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Abstract
We recently derived and validated a serum-based microRNA risk score (miR-score) 
that predicted colorectal cancer (CRC) occurrence with very high accuracy within 
14 years of follow-up in a population-based cohort study from Germany (ESTHER 
cohort). Here, we aimed to evaluate associations of the CRC-specific miR-score 
with the risk of developing other common cancers, including female breast cancer 
(BC), lung cancer (LC), and prostate cancer (PC), in the ESTHER cohort. MicroRNAs 
(miRNAs) were profiled by quantitative real-time PCR in serum samples collected 
at baseline from randomly selected incident cases of BC (n = 90), LC (n = 88), and PC 
(n = 93) and participants without diagnosis of CRC, LC, BC, or PC (controls, n = 181) 
until the end of the 17-year follow-up. Multivariate logistic regression models 
were used to evaluate the associations of the miR-score with BC, LC, and PC in-
cidence. The miR-score showed strong inverse associations with BC and LC inci-
dence [odds ratio per 1 standard deviation increase: 0.60 (95% confidence interval 
[CI] 0.43–0.82), p = 0.0017, and 0.64 (95% CI 0.48–0.84),p = 0.0015, respectively]. 
Associations with PC were not statistically significant but pointed in the positive 
direction. Our study highlights the potential of serum-based miRNA biomarkers for 
cancer-specific risk prediction. Further large cohort studies aiming to investigate, 
validate, and optimize the use of circulating miRNA signatures for cancer risk as-
sessment are warranted.
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1  |  INTRODUC TION

Cancer incidence and mortality continue to increase worldwide. In 
2020, there were an estimated 19.3 million new cases of cancer and 
almost 10.0 million deaths from cancer globally.1,2 Population-based 
screening has the potential to lower cancer incidence and mortality 
through detection of asymptomatic precancerous lesions or early de-
tection of invasive tumors. Tailoring such screening to those at highest 
risk has the potential to improve the effectiveness of screening pro-
grams3,4 while minimizing potential harms such as overdiagnosis and 
false-positive tests.5–7 Multiple risk prediction models incorporating 
cancer-specific lifestyle, clinical, genetic, and non-genetic risk factors 
have been proposed for identifying high-risk populations for risk-
adapted screening for a variety of common cancers, including breast 
cancer (BC),8–11 lung cancer (LC),12–14 and prostate cancer (PC).15–17

Blood-based biomarkers such as circulating microRNAs (miRNAs) 
have emerged as potential candidates to improve cancer risk predic-
tion.13,18–23 MicroRNAs are small endogenous non-coding RNAs that 
regulate gene expression and control various cellular mechanisms.24 
MicroRNAs released into blood during tumorigenesis are detectable in 
serum or plasma in a highly stable form.25 Using blood-based miRNA 
profiles for cancer risk assessment offers the advantages of a minimally 
invasive, low cost and quick PCR-based test. We recently derived and 
validated a microRNA risk score (miR-score) based on serum levels of 
seven miRNAs, which predicted the risk of developing colorectal can-
cer (CRC) with very high accuracy within 14 years of follow-up in the 
large population-based ESTHER (Epidemiologische Studie zu Chancen 
der Verhütung, Früherkennung und optimierter Therapie chronischer 
Erkrankungen in der älteren Bevölkerung) study.23 The miR-score 
was derived using samples collected at baseline from 198 study par-
ticipants who developed CRC during 14 years of follow-up and 178 
randomly selected controls. Its performance was compared to that 
of established CRC risk models including an environmental risk score 
(ERS) and a polygenic risk score (PRS). The miR-score predicted CRC 
risk with very high accuracy (i.e. an optimism-corrected area under the 
receiver operating characteristic curve [AUC] of 0.794). In participants 
with all scores available, the optimism-corrected AUC was 0.802 for 
the miR-score, while the AUC (95% confidence interval [CI]) was 0.557 
(0.498–0.616) for the ERS and 0.622 (0.564–0.681) for the PRS. Thus, 
the miR-score outperformed established approaches for CRC risk pre-
diction. While the miR-score was highly predictive of CRC risk, to what 
extent the observed miRNA dysregulations are CRC-specific needs to 
be explored. In this study, we aimed to evaluate associations of the 
CRC-specific miR-score with the risk of developing BC, LC, and PC.

2  |  MATERIAL S AND METHODS

2.1  |  Study design and population

We selected participants from the ESTHER study, an ongoing 
population-based longitudinal cohort study conducted in Saarland, 
Germany. Details of the ESTHER study design have been previously 

described.26 Briefly, 9940 participants aged 50–75 years were re-
cruited between July 2000 and December 2002 by their general 
practitioners in the context of a general health screening examina-
tion. The distribution of sociodemographic baseline characteristics 
and the prevalence of common diseases in the ESTHER study popu-
lation closely resembled that of a representative German National 
Health Survey of 1998 within the corresponding age range.27 These 
participants were regularly followed up thereafter. Information regard-
ing participants’ socio-demographic characteristics, lifestyle factors, 
and health status at baseline was obtained using standardized self-
administered questionnaires. In addition, biological samples (blood, 
stool, and urine) were collected, processed, and stored at −80°C until 
analysis. Prevalent and incident cancers were determined by record 
linkage with the Saarland Cancer Registry. Saarland is a federal state 
in South-Western Germany with a total population of approximately 
990,000 people in 2015–2020.28 In Saarland, cancer reporting is man-
datory by law. The Saarland Cancer Registry receives cancer notifi-
cations from hospitals, radiotherapy departments, outpatient clinics, 
screening programs, and doctors in private practice as well as reports 
from pathology laboratories and death certificates from local health 
authorities. The registry's case ascertainment was estimated to be al-
most complete.28,29 The ESTHER study was approved by the ethics 
committees of the Medical Faculty of the University of Heidelberg and 
of the state medical board of Saarland, Germany. All participants pro-
vided written informed consent.

For the current study, miRNA profiling was performed in serum 
samples collected at baseline from randomly selected incident cases 
of BC (n = 90), LC (n = 88), and PC (n = 93) and participants without 
diagnosis of CRC, LC, BC, or PC (the four most frequent cancers) 
until the end of the 17-year follow-up (further referred to as “con-
trols,” n = 181). Levels of seven miRNAs (let-7 g-5p, miR-19a-3p, 
miR-23a-3p, miR-92a-3p, miR-144-5p, miR-21-5p, and miR-27a-3p), 
identified in preliminary work23 to be predictive of CRC risk, were 
quantified in selected serum samples using quantitative real-time 
PCR (qPCR) technology (Figure 1).

2.2  |  miRNA quantification by quantitative PCR

The samples were thawed on ice and centrifuged at 3000 × g for 
5 min at 4°C. Total RNA was extracted from the samples using an 
miRNeasy Serum/Plasma Advanced Kit (QIAGEN, Germany) fol-
lowing the manufacturer's instructions. Next, 2 μL RNA was re-
verse transcribed in 10 μL reactions using the miRCURY LNA RT 
Kit (QIAGEN). Complementary DNA (cDNA) was diluted 50× and 
assayed in 10 μL PCR reactions according to the protocol for miR-
CURY LNA miRNA PCR. Spike-in controls UniSp2, UniSp4, and 
UniSp6 were added to the control for RNA extraction efficiency 
and possible cDNA synthesis inhibitors. Hemolysis was assessed 
by determining the levels of miR-451 and miR-23a via qPCR. miR-
451 is expressed in red blood cells, and miR-23a is relatively sta-
ble in serum and not affected by hemolysis.30–32 A quantification 
cycle (Cq) ratio between miR-23a and miR-451 higher than 7.0 was 
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considered indicative of sample hemolysis.33 Twenty-one samples 
displaying significant hemolysis and eight samples with low sam-
ple preparation or low RNA quantity were excluded from down-
stream analyses.

For samples meeting the quality control criteria, RNA extraction 
efficiency, monitored using UniSp2 and UniSp4, was acceptable 
with raw Cq values being consistent across the dataset (UniSp2: 
Cq 18.69 ± 1.12, UniSp4: Cq 25.63 ± 1.33). The cDNA synthesis 
reactions, monitored using UniSp6, indicated constant efficiency 
of the reverse transcription step with no signs of inhibition (Cq 
16.64 ± 0.25). These samples were used to quantify levels of seven 
target miRNAs (let-7 g-5p, miR-19a-3p, miR-23a-3p, miR-92a-3p, 
miR-144-5p, miR-21-5p, and miR-27a-3p) and three normalizer 
miRNAs (miR-93-5p, miR-1246, and miR-223-3p). Each miRNA was 
assayed once on a custom panel using miRCURY LNA SYBR Green 
Master Mix. Negative controls excluding template from the reverse 
transcription reaction were performed and profiled like the samples. 
The amplification was performed in a LightCycler 480 Real-Time PCR 
System (Roche) in 384 well plates. The amplification curves were an-
alyzed using the Roche LC software, both for the determination of 
Cq (Cq was calculated as the 2nd derivative) and for melting curve 
analysis. The amplification efficiency was calculated using algo-
rithms similar to the LinReg software.34 All assays were inspected for 
distinct melting curves and the melting temperature was confirmed 
to be within known specifications for the assay. Furthermore, assays 
within 5 Cq of the negative control or Cq > 37 were excluded from 
further analyses. Detectable miRNAs were those with a Cq < 40.

All laboratory analyses were performed blinded with respect to 
disease status.

2.3  |  Statistical analysis

A combination of three miRNAs (miR-93-5p, miR-1246, and miR-
223-3p) was identified and used to normalize qPCR data in our pre-
vious study.23 In the current study, these normalizers exhibited good 
stability across the selected samples (stability value = 1.02 × 10−3) using 
the NormFinder method35 and were identified as suitable to normalize 
the qPCR data. Relative expression levels of miRNAs were calculated 
using 2−ΔCt method. Samples with missing (raw Cq value ≥40) values 
for any of the normalizers (n = 12) or miRNAs from the miR-score (n = 7) 
were excluded from further analyses. The data was normalized to the 
average Cq value of the normalizers. For all further analyses involving 
BC and PC, we restricted controls to the respective sexes.

For each cancer type, we compared the expression levels of indi-
vidual miRNAs between cases and controls using the Mann–Whitney 
test. For each cancer type, these analyses were repeated with fol-
low-up time restricted to ≤4, ≥4–8, and ≥8 years after recruitment.

Next, an miR score was calculated for each participant using the 
formerly derived23 linear predictor:

m i R- s c o r e   =   0 .1 8 9 9   +   l e t-7   g - 5 p* 0 . 2 3 51   +   m i R-19 a -
3p*-0.2024 +  miR-23a-3p*1.6595 +  miR-92a-3p*0.4794 +  miR-
144-5p*0.2002 + miR-21-5p*-1.6772 + miR-27a-3p*0.1014.

To evaluate the associations of the miR-score with BC, LC, and 
PC incidence, the participants were stratified into four risk categories 
using quartile thresholds of the score in the controls. The associations 
were quantified for each cancer type separately by logistic regression 
models, taking the lowest quartile as the reference group. Models 
were calculated first without adjusting for any potential confound-
ers (Model 1), then additionally adjusting for age and sex (Model 2), 

F I G U R E  1  Flow diagram for selection 
of participants. BC, breast cancer; CRC, 
colorectal cancer; LC, lung cancer; miR-
score, microRNA risk score; n, number of 
participants; PC, prostate cancer.

Random samples

Participants previously included
for deriving the miR-score
(ncases/controls = 210/199)

Eligible participants (n = 9404)

Baseline serum samples
not available (n = 127)

Incident BC
(n = 303)

CRC, LC, BC, PC-free subjects
until the end of 2018

(n = 8074)
Incident LC

(n = 290)
Incident PC

(n = 355)

Incident BC
(n = 100)

Controls
(n = 200)

Incident LC
(n = 100)

Incident PC
(n = 100)

Incident BC
(n = 90)

Controls
(n = 181)

Incident LC
(n = 88)

Incident PC
(n = 93)

Samples excluded (n = 48)
Hemolytic: 21;
Low sample prep/ RNA amount: 8
At least one normalizer not detected: 12;
At least one miRNA from the miR-score
not detected: 7

Baseline participants of the ESTHER study
(n = 9940)
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and odds ratios (ORs) with corresponding 95% CIs were calculated. 
Additionally, for each cancer type, ORs per standard deviation (SD) in-
crease in the miR score were estimated using logistic regression mod-
els. To address possible reverse causality, sensitivity analyses were 
conducted, in which cancer cases that occurred in the first 2 years 
of follow-up were excluded. All statistical analyses were conducted 
using R software, version 4.1.2 (R Foundation, Vienna, Austria). Two-
sided p-values less than 0.05 were considered statistically significant.

3  |  RESULTS

3.1  |  Characteristics of the study population

The study population included 90, 88, and 93 participants with inci-
dent BC, LC, and PC (cases), respectively, and 181 controls (81 males 
and 100 females) from the ESTHER study (Table 1). The median time 
(interquartile range) between sample collection and cancer diagnosis 
was 7.0 (4.4–10.6) years for BC, 8.6 (5.0–12.1) years for LC, and 7.6 
(4.8–12.3) years for PC. The median age of the participants at sam-
pling was between 60 and 64 years in all groups.

3.2  |  Comparison of serum miRNA levels between 
incident cases of different cancers and controls

An evaluation of fold changes and corresponding p-values of in-
dividual miRNA levels when comparing participants with incident 
CRC with controls in our previous study and when comparing 

participants with incident BC, LC, and PC with controls in the cur-
rent study is presented in Table 2. While our previous results were 
based on cohort data including 14 years follow-up, our current re-
sults are based on case–control comparisons, using incident cases 
and controls who remained free of the cancers during 17 years of 
follow-up. In the current study, when comparing BC cases with 
controls, miR-19a-3p was found to be upregulated before correc-
tion for multiple testing but failed to remain statistically significant 
after the correction. MiR-19a-3p was also observed to be signifi-
cantly upregulated when comparing LC cases with controls. The 
observed upregulation of miR-19a-3p is contradictory to its ob-
served downregulation when comparing CRC cases with controls 
in our previous study. Furthermore, in the comparison between LC 
cases and controls, miR-92a-3p was found to be downregulated 
before multiple testing correction but did not remain statistically 
significant after the correction. Conversely, our previous study re-
sults had revealed miR-92a-3p to be upregulated when comparing 
CRC cases with controls.

We then repeated these analyses comparing cases diagnosed 
in specific time windows (≤4, ≥ 4–8 and ≥8 years) after recruitment 
with controls (Table  S1). For the cancers diagnosed ≤4 years after 
recruitment, no significant dysregulations were observed for any 
cancer type. For the cancers diagnosed between 4 and 8 years after 
recruitment, upregulation of miR-19a-3p was observed in BC and 
LC cases compared to controls. This direction of dysregulation re-
mained consistent at all time windows and was also significant for all 
LC cases and controls (for the complete follow-up time of ≤18 years). 
For the cancers diagnosed ≥8 years after recruitment, no significant 
dysregulations were observed for any cancer type.

TA B L E  1  Characteristics of the study populations.

Characteristics

Previous study23 Current study

CRC cases 
(n = 198)

Controls 
(n = 178)

BC cases 
(n = 90) LC cases (n = 88) PC cases (n = 93) Controls (n = 181)

Age at sampling

Mean (SD) 64.6 (5.9) 62.2 (6.6) 60.2 (6.0) 62.2 (6.3) 63.8 (6.0) 62.4 (6.8)

Median (range) 65 (50–75) 62 (50–75) 59.5 (50–73) 61.0 (50–75) 64.0 (50–75) 62.0 (50–75)

Gender counts (%)

Male 122 (61.6) 89 (50.0) 0 (0.0) 53 (60.2) 93 (100.0) 81 (44.8)

Female 76 (38.4) 89 (50.0) 90 (100.0) 35 (39.8) 0 (0.0) 100 (55.2)

TNM stage at diagnosis counts (%)

Stage I 8 (4.0) – 0 (0.0) 14 (15.9) 15 (16.1) –

Stage II 11 (5.6) – 0 (0.0) 2 (2.3) 12 (12.9) –

Stage III 4 (2.0) – 24 (26.7) 16 (18.2) 5 (5.4) –

Stage IV 27 (13.6) – 2 (2.2) 20 (22.7) 3 (3.2) –

Unknown 148 (74.7) – 64 (71.1) 36 (40.9) 58 (62.4) –

Time between sampling and diagnosis

Range 0.0–14.3 – 0.0–17.7 0.1–17.6 0.3–18.0 –

Median (interquartile 
range)

6.8 (3.3–9.6) – 7.0 (4.4–10.6) 8.6 (5.0–12.1) 7.6 (4.8–12.3) –

Abbreviations: BC, breast cancer; CRC, colorectal cancer; LC, lung cancer; n, number of participants; PC, prostate cancer; SD, standard deviation.
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3.3  |  Associations of the colorectal cancer-specific 
miR-score with risk of different cancers

Associations of the miR-score with CRC incidence in our previous 
study and BC, LC, and PC incidence in the current study are presented 
in Table 3. In contrast to its strong positive association with CRC risk, 
the miR-score showed a strong inverse association with both BC and 
LC risk [adjusted OR per 1 SD increase in the miR score: 0.60 (95% CI, 
0.43–0.82), p = 0.0017, and 0.64 (95% CI, 0.48–0.84), p = 0.0015, re-
spectively]. Associations with PC were not statistically significant but 
pointed in the positive direction. Furthermore, results of the sensitiv-
ity analyses excluding cancer cases that occurred in the first 2 years of 
follow-up were consistent with the main results (Table S2).

4  |  DISCUSSION

In this study, we evaluated associations of our previously re-
ported23 serum-based CRC-specific miR-score with the risk of 
developing BC, LC, and PC within the large population-based 
ESTHER cohort of older adults. MiRNAs were profiled by qPCR in 
serum collected at baseline from randomly selected participants 
with incident BC, LC, and PC and cancer-free controls identified 
within 17 years of follow-up. In our investigation, we observed 
strong inverse associations of the miR-score with the risk of de-
veloping BC and LC. Associations with PC were not statistically 
significant but pointed in the positive direction. Our results dem-
onstrate that miRNA profiles associated with tumor progression 
differ across cancer types and could be useful for developing per-
sonalized cancer prevention strategies.

Quantification of serum miRNA levels in our study was done 
using the miRCURY LNA miRNA PCR custom panel, which has 
been reported to show high sensitivity and linearity for analyzing 
samples with low miRNA concentration.36 Data obtained using 
this platform was normalized using a combination of three miR-
NAs (miR-93-5p, miR-1246, and miR-223-3p) that was identified in 
our previous study.23 This normalizer combination was also found 
to be suitable for normalization in our current study, as it exhibited 
good stability across the selected samples using the NormFinder 
method.35 Nevertheless, further validations are still needed to es-
tablish the utility of these miRNAs as optimal normalizers for qPCR 
data analysis.

The miR-score was based on serum levels of seven miRNAs 
(let-7 g-5p, miR-19a-3p, miR-23a-3p, miR-92a-3p, miR-144-5p, miR-
21-5p, and miR-27a-3p) that were found to be significantly dys-
regulated in incident CRC cases compared to controls identified 
during 14 years of follow-up in our previous study.23 In the current 
study, when comparing incident BC, LC, or PC cases with controls 
identified during 17 years of follow-up, divergent patterns from 
those previously observed for CRC cases were observed. MiR-
19a-3p was found to be upregulated in BC and LC cases compared 
to controls, in contrast to its previously observed downregulation 
in CRC cases compared to controls. Another miRNA, miR-92a-3p, 

also showed a divergent pattern between LC cases and controls 
(downregulated in LC cases before multiple testing correction 
but not significant after the correction) compared to that previ-
ously observed between CRC cases and controls (upregulated in 
CRC cases). Both miR-19a-3p and miR-92a-3p are members of 
the miR-17-92 cluster, a potent oncogenic cluster, also known as 
oncomir-1.37,38 Numerous studies have reported dysregulation of 
the miR-17-92 and its role in promoting tumorigenesis in various 
human cancers. With respect to the role of miR-19a-3p in lung car-
cinogenesis, it is known to promote LC cell proliferation and migra-
tion.39 Prior studies evaluating miR-19a-3p levels for LC detection 
have mostly used samples collected from patients after diagnosis. 
In one such study,40 Lin et al. found elevated levels of miR-19a-3p 
in serum from established LC cases relative to controls, which is 
in agreement with our observations comparing incident LC cases 
to controls. Conversely, other previous studies also using samples 
collected post-diagnosis have reported lower levels of miR-19a-3p 
in serum41 or plasma42 of LC patients compared to healthy indi-
viduals. Another member of the miR-17-92 cluster, miR-92a-3p, 
has been shown to participate in tumorigenesis and tumor pro-
gression by regulating tumor cell proliferation, migration, and 
apoptosis.43–46 Previous studies evaluating miR-92a-3p levels for 
LC detection have used samples from patients with a confirmed 
diagnosis, making it difficult to determine if they will be useful for 
risk prediction or have resulted from cancer progression. In one 
such study41 by Fan et al., miR-92a-3p was reported to be down-
regulated in serum samples of non-small cell LC patients compared 
to healthy controls, which is in accordance with our findings in 
incident LC cases relative to controls (downregulated before mul-
tiple testing correction but not significant after the correction). 
However, in another study by Reis et al.47 using plasma samples 
from post-diagnosis LC patients and healthy controls, miR-92a-3p 
levels were revealed to be higher in cases than controls.

It should be noted that while most previous studies evaluat-
ing miR-19a-3p or miR-92a-3p levels for LC or BC detection used 
samples from patients with an established cancer diagnosis, our 
findings are based on samples collected several years prior to a 
diagnosis from participants who later developed BC or LC during 
a 17-year follow-up in a prospective cohort study. Since an exist-
ing tumor is likely to affect the circulating miRNA profile, studies 
using post-diagnosis samples might not be useful for discovering 
biomarkers of cancer risk prior to disease onset. Concerns about 
changes in miRNA profiles after disease onset were addressed 
in our study by conducting sensitivity analyses excluding cancer 
cases that occurred in the first 2 years of follow-up. Results of 
these analyses were consistent with the main results. To further 
facilitate discovery of biomarkers of cancer risk, studies using pre-
diagnostic samples from cancer patients in large prospective co-
horts are warranted. Only a handful of such studies13,18–22 have 
been performed to discover circulating miRNA biomarkers using 
samples obtained prior to BC or LC diagnosis. In line with findings 
from these studies, our study demonstrated circulating miRNA 
levels to be altered years before cancer occurrence.
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In a previous study11 from our research group, we assessed asso-
ciations of a PRS, ERS, and methylation risk scores (MRSs), with BC in-
cidence in the ESTHER cohort with up to 14 years of follow-up. While 
the PRS (based on 269 single-nucleotide polymorphisms (SNPs) de-
rived from a GWAS48) and ERS (Dierssen–Sotos score49) showed pos-
itive individual associations with BC incidence, the MRS (based on 
423 CpGs, derived from genetically predicted cytosine-phosphate-
guanine (CpG) methylation levels50) was not significantly associated 
with BC incidence. Adjusted ORs per SD increase in the score were 
1.48 (95% CI, 1.16–1.90), 1.40 (95% CI, 1.09–1.80), and 1.07 (95% CI, 
0.84–1.36) for the PRS, ERS, and MRS, respectively. In the current 
study, the CRC-specific miR-score23 integrating serum levels of seven 
miRNAs showed an even stronger inverse association with BC inci-
dence within 17 years of follow-up in the same cohort [adjusted OR 
per SD increase in the miR-score, 0.54 (95% CI, 0.40–0.72)] compared 
to the PRS and ERS. Future research should explore further enhanced 
BC risk prediction by combining the miRNA-based risk score with 
other biomarker or risk factor-based scores such as PRS and ERS.

In the same cohort, we previously also evaluated associations 
of a PRS (based on 31 previously identified SNPs) and MRS (based 
on 151 previously identified CpG loci) with LC incidence at up to 
14 years of follow-up.14 Both the PRS and MRS showed positive 
individual associations with LC incidence; in models comprehen-
sively adjusted for smoking history, adjusted ORs comparing the 
highest with lowest quartile were 1.93 (95% CI, 1.05–3.71) and 
5.64 (95% CI, 2.13–17.03) for the PRS and MRS, respectively. In 
another recent study,13 we derived and validated an LC-specific 
miR-score that enhanced LC risk prediction when combined with 
pack-years or established risk factor-based LC risk models within 
14 years of follow-up in the ESTHER cohort. This 3-miRNA-based 
score was strongly associated with LC risk after comprehensively 
adjusting for smoking history [adjusted OR per SD increase in the 
miR-score was 2.23 (95% CI, 1.71–2.90)]. In the current study, the 
CRC-specific 7-miRNA-based score23 was inversely associated 
with LC incidence within 17 years of follow-up in the ESTHER co-
hort [age and sex-adjusted OR per SD increase in the miR-score 
0.64 (95% CI, 0.48–0.84)]. Interestingly, the LC-specific and CRC-
specific miR-scores were composed of distinct miRNAs indicat-
ing that miRNA profiles associated with tumor progression differ 
across cancer types and could be useful for developing personal-
ized screening strategies.

The strengths of our study include evaluation of circulating 
miRNAs as biomarkers of risk of different cancers diagnosed 
within a large prospective cohort with a 17-year follow-up. 
Complete ascertainment of incident cancers in the study popu-
lation was ensured by linking the ESTHER cohort data with data 
from the Saarland Cancer Registry. Even though measurement of 
miRNAs well before diagnosis is a major asset for risk assessment 
compared to the commonly employed approach with blood sam-
pling after cancer diagnosis, a limitation of our study is that it is 
based on samples collected only once at baseline (i.e. at a single 
time point), which prohibited evaluation of longitudinal changes 
in miRNA profiles in relation to cancer development. The study 

design did not allow assessment of changing miRNA patterns and 
cancer risk over time. As miRNA levels have been reported to 
change during tumor development and proliferation,51,52 further 
studies measuring miRNAs repeatedly over time in representative 
population cohorts are needed to more accurately define their po-
tential use for cancer risk stratification. Furthermore, our study fo-
cused only on a specific miRNA panel and its association with the 
risk of developing different cancers. Other miRNAs not included 
in our panel might also be informative for risk assessment of BC, 
LC, and PC. Finally, we would like to note that our results based 
on the ESTHER cohort cannot be generalized to non-Caucasian 
populations and younger adults.

To conclude, we observed strong inverse associations of our pre-
viously reported23 CRC-specific miR-score with the risk of BC and 
LC. We observed no statistically significant association of the miR-
score with PC risk. Our study illustrates that serum miRNA levels are 
altered years before BC and LC occurrence, advancing the concept 
that circulating miRNAs might be potentially useful biomarkers for 
risk stratification in cancer screening. Compared to individuals re-
maining free of the four most frequent cancers, serum miRNA pro-
files in patients with subsequent cancer development varied across 
different cancer types. Thus, our findings highlight the potential of 
serum-based miRNA biomarkers for cancer risk stratification and 
their potential use for personalized, risk-adapted cancer screening. 
Further large cohort studies with longitudinal repeat measurement 
of serum miRNA profiles aiming to investigate, validate, and optimize 
the use of circulating miRNA signatures for cancer risk assessment 
are warranted.

AUTHOR CONTRIBUTIONS
Janhavi R. Raut: Formal analysis; methodology; project administra-
tion; writing – original draft. Megha Bhardwaj: Writing – review 
and editing. Ben Schöttker: Resources; writing – review and edit-
ing. Bernd Holleczek: Resources; writing – review and editing. Petra 
Schrotz-King: Methodology; project administration; writing – re-
view and editing. Hermann Brenner: Conceptualization; methodol-
ogy; resources; supervision; writing – review and editing.

ACKNOWLEDG MENTS
We acknowledge the contributions of all the technicians and admin-
istrative staff in the collection and preparation of ESTHER biologi-
cal samples. Open Access funding enabled and organized by Projekt 
DEAL.

FUNDING INFORMATION
The ESTHER study was supported by grants from the 
Bundesministerium für Familie, Senioren, Frauen und Jugend (Federal 
Ministry of Family Affairs, Senior Citizens, Women and Youth, 
Berlin, Germany); the Ministerium für Wissenschaft, Forschung 
und Kunst Baden-Württemberg (Ministry of Science, Research and 
Art Baden-Württemberg, Stuttgart, Germany); the Ministerium für 
Soziales, Gesundheit, Frauen und Familie, Deutschland (Ministry 
for Social Affairs, Health, Women and Family Affairs, Saarbrücken, 

 13497006, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cas.16135 by D

kfz Z
entralbibliothek K

rebsforschungszentrum
, W

iley O
nline L

ibrary on [03/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  2057RAUT et al.

Germany); and the Bundesministerium für Bildung und Forschung 
(Federal Ministry of Education and Research, Berlin, Germany). The 
sponsors had no role in the study design, in the collection, analysis 
and interpretation of data, and the preparation, review, or approval 
of the manuscript.

CONFLIC T OF INTERE S T S TATEMENT
The authors have no conflicts of interest to declare.

E THIC S S TATEMENT
- Approval of the research protocol by an Institutional Reviewer 
Board: Yes.
- Informed Consent: All participants provided written informed 
consent.
- Registry and the Registration No. of the study/trial: The study was 
approved by the ethics committees of the Medical Faculty of the 
University of Heidelberg and of the state medical board of Saarland, 
Germany.
- Animal Studies: N/A.

