associ-
ations with clinicopathological features. Mann-Whitney U
test was used for comparisons between two groups, while
Kruskal-Wallis test was used for multiple groups, followed
by Mann-Whitney U test with Bonferroni’s correction for
pairwise comparisons. Scatter dot plots were constructed
using a log10 scale in y axis. Spearman non-parametric
test was performed to assess correlations between methy-
lation levels and patients’ age. A result was considered sta-
tistically significant when p value < 0.05.
For each gene’s promoter, samples were categorized as

methylated or non-methylated based on the cut-off
values established using Youden’s J index (value combin-
ing highest sensitivity and specificity), through receiver
operator characteristic (ROC) curve analysis [57], and
areas under the curve (AUC) were calculated. When
more than one value fulfilled this condition, the cut-off
value allowing for higher sensitivity was chosen. Validity
estimates (sensitivity, specificity, accuracy and positive
(LR+) and negative (LR–) likelihood ratios) with 95%
confidence intervals (CI) were determined to assess de-
tection biomarker performance.
To improve detection performance of the selected

genes, panels were constructed considering a positive re-
sult whenever at least one gene promoter was plotted as
methylated in individual analysis, favouring gene combi-
nations allowing maximum sensitivity. For “PanCancer”
panel, validity estimates were calculated by joining LC
and PCa (n = 223) vs AC samples (n = 136), whereas for
“CancerType” panel, these were calculated by comparing
one tumour type to the other. Validity estimates for the
two panels were assessed by constructing multiple ROC
curves via resampling analysis [58]. In short, samples
were randomly divided into training (70%) and valid-
ation (30%) sets. Then, the cut-off value obtained com-
bining the highest sensitivity and specificity in the
training set, was used to calculate validity estimates in
the validation set. This procedure was repeated 1000
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times, and the mean value of sensitivity, specificity, ac-
curacy, LR+ and LR– was computed.
Using a competing risk approach, cumulative inci-

dence function (CIF) plots were constructed, and Gray’s
test was used to test differences in disease-specific mor-
tality (DSM) between groups considering clinicopatho-
logical variables and categorized gene promoter
methylation status (positive: relative methylation levels >
0, and negative: relative methylation levels = 0). DSM
was calculated as the time between the date of diagnosis
and the date of cancer-related death. Kaplan-Meier
curves were constructed, and log-rank test was used to
compare progression-free survival (PFS) and disease-free
survival (DFS) between groups, considering clinicopath-
ological variables and categorized gene promoter methy-
lation. PFS was calculated as the time between the date
of diagnosis and the date of the first imaging exam
showing disease progression, whereas DFS as the time
between the date of curative intent treatment and the
date of the first imaging exam showing disease progres-
sion or biochemical recurrence (for PCa). Cox propor-
tional hazards regression was employed to calculate
hazard ratios (HR) and 95% CI. Backwards conditional
multivariable Cox-regression model comprising all sig-
nificant variables on univariable analysis was computed
to determine whether genes’ promoter methylation sta-
tus was independently associated with DSM.
Two-tailed p values calculation, ROC curve analysis and

PFS and DFS survival analysis and cox-regression analysis
were performed using SPSS 25.0 for MacOS software
(IBM-SPSS Inc., Chicago, IL, USA). Multiple ROC curves
via resampling analysis and CIF analysis were performed
using R v.3.4.4 (Vienna, Austria). Scatter dot plots were as-
sembled using GraphPad Prism 7.0a for MacOS Software
(GraphPad Software Inc., LA Jolla, CA, USA).

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13148-019-0779-x.

Additional file 1: Table S1. Associations between lung cancer patients’
clinicopathological features and APC, FOXA1, GSTP1, HOXD3, RARβ2,
RASSF1A, SEPT9 and SOX17 promoters’ methylation levels. p-values
obtained by Mann-Whitney U Test. Table S2. Associations between pros-
tate cancer patients’ clinicopathological features and APC, FOXA1, GSTP1,
HOXD3, RARβ2, RASSF1A, SEPT9 and SOX17 promoters’ methylation levels.
p-values obtained by Mann-Whitney U Test for Primary Tumour (T) and
Distant Metastasis (M), and by Kruskal-Wallis Test for Grade Group (GG),
serum PSA levels and Clinical Stage. Table S3. Associations between
colorectal cancer patients’ clinicopathological features and APC, FOXA1,
GSTP1, HOXD3, RARβ2, RASSF1A, SEPT9 and SOX17 promoters’ methylation
levels. p-values obtained by Mann-Whitney U Test for Primary Tumour (T),
Regional Node (N), Distant Metastasis (M) and Clinical Stage, and by
Kruskal-Wallis Test for Tumour Location. Table S4. Demographics of the
clinicopathological features and APC, FOXA1, GSTP1, HOXD3, RARβ2,
RASSF1A, SEPT9 and SOX17 promoters’ methylation levels in lung cancer
patients, and their association with disease-specific mortality. p-values ob-
tained by Gray’s test. Table S5. Demographics of the clinicopathological

features and APC, FOXA1, GSTP1, HOXD3, RARβ2, RASSF1A, SEPT9 and
SOX17 promoters’ methylation levels in prostate cancer patients, and their
association with disease-specific mortality. p-values obtained by Gray’s
test. Table S6. Demographics of the clinicopathological features and APC,
FOXA1, GSTP1, HOXD3, RARβ2, RASSF1A, SEPT9 and SOX17 promoters’
methylation levels in colorectal cancer patients, and their association with
disease-specific mortality. p-values obtained by Gray’s test. Table S7.
Primers and probes sequences with respective fluorochrome and
quencher.

Additional file 2: Figure S1. Distribution of methylation levels in PCa
patients according with metastatic dissemination. (A) APC, (B) GSTP1, (C)
HOXD3, (D) RARβ2, (E) RASSF1A and (F) SEPT9 promoter’s methylation
levels between non-metastatic (M0) (n=116) and metastatic (M+) (n=5)
PCa patients. Mann-Whitney U Test, ***p<0.001, ****p<0.0001. Red hori-
zontal lines represent median methylation levels. Figure S2. Cumulative
incidence function plots according to clinicopathological variables (A) re-
gional node, (B) distant metastasis, (C) clinical stage and (D) histological
subtype in LC patients. p-values obtained by Gray’s test for disease-
specific mortality. Figure S3. Cumulative incidence function plots accord-
ing to clinicopathological variables (A) ISUP Grade Group, (B) serum PSA
levels, (C) clinical stage, and (D) APC, (E) GSTP1, (F) RARβ2, (G) RASSF1A, (H)
SEPT9, (I) SOX17 promoter methylation levels in PCa patients. p-values ob-
tained by Gray’s test for disease-specific mortality. Figure S4. Cumulative
incidence function plots according to clinicopathological variable (A) dis-
tant metastasis, and (B) RARβ2, (C) SEPT9 and (D) SOX17 promoter methy-
lation levels in CRC patients. p-values obtained by Gray’s test for disease-
specific mortality.
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