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Serum miR371 in testicular 
germ cell cancer 
before and after orchiectomy, 
assessed by digital‑droplet PCR 
in a prospective study
Mette Pernille Myklebust 1*, Anna Thor2, Benedikte Rosenlund1, Peder Gjengstø3, 
Ása Karlsdottir1, Marianne Brydøy1, Bogdan S. Bercea4, Christian Olsen1, Ida Johnson5, 
Mathilde I. Berg5, Carl W. Langberg6, Kristine E. Andreassen6, Anders Kjellman2, 
Hege S. Haugnes7,8 & Olav Dahl1

MicroRNA‑371a‑3p (miR371) has been suggested as a sensitive biomarker in testicular germ cell 
cancer (TGCC). We aimed to compare miR371 with the classical biomarkers α‑fetoprotein (AFP) and 
β‑human chorionic gonadotropin  (hCGβ). Overall, 180 patients were prospectively enrolled in the 
study, with serum samples collected before and after orchiectomy. We compared the use of digital 
droplet PCR (RT‑ddPCR) with the quantitative PCR used by others for detection of miR371. The novel 
RT‑ddPCR protocol showed high performance in detection of miR371 in serum samples. In the study 
cohort, miR371 was measured using RT‑ddPCR. MiR371 detected CS1 of the seminoma and the non‑
seminoma sub‑types with a sensitivity of 87% and 89%, respectively. The total sensitivity was 89%. 
After orchiectomy, miR371 levels declined in 154 of 159 TGCC cases. The ratio of miR371 pre‑ and 
post‑orchiectomy was 20.5 in CS1 compared to 6.5 in systemic disease. AFP and  hCGβ had sensitivities 
of 52% and 51% in the non‑seminomas. MiR371 is a sensitive marker that performs better than the 
classical markers in all sub‑types and clinical stages. Especially for the seminomas CS1, the high 
sensitivity of miR371 in detecting TGCC cells may have clinical implications.

Abbreviations
hCGβ  Human chorionic gonadotropin type beta
NTC  No-template control
AFP  Alpha-fetoprotein
Cq  Cycle of quantification
CS  Clinical stage
miR371  MicroRNA-371a-3p
LDH  Lactate dehydrogenase
LOB  Limit-of-blank
LOD  Limit-of-detection
LOQ  Limit-of-quantification
PPV  Positive prediction value
RT-ddPCR  Reverse transcriptase digital-droplet PCR
RT-qPCR  Reverse-transcriptase quantitative PCR (also known as real-time-PCR)
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RPLND  Retroperitoneal lymph node dissection
TGCC   Testicular germ cell cancer

Testicular germ cell cancer (TGCC) is the most common cancer type among young men aged 15–49 years 
in the Western countries. Briefly, post-pubertal TGCC derived from germ cell neoplasia in situ (GCNIS) is 
classified into the histological sub-types seminomas and non-seminomas, with non-seminomas further classi-
fied into embryonal carcinomas, choriocarcinomas, yolk-sac tumours and  teratomas1. The disease is effectively 
treated surgically with the addition of chemotherapy in high-risk clinical stage 1 (CS1) and metastatic  cases2. 
Chemotherapy is administered according to TGCC sub-type and stage at diagnosis and is in Norway and Sweden 
risk-adapted in order to reduce the amount of chemotherapy given to these young  patients3. Unfortunately, this 
treatment success comes with a price as the cytotoxic treatment is associated with severe long-term and late side 
effects e.g. impaired infertility, peripheral neuropathy, second  cancers4 and cardiovascular  disease5–8, and also 
increased late mortality manifested up to 30 years after  treatment9–11. The toxicity of the cisplatin-based cycles 
used is  additive12,13; hence there is a large benefit by avoiding overtreatment in this patient group.

The current circulating biomarkers used in management of TGCC are human chorionic gonadotropin type 
beta  (hCGβ), alpha-fetoprotein (AFP) and lactate dehydrogenase (LDH). One challenge is that these biomark-
ers, particularly LDH, have low sensitivity and specificity. Overall, AFP and  hCGβ are expressed at pathological 
levels in less than 50% of all testicular TGCC  cases14. Especially for the teratomas and pure seminomas there is 
an evident need for new, circulating markers.

MicroRNAs (miRs) are small, endogenous and non-coding RNAs that are involved in posttranscriptional 
regulation of gene  expression15. MicroRNAs of the miR-302/367 and miR371-373 clusters were found to be 
expressed in embryonal stem  cells16 and in testicular germ cell  tumours17. Later, circulating microRNA-371a-3p 
(miR371) has been identified as the most promising candidate and shown to be present in almost all TGCC 
 patients17–23. A large, prospective multicentre study showed miR371 to be positive in 90.1% of the TGCC cases 
at the time of  diagnosis20. The specificity of the test was also very high (94%). Recently, this superior sensitivity 
and specificity was reproduced by another  group24. Studies also showed that miR371 levels were elevated in cases 
with residual tumour masses after chemotherapy and in recurrent  cases20,24,25. Detection of circulating miR371 
in serum or plasma are challenging as the levels are very low. The published studies have all used detection of 
miR371 by quantitative reverse transcriptase PCR (RT-qPCR) and hydrolysis probes after microRNA specific 
cDNA synthesis. A pre-amplification has been added to the protocol as the levels are approaching the limits 
for detection by RT-qPCR26,27. Digital droplet PCR (ddPCR) has been increasingly used the last years, also for 
microRNA  analysis28,29. ddPCR has been shown to have greater precision and less day-to-day variation compared 
to RT-qPCR, especially at very low abundance of target  molecules28,30,31.

MicroRNAs were initially presumed to be quite stable at room temperature in serum, an important feature for 
a clinical  biomarker27. However, studies indicate microRNAs in blood to be altered during  storage32–35. Hence, 
the stability of each microRNA must be established specifically.

In the present study, TGCC patients undergoing orchiectomy were included prospectively and serum miR371 
was analysed in pre- and post-orchiectomy samples. We aimed to verify the high sensitivity of miR371 by reverse 
transcription digital droplet PCR (RT-ddPCR) in detection of TGCC as reported by others using RT-qPCR. We 
compared the performance of reverse RT-ddPCR with RT-qPCR and assessed the sensitivity and specificity of 
miR371 as a biomarker for TGCC. We also present data indicating the stability of serum miR371 in vitro and 
the half-life of miR371 in vivo.

Results
Performance of the qPCR and ddPCR miR371 protocols. For RT-qPCR, the no-template control 
(NTC) consistently showed no amplification signal (Cq > 40), and the Negative serum control had Cq values in 
the range 30.5 to > 40. Correspondingly, for RT-ddPCR the number of positive droplets in NTC and the nega-
tive serum control was well below the technical threshold of at least 3 positive droplets in 2 out of 3 replicates in 
all runs. One or two positive droplets were detected in the NTC in eight out of 60 runs. For the negative serum 
control, the mean value was 0.92 droplets (95% CI 0.69–1.15, range 0–4 droplets for the triplicate wells).

Our results show the RT-qPCR miR371 assay to be linear from our highest included concentration of Cq-
value 23.45 to Cq-value 28.15 (Fig. 1A). RT-ddPCR showed a comparable linearity from the highest included 
value of 18.90–0.82 copies/µL serum (Fig. 1B). The amplification efficiency for miR371 measured by qPCR with 
preamplification was 87% compared to 93% for ddPCR. The variation at the lower concentrations is shown for 
qPCR and ddPCR in Fig. 1C,D, respectively. The LOD determination for qPCR by repeated measurement of a 
sample with Cq-value first identified to be 30.5, showed that results of samples with Cq > 30 was not reproduced 
(Supplementary Information and Data 3). Four of the blood donors had positive amplification curves at Cq-
values 31.8, 31.1, 30.9 and 30.3. These results taken together, the threshold for calling miR371 positive in patient 
samples using RT-qPCR with pre-amp was set to Cq ≤ 29.5.

The mean miR371-level of the blood donors analysed by RT-ddPCR was 0.03 copies/µL serum (95% CI 
0.02–0.05), range 0.0–0.27 copies/µL serum. The miR371 ddPCR assay was linear down to measured 0.82 copies/
µL serum. The LOB was calculated to be 0.13 copies/µL serum at the 99% confidence level from the blood donor 
samples. Calculated LOD was thus 0.29 copies/µL. Patients samples with miR371 values higher than 0.45 cop-
ies/µL serum were called as positive, given that the miR30b was > 300 copies/µL serum and the total number of 
droplets for each well was > 13,000. The threshold of 0.45 copies/µL serum was established from the calculated 
LOD and the technical limit of at least three positive droplets in two out of three replicates, which corresponds 
to a value of ~ 0.39 droplets/µL serum. The threshold is above the highest miR371 levels from the blood donors. 
The LOQ was identified to be > 0.85 copies/µL serum (Supplementary information and Data 4).
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Reproducibility and repeatability. The two runs in the reproducibility test produced comparable results, 
for both RT-ddPCR and RT-qPCR. Supplementary Figure 2(A) and (C) show that both techniques tend to meas-
ure higher levels in the second run for miR371. The bias can most probably be attributed to the cDNA  synthesis36. 
The high concordance of miR30b between the two runs (Supplementary Figure 2B and D), indicates that both 
techniques have good reproducibility at higher abundance of the target. Further, when we examined the repeat-
ability in three samples which expressed miR371 at varying levels, the CV for ddPCR were 34.5%, 20.6% and 
14.4% from lowest to highest concentration respectively (Supplementary Figure 3A). The corresponding values 
for RT-qPCR were 2.7%, 1.24% and 0.08%. respectively (Supplementary Figure 3B). When assessing repeatabil-
ity and reproducibility, CV (%) < 35% and < 3% was considered acceptable in quantitative analysis (copy number, 
RT-ddPCR) and in qualitative analysis (raw Cq, RT-qPCR), respectively.

We conclude that RT-qPCR with pre-amplification and RT-ddPCR both performs well with comparable 
results. RT-ddPCR was chosen as the preferred analysis method due to the its high performance without pre-
amplification and the applicability of the analysis results as copies/µL serum in a clinical setting. The serum 
samples of the Study Cohort were analysed using RT-ddPCR.

miR371 as a biomarker at primary diagnosis. Our study prospectively included 180 patients with 
samples pre- and post-orchiectomy. After orchiectomy, 21 were diagnosed with other diagnoses than TGCC, 
of these were 15 benign, three Leydig cell tumours, two B-cell lymphomas and one malignant leiomyosarcoma. 
Of the TGCCs, 97 were seminomas and 62 non-seminomas. The clinical and pathological variables for all 
patients are listed in Table 1. The median miR371 expression in the TGCC patients was 7.59 copies/µL serum, 
range 0.06–1734.0  copies/µL serum. Linear regression analyses showed an association between tumour size 
and miR371 serum levels for the whole TGCC cohort  (R2 = 0.159, P < 0.001), the embryonal carcinomas (EC, 
 R2 = 0.211, P < 0.001) and the seminomas  (R2 = 0.433, P < 0.001), but not the non-seminomas including both 
mixed NS and EC (Fig. 2A).

Both seminomas and non-seminomas CS 1–4 had statistically significant higher pre-orchiectomy miR371 
levels than both healthy males and the included non-TGCC cases (Fig. 2B). There was no statistically significant 
difference in miR371 levels when seminomas were compared to non-seminomas. Overall, 17 (10.7%) TGCC 
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Figure 1.  Quantification of miR371 by RT-qPCR and RT-ddPCR in dilution series. Twofold dilutions of 
miR371 quantified by (A) RT-qPCR and (B) RT-ddPCR. Each colour and shape represent an independent 
dilution curve preparation. (C) Repeatability at the lower concentration range for (B) RT-qPCR and (D) 
RT-ddPCR. The results for each dilution are shown as mean of ten measurements with standard deviation. Note 
that the results are given as raw Cq-values for RT-qPCR, but as copies/µL serum for RT-ddPCR. Due to the 
logarithmic nature of the RT-qPCR results, a difference of 1.0 Cq-value represents a twofold change in miR371. 
Also note that the direction of the axes is reversed for RT-qPCR in order to facilitate comparison to ddPCR.
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patients were miR371 negative (six non-seminomas and eleven seminomas). None of these were pure teratomas. 
One of the negative non-seminoma patients was CS2 and had a 13 cm large tumour classified as 60% teratoma 
and 40% seminoma, while three were embryonal carcinoma CS1 and two were mixed non-seminomas CS1. All 
negative seminomas were classified as CS1. One of the miR371 negative patients had  hCGβ slightly above the 
threshold, the other 16 were negative for both  hCGβ and AFP.

Table 1.  Clinicopathological variables for the participants of the study. N number, CS clinical stage, TGCC  
testicular germ cell cancer, AFP alfa-fetoprotein, hCGβ human chorionic gonadotropin. a Clinical stage is 
according to the Royal Marsden staging  system52. b Among the 180 included patients, two were pure teratomas, 
34 had a teratoma component. c Pre-orchiectomy AFP was missing for 5 patients. d Pre-orchiectomy  hCGβ was 
missing for 11 patients.

Parameter

Participants (N, %), total N = 180

CS1 (N = 131)a CS2 (N = 25)a CS3 (N = 1)a CS4 (N = 2)a Controls (N = 21)

Age (median, range) 35.3 (17.8–47.9) 32.5 (19.1–52.13) 32.8 36.1 (32.3–39.5) 39.0 (21.0–80.8)

Histological type

Seminoma 86 (65.6) 10 (40.0) 1 (100) 0 –

Non-seminoma 45 (34.4) 15 (60.0) 0 2 (100) –

 Embryonal carcinoma 13 (9.9) 5 (20.0) – 0 –

 Yolk sac tumour 0 0 – 0 –

 Choriocarcinoma 0 0 – 0 –

  Teratomab 1 (0.8) 1 (4.0) – 0 –

 Mixed non-seminoma 31 (23.7) 9 (36.0) – 2 (100) –

Benign/non-TGCC – – – – 21

Healthy males – – – – 50

Tumour size (cm) (median, range) 3.0 (0.4–8.5) 4.8 (0.5–13.0) 2.6 (NA) 3.6 (2.3–4.9) –

Vascular invasion 20 (15.3) 14 (56.0) 1 (100) 2 (100) –

AFP (above upper ref. limit)c 23 (17.7) 8 (32.0) 1 (100) 2 (100)

HCGβ (above to upper ref. limit)d 46 (35.1) 14 (56.0) 1 (100) 2 (100)

miR371 positive 115 (87.8) 24 (96.0) 1 (100) 2 (100) 0

miR371 copies/µL serum (mean, SD) 30.50 (62.69) 126.29 (344.46) 26.31 (–) 56.60 (73.67) 0.05 (0.05)
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Figure 2.  (A) Association between tumour size and miR371 expression in the histological subtypes of TGCC. 
The tumour size is plotted against miR371 expression. Regression lines for the subtypes are shown. A tumour 
was classified as EC if >20% of the tumour bulk consisted of EC cells. NS non-seminoma, EC embryonal 
carcinoma, S seminoma. (B) MiR371 expression prior to orchiectomy across the histological sub-types and 
clinical stages. The threshold for calling miR371 as positive is shown as a dotted, red line. Shown are mean 
values with 95% confidence interval. S seminomas, NS non-seminomas, TGCC  testicular germ cell cancer, 
TGCCC, patients included with suspected TGCC, but diagnosed with other benign and malignant conditions; 
Healthy males, blood donors. ***P < 0.001; **P < 0.01; *P < 0.05; nsP > 0.05.
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The miR371 RT-ddPCR analysis with threshold 0.45 copies/µL serum had a sensitivity of 89% (95% CI 
85–94%) and a PPV of 100% for detection of TGCC in the entire study cohort. The sensitivity for CS1–4 semi-
nomas was 89% (95% CI 82–95%) and 0.90 (95% CI 83–98%) for CS1–4 non-seminomas. Seminomas CS1 and 
non-seminomas CS1 had sensitivities of 87% (95% CI 80–94%) and 89% (95% CI 80–98%), respectively. The 
specificity for the whole cohort was 100%. The NPV was 55% (95% CI 39–71%) for the entire cohort.