ORCID
Janhavi R. Raut   https://orcid.org/0000-0001-6537-8598 

R E FE R E N C E S
	 1.	 Sung H, Ferlay J, Siegel RL, et  al. Global cancer statistics 2020: 

GLOBOCAN estimates of incidence and mortality worldwide for 
36 cancers in 185 countries. CA Cancer J Clin. 2021;71(3):209-249. 
doi:10.3322/caac.21660

	 2.	 Ferlay J, Colombet M, Soerjomataram I, et al. Cancer statistics for 
the year 2020: an overview. Int J Cancer. 2021;149(4):778-789. 
doi:10.1002/ijc.33588

	 3.	 Shieh Y, Eklund M, Sawaya GF, Black WC, Kramer BS, Esserman LJ. 
Population-based screening for cancer: hope and hype. Nat Rev Clin 
Oncol. 2016;13(9):550-565. doi:10.1038/nrclinonc.2016.50

	 4.	 Loomans-Kropp HA, Umar A. Cancer prevention and screening: 
the next step in the era of precision medicine. NPJ Precis Oncol. 
2019;3:3. doi:10.1038/s41698-018-0075-9

	 5.	 de Carvalho TM, Heijnsdijk EA, de Koning HJ. Screening for pros-
tate cancer in the US? Reduce the harms and keep the benefit. Int J 
Cancer. 2015;136(7):1600-1607. doi:10.1002/ijc.29136

	 6.	 de Koning HJ, Meza R, Plevritis SK, et  al. Benefits and harms of 
computed tomography lung cancer screening strategies: a compar-
ative modeling study for the U.S. Preventive Services Task Force. 
Ann Intern Med. 2014;160(5):311-320. doi:10.7326/m13-2316

	 7.	 Løberg M, Lousdal ML, Bretthauer M, Kalager M. Benefits and harms 
of mammography screening. Breast Cancer Res. 2015;17(1):63. 
doi:10.1186/s13058-015-0525-z

	 8.	 Gail MH, Brinton LA, Byar DP, et  al. Projecting individualized 
probabilities of developing breast cancer for white females who 
are being examined annually. J Natl Cancer Inst. 1989;81(24):1879-
1886. doi:10.1093/jnci/81.24.1879

	 9.	 Lee A, Mavaddat N, Wilcox AN, et al. BOADICEA: a comprehen-
sive breast cancer risk prediction modelincorporating genetic 
and nongenetic risk factors. Genet Med. 2019;21(8):1708-1718. 
doi:10.1038/s41436-018-0406-9

	10.	 Tice JA, Cummings SR, Smith-Bindman R, Ichikawa L, Barlow WE, 
Kerlikowske K. Using clinical factors and mammographic breast 
density to estimate breast cancer risk: development and validation 
of a new predictive model. Ann Intern Med. 2008;148(5):337-347. 
doi:10.7326/0003-4819-148-5-200,803,040-00004

	11.	 Guan Z, Raut JR, Weigl K, et al. Individual and joint performance of 
DNA methylation profiles, genetic risk score and environmental risk 
scores for predicting breast cancer risk. Mol Oncol. 2020;14(1):42-
53. doi:10.1002/1878-0261.12594

	12.	 Katki HA, Kovalchik SA, Petito LC, et al. Implications of nine risk 
prediction models for selecting ever-smokers for computed tomog-
raphy lung cancer screening. Ann Intern Med. 2018;169(1):10-19. 
doi:10.7326/m17-2701

	13.	 Yu H, Raut JR, Bhardwaj M, et al. A serum microRNA signature for 
enhanced selection of people for lung cancer screening. Cancer 
Commun (Lond). 2022;42(11):1222-1225. doi:10.1002/cac2.12346

	14.	 Yu H, Raut JR, Schöttker B, Holleczek B, Zhang Y, Brenner H. 
Individual and joint contributions of genetic and methylation 
risk scores for enhancing lung cancer risk stratification: data 
from a population-based cohort in Germany. Clin. Epigenetics. 
2020;12(1):89. doi:10.1186/s13148-020-00872-y

	15.	 Li-Sheng Chen S, Ching-Yuan Fann J, Sipeky C, et al. Risk prediction 
of prostate cancer with single nucleotide polymorphisms and pros-
tate specific antigen. J Urol. 2019;201(3):486-495. doi:10.1016/j.
juro.2018.10.015

	16.	 Schoots IG, Roobol MJ. Multivariate risk prediction tools including 
MRI for individualized biopsy decision in prostate cancer diagnosis: 
current status and future directions. World J Urol. 2020;38(3):517-
529. doi:10.1007/s00345-019-02707-9

	17.	 Vickers A, Cronin A, Roobol M, et al. Reducing unnecessary biopsy 
during prostate cancer screening using a four-kallikrein panel: an 
independent replication. J Clin Oncol. 2010;28(15):2493-2498. 
doi:10.1200/jco.2009.24.1968

	18.	 Boeri M, Verri C, Conte D, et  al. MicroRNA signatures in tis-
sues and plasma predict development and prognosis of com-
puted tomography detected lung cancer. Proc Natl Acad Sci U S A. 
2011;108(9):3713-3718. doi:10.1073/pnas.1100048108

	19.	 Farina NH, Ramsey JE, Cuke ME, et  al. Development of a pre-
dictive miRNA signature for breast cancer risk among high-risk 
women. Oncotarget. 2017;8(68):112170-112183. doi:10.18632/
oncotarget.22750

	20.	 Godfrey AC, Xu Z, Weinberg CR, et al. Serum microRNA expres-
sion as an early marker for breast cancer risk in prospectively col-
lected samples from the sister study cohort. Breast Cancer Res. 
2013;15(3):R42. doi:10.1186/bcr3428

	21.	 Keller A, Fehlmann T, Backes C, et al. Competitive learning suggests 
circulating miRNA profiles for cancers decades prior to diagnosis. 
RNA Biol. 2020;17(10):1416-1426. doi:10.1080/15476286.2020.17
71945

	22.	 Taslim C, Weng DY, Brasky TM, et  al. Discovery and replica-
tion of microRNAs for breast cancer risk using genome-wide 
profiling. Oncotarget. 2016;7(52):86457-86468. doi:10.18632/
oncotarget.13241

	23.	 Raut JR, Schöttker B, Holleczek B, et al. A microRNA panel com-
pared to environmental and polygenic scores for colorectal can-
cer risk prediction. Nat Commun. 2021;12(1):4811. doi:10.1038/
s41467-021-25,067-8

	24.	 O'Brien J, Hayder H, Zayed Y, Peng C. Overview of MicroRNA bio-
genesis, mechanisms of actions, and circulation. Front Endocrinol. 
2018;9:402. doi:10.3389/fendo.2018.00402

	25.	 Mitchell PS, Parkin RK, Kroh EM, et  al. Circulating microR-
NAs as stable blood-based markers for cancer detection. Proc 
Natl Acad Sci U S A. 2008;105(30):10513-10518. doi:10.1073/
pnas.0804549105

	26.	 Zhang Y, Wilson R, Heiss J, et  al. DNA methylation signatures in 
peripheral blood strongly predict all-cause mortality. Nat Commun. 
2017;8:14617. doi:10.1038/ncomms14617

	27.	 Schöttker B, Haug U, Schomburg L, et  al. Strong associations of 
25-hydroxyvitamin D concentrations with all-cause, cardiovascu-
lar, cancer, and respiratory disease mortality in a large cohort study. 
Am J Clin Nutr. 2013;97(4):782-793. doi:10.3945/ajcn.112.047712

 13497006, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cas.16135 by D

kfz Z
entralbibliothek K

rebsforschungszentrum
, W

iley O
nline L

ibrary on [03/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0001-6537-8598
https://orcid.org/0000-0001-6537-8598
https://doi.org//10.3322/caac.21660
https://doi.org//10.1002/ijc.33588
https://doi.org//10.1038/nrclinonc.2016.50
https://doi.org//10.1038/s41698-018-0075-9
https://doi.org//10.1002/ijc.29136
https://doi.org//10.7326/m13-2316
https://doi.org//10.1186/s13058-015-0525-z
https://doi.org//10.1093/jnci/81.24.1879
https://doi.org//10.1038/s41436-018-0406-9
https://doi.org//10.7326/0003-4819-148-5-200,803,040-00004
https://doi.org//10.1002/1878-0261.12594
https://doi.org//10.7326/m17-2701
https://doi.org//10.1002/cac2.12346
https://doi.org//10.1186/s13148-020-00872-y
https://doi.org//10.1016/j.juro.2018.10.015
https://doi.org//10.1016/j.juro.2018.10.015
https://doi.org//10.1007/s00345-019-02707-9
https://doi.org//10.1200/jco.2009.24.1968
https://doi.org//10.1073/pnas.1100048108
https://doi.org//10.18632/oncotarget.22750
https://doi.org//10.18632/oncotarget.22750
https://doi.org//10.1186/bcr3428
https://doi.org//10.1080/15476286.2020.1771945
https://doi.org//10.1080/15476286.2020.1771945
https://doi.org//10.18632/oncotarget.13241
https://doi.org//10.18632/oncotarget.13241
https://doi.org//10.1038/s41467-021-25,067-8
https://doi.org//10.1038/s41467-021-25,067-8
https://doi.org//10.3389/fendo.2018.00402
https://doi.org//10.1073/pnas.0804549105
https://doi.org//10.1073/pnas.0804549105
https://doi.org//10.1038/ncomms14617
https://doi.org//10.3945/ajcn.112.047712


2058  |    RAUT et al.

	28.	 Brenner H, Cardoso R, Heisser T, Hoffmeister M, Holleczek B. 
Indications of substantial delay of colorectal cancer diagnoses due 
to COVID-19 in Germany. Lancet Reg Health Eur. 2022;23:100543. 
doi:10.1016/j.lanepe.2022.100543

	29.	 Holleczek B, Stegmaier C, Radosa JC, Solomayer EF, Brenner H. Risk 
of loco-regional recurrence and distant metastases of patients with 
invasive breast cancer up to ten years after diagnosis - results from 
a registry-based study from Germany. BMC Cancer. 2019;19(1):520. 
doi:10.1186/s12885-019-5710-5

	30.	 Blondal T, Jensby Nielsen S, Baker A, et al. Assessing sample and 
miRNA profile quality in serum and plasma or other biofluids. 
Methods. 2013;59(1):S1-S6. doi:10.1016/j.ymeth.2012.09.015

	31.	 Kirschner MB, Edelman JJ, Kao SC, Vallely MP, van Zandwijk N, 
Reid G. The impact of hemolysis on cell-free microRNA biomarkers. 
Front Genet. 2013;4:94. doi:10.3389/fgene.2013.00094

	32.	 Pritchard CC, Kroh E, Wood B, et al. Blood cell origin of circulat-
ing microRNAs: a cautionary note for cancer biomarker studies. 
Cancer Prev Res (Phila). 2012;5(3):492-497. doi:10.1158/1940-6207.
Capr-11-0370

	33.	 Shah JS, Soon PS, Marsh DJ. Comparison of methodologies to de-
tect low levels of hemolysis in serum for accurate assessment of 
serum microRNAs. PloS One. 2016;11(4):e0153200. doi:10.1371/
journal.pone.0153200

	34.	 Ramakers C, Ruijter JM, Deprez RH, Moorman AF. Assumption-
free analysis of quantitative real-time polymerase chain reac-
tion (PCR) data. Neurosci Lett. 2003;339(1):62-66. doi:10.1016/
s0304-3940(02)01423-4

	35.	 Andersen CL, Jensen JL, Orntoft TF. Normalization of real-time 
quantitative reverse transcription-PCR data: a model-based vari-
ance estimation approach to identify genes suited for normaliza-
tion, applied to bladder and colon cancer data sets. Cancer Res. 
2004;64(15):5245-5250. doi:10.1158/0008-5472.Can-04-0496

	36.	 Jensen SG, Lamy P, Rasmussen MH, et al. Evaluation of two com-
mercial global miRNA expression profiling platforms for detec-
tion of less abundant miRNAs. BMC Genomics. 2011;12(1):435. 
doi:10.1186/1471-2164-12-435

	37.	 Fuziwara CS, Kimura ET. Insights into regulation of the miR-17-92 
cluster of miRNAs in cancer. mini review. Front Med. 2015;2:64. 
doi:10.3389/fmed.2015.00064

	38.	 Mogilyansky E, Rigoutsos I. The miR-17/92 cluster: a comprehen-
sive update on its genomics, genetics, functions and increasingly 
important and numerous roles in health and disease. Cell Death 
Differ. 2013;20(12):1603-1614. doi:10.1038/cdd.2013.125

	39.	 Gu Y, Liu S, Zhang X, et  al. Oncogenic miR-19a and miR-19b co-
regulate tumor suppressor MTUS1 to promote cell proliferation 
and migration in lung cancer. Protein Cell. 2017;8(6):455-466. 
doi:10.1007/s13238-017-0393-7

	40.	 Lin Q, Chen T, Lin Q, et  al. Serum miR-19a expression correlates 
with worse prognosis of patients with non-small cell lung cancer. J 
Surg Oncol. 2013;107(7):767-771. doi:10.1002/jso.23312

	41.	 Fan L, Qi H, Teng J, et  al. Identification of serum miRNAs by 
nano-quantum dots microarray as diagnostic biomarkers for 
early detection of non-small cell lung cancer. Tumor Biology. 
2016;37(6):7777-7784. doi:10.1007/s13277-015-4608-3

	42.	 Lu S, Kong H, Hou Y, et  al. Two plasma microRNA panels for di-
agnosis and subtype discrimination of lung cancer. Lung Cancer. 
2018;123:44-51. doi:10.1016/j.lungcan.2018.06.027

	43.	 Alcantara KMM, Garcia RL. MicroRNA-92a promotes cell prolifer-
ation, migration and survival by directly targeting the tumor sup-
pressor gene NF2 in colorectal and lung cancer cells. Oncol Rep. 
2019;41(4):2103-2116. doi:10.3892/or.2019.7020

	44.	 Jinghua H, Qinghua Z, Chenchen C, et al. MicroRNA miR-92a-3p 
regulates breast cancer cell proliferation and metastasis via 
regulating B-cell translocation gene 2 (BTG2). Bioengineered. 
2021;12(1):2033-2044. doi:10.1080/21655979.2021.1924543

	45.	 Yamada NO, Senda T. Circulating microRNA-92a-3p in colorec-
tal cancer: a review. Med Mol Morphol. 2021;54(3):193-202. 
doi:10.1007/s00795-021-00282-w

	46.	 Yanshen Z, Lifen Y, Xilian W, Zhong D, Huihong M. miR-92a pro-
motes proliferation and inhibits apoptosis of prostate cancer 
cells through the PTEN/Akt signaling pathway. Libyan. J Med. 
2021;16(1):1971837. doi:10.1080/19932820.2021.1971837

	47.	 Reis PP, Drigo SA, Carvalho RF, et  al. Circulating miR-16-5p, 
miR-92a-3p, and miR-451a in plasma from lung cancer patients: 
potential application in early detection and a regulatory role 
in tumorigenesis pathways. Cancers (Basel). 2020;12(8):2071. 
doi:10.3390/cancers12082071

	48.	 Mavaddat N, Michailidou K, Dennis J, et al. Polygenic risk scores for 
prediction of breast cancer and breast cancer subtypes. Am J Hum 
Genet. 2019;104(1):21-34. doi:10.1016/j.ajhg.2018.11.002

	49.	 Dierssen-Sotos T, Gómez-Acebo I, Palazuelos C, et al. Validating a 
breast cancer score in Spanish women. the MCC-Spain study. Sci 
Rep. 2018;8(1):3036. doi:10.1038/s41598-018-20,832-0

	50.	 Yang Y, Wu L, Shu XO, et al. Genetically predicted levels of DNA 
methylation biomarkers and breast cancer risk: data from 228,951 
women of european descent. J Natl Cancer Inst. 2020;112(3):295-
304. doi:10.1093/jnci/djz109

	51.	 Keller A, Leidinger P, Gislefoss R, et al. Stable serum miRNA profiles 
as potential tool for non-invasive lung cancer diagnosis. RNA Biol. 
2011;8(3):506-516. doi:10.4161/rna.8.3.14994

	52.	 Petrovic N, Ergun S, Isenovic ER. Levels of MicroRNA heterogeneity 
in cancer biology. Mol Diagn Ther. 2017;21(5):511-523. doi:10.1007/
s40291-017-0285-9

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Raut JR, Bhardwaj M, Schöttker B, 
Holleczek B, Schrotz-King P, Brenner H. Cancer-specific risk 
prediction with a serum microRNA signature. Cancer Sci. 
2024;115:2049-2058. doi:10.1111/cas.16135

 13497006, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cas.16135 by D

kfz Z
entralbibliothek K

rebsforschungszentrum
, W

iley O
nline L

ibrary on [03/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org//10.1016/j.lanepe.2022.100543
https://doi.org//10.1186/s12885-019-5710-5
https://doi.org//10.1016/j.ymeth.2012.09.015
https://doi.org//10.3389/fgene.2013.00094
https://doi.org//10.1158/1940-6207.Capr-11-0370
https://doi.org//10.1158/1940-6207.Capr-11-0370
https://doi.org//10.1371/journal.pone.0153200
https://doi.org//10.1371/journal.pone.0153200
https://doi.org//10.1016/s0304-3940(02)01423-4
https://doi.org//10.1016/s0304-3940(02)01423-4
https://doi.org//10.1158/0008-5472.Can-04-0496
https://doi.org//10.1186/1471-2164-12-435
https://doi.org//10.3389/fmed.2015.00064
https://doi.org//10.1038/cdd.2013.125
https://doi.org//10.1007/s13238-017-0393-7
https://doi.org//10.1002/jso.23312
https://doi.org//10.1007/s13277-015-4608-3
https://doi.org//10.1016/j.lungcan.2018.06.027
https://doi.org//10.3892/or.2019.7020
https://doi.org//10.1080/21655979.2021.1924543
https://doi.org//10.1007/s00795-021-00282-w
https://doi.org//10.1080/19932820.2021.1971837
https://doi.org//10.3390/cancers12082071
https://doi.org//10.1016/j.ajhg.2018.11.002
https://doi.org//10.1038/s41598-018-20,832-0
https://doi.org//10.1093/jnci/djz109
https://doi.org//10.4161/rna.8.3.14994
https://doi.org//10.1007/s40291-017-0285-9
https://doi.org//10.1007/s40291-017-0285-9
https://doi.org/10.1111/cas.16135

	Cancer-­specific risk prediction with a serum microRNA signature
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study design and population
	2.2|miRNA quantification by quantitative PCR
	2.3|Statistical analysis

	3|RESULTS
	3.1|Characteristics of the study population
	3.2|Comparison of serum miRNA levels between incident cases of different cancers and controls
	3.3|Associations of the colorectal cancer-­specific miR-­score with risk of different cancers

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	ETHICS STATEMENT
	REFERENCES