Among the miR371 positive CS1 orchiectomised patients (N = 115), 97.9% had decreased miR371 levels 
18–48 h after removal of primary tumour (Fig. 3A). For CS1 patients, the median ratio for miR371 values at 
baseline versus 18–48 h after orchiectomy was 20.5 (range 1.1–1405.7). For CS2–4 patients, 85.7% showed a 
decline in miR371 after orchiectomy, but the median ratio of 6.5 (range 0.13–74.87) was statistically lower than 
for CS1 (Fig. 3B, P = 0.011). MiR371 levels increased for three of the patients after orchiectomy with CS > 1, of 
whom two were CS 2 patients in which miR371 levels were normalised after start of chemotherapy, the third 
was a CS 2 patient where miR371 was normalised after RPLND and chemotherapy. Histological analysis showed 
EC in the RPLND specimen.

Two of the included patients had pure teratomas. One patient diagnosed with pure teratoma CS2 was positive 
for miR371, and miR371 expression persisted until RPLND was performed. Histological diagnosis after RPLND 
showed metastasis of embryonal carcinoma, as mentioned above. The second teratoma patient had pure teratoma 
CS1, with GCNIS in the specimen. This patient had miR371 above the threshold before orchiectomy, but miR371 
declined to values within the normal range after orchiectomy.

We did not perform experiments designed to investigate the in vivo half-life of miR371 and our material 
includes few serial samples within the first week after orchiectomy, but the initial in vivo half-life of miR371 was 
estimated to be less than 5 h using non-linear regression analysis of three confirmed CS1 patients with at least 
two samples post-orchiectomy (Supplementary Figure 4).

AFP and hCGβ. The classical markers AFP and  hCGβ had levels above the thresholds for 21% and 42% of the 
patients with TGCC, respectively. Seminomas CS1 had the lowest expression with only 33% expressing  hCGβ. 
Among the non-seminomas CS1, 50% expressed AFP and 46% expressed  hCGβ above the reference thresholds. 
The expression of AFP and  hCGβ before orchiectomy across the histological subtypes and clinical stages are 
shown in Fig. 4. The expression of LDH can be found in Supplementary Figure 5.

Stability of miR371 in serum. MiR371 levels in serum separated from the blood cells and incubated at 
room temp showed marked decrease. The decrease was statistically significant after 5 h for miR371 (P = 0.038, 
Supplementary Figure  6A) and after 3  h for miR30b (P = 0.015, Supplementary Figure  6C) at RT. Variation 
in degradation among the samples were noted. Storage of serum at 4 °C after separation inhibits degradation 
(Supplementary Figure 6B) and Supplementary Figure 6D). The decrease in miR371 at 4  °C was statistically 
significant after 4 h (P = 0.027), but not for miR30b (P = 0.54). After 30 h at 4 °C, the decrease in both miR371 
and miR30b were statistically significant (P < 0.001), but less than for the samples at RT. The mean miR371 ratios 
after 4 h at RT and 4 °C were 0.7 (SD = 0.13) and 0.8 (SD = 0.08), respectively. After 30 h at RT and 4 °C, the mean 
miR371 ratios were 0.2 (SD = 0.05) and 0.7 (SD = 0.15), respectively.

Pre Post
0.01

0.1

1

10

100

1000

m
iR
37

1
co

pi
es

/μ
L
se

ru
m

A)

Pre Post
0.01

0.1

1

10

100

1000

m
iR
37

1
co

pi
es

/μ
L
se

ru
m

B) CS>1CS1

Figure 3.  miR371 levels pre- and post-orchiectomy. The decrease in miR371 after orchiectomy in CS1 (N = 131, 
(A)) and for CS > 1 (N = 28, (B)). The red, dotted line marks the threshold for calling miR371 as positive.
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Discussion
In the current study, we have established analysis of serum miR371 in TGCC using RT-ddPCR and compared 
this protocol to the RT-qPCR protocol used by  others20–22,24,37–39. The results show that RT-ddPCR has advantages 
over RT-qPCR and clearly has potential as a diagnostic test for miR371. Our study with prospectively included 
patients verify the results from other published reports stating that circulating miR371 is a sensitive and specific 
biomarker for detection of viable TGCC cells.

RT-qPCR are the most commonly used method to quantify microRNAs when a limited number of microR-
NAs are to be analysed. The method is well known, the instruments are available at most laboratory facilities, the 
384-format is relatively cost-effective and yield high-throughput of samples. In order to increase the sensitivity 
further, a pre-amplification step was added for RT-qPCR detection of miR371 from serum or  plasma26,27. RT-
ddPCR has emerged as a new and sensitive PCR based method for detection of  microRNAs28,30. In ddPCR, the 
sample with target is partitioned into thousands of small oil droplets where the PCR amplification is carried out. 
The number of target copies are calculated based on the number of positive droplets which contain at least one 
copy of the target molecule, relative to total number of droplets according to the Poisson  distribution40–42. We 
have here compared the performance of ddPCR without pre-amplification and RT-qPCR with pre-amplification. 
Thresholds were established for RT-qPCR and RT-ddPCR for calling of positive samples based on LOD experi-
ments and the miR371 levels from the healthy blood donors. For RT-qPCR, our threshold is in line with the 
work of Mego et al.43.

According to our findings both methods perform well, but we found RT-ddPCR superior for analysis of 
microRNAs in serum as the pre-amplification step can be avoided and the output (copies/µL PCR reaction) can 
easily be converted to copies/µL serum without the use of a standard curve. Analysis of microRNAs in serum 
or plasma near the LOD is challenging and demands strict monitoring of the protocols. There are two main 
approaches for detection and measurement of circulating miR371 in serum or pIasma. One is the ΔΔCt-method 
as used by amongst others Dieckmann et al.20 and the second is reporting of raw Cq-values as used by Nappi 
et al.24. The ΔΔCt-method demands normalization to an endogenous miR and a reference sample. The use of this 
method has been  debated44. We adhere to the strategy of Nappi et al. where the endogenous control microRNA 
is not used for normalising purposes, but as a control of sample and protocol quality and performance. High 
levels of miR30b, the microRNA used as endogenous control, in serum and plasma can be a result of haemolysis 
during phlebotomy or sample processing, rather than endogenous  variation45,46. Although Lobo et al. find that 
their magnetic bead-based RNA extraction  protocol47 reduces the problem of haemolysis due to haemoglobin’s 
PCR inhibitory effect, it is undisputable that miR30b and other endogenous microRNAs present in the cells of 
the human blood, will be released into the plasma compartment if blood cells are damaged during phlebotomy, 
sample processing or sample storage. As a consequence of this, blood samples should be drawn according to 
the standard procedures of good hospital practice, i.e. avoid strong haemolysis and phlebotomy downstream 
of an intravenous infusion site and avoid delayed time to processing and  analysis48. Regarding PCR inhibition, 
ddPCR has been shown to have the advantage over traditional PCR that it is less prone to PCR inhibitors due to 
the dilution and partition into droplets prior to  PCR49.

TGCC is the most common malignancy among young men with a high cure rate and with a growing num-
ber of long-term survivors. The focus is now on how to minimise long-term treatment-related toxicity while 
maintaining the high cure rate. The majority of patients with localised disease is, in order to minimise the risk of 
long term and late side effects, followed by surveillance only. However, a considerable portion of stage I patients 
who are under surveillance will relapse and need three to four cycles of cisplatin-based  chemotherapy50. For CS 
1 patients, new sensitive and specific biomarkers are instrumental tools in guiding clinicians to select patients 
for adjuvant chemotherapy. Another challenge in clinical practice is how to separate benign from malignant 
tumours in the case of slightly enlarged nodes detected at CT or MRI scans. MiR371 has been shown to be a very 
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Figure 4.  Expression of AFP and hCGβ across the histological sub-types and clinical stages. Shown are mean 
values with 95% confidence interval. S seminomas, NS non-seminomas, TGCC  testicular germ cell cancer, 
TGCCC  patients included with suspected TGCC, but diagnosed with other benign and malignant conditions; 
Healthy males, blood donors. ***P < 0.001; **P < 0.01; *P < 0.05, nsP > 0.05.
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promising circulating biomarker in TGCC 8–14, but it has yet to be implemented in the diagnostic and clinical use. 
Regarding the classical markers in TGCC, seminomas do per definition not express AFP and  hCGβ is expressed at 
low pathological levels in only ~ 30% of  patients14. We and others find ~ 90% of seminomas to express miR371. In 
contrast to Dieckmann et al., we find the sensitivity of miR371 to be equal for detection of seminomas and non-
seminomas in  CS120, but our cohort is smaller than the one studied by Dieckmann. In addition to being sensitive 
in detecting TGCC, serum miR371 is a good marker for treatment response. For 97.9% of the CS1 cases, miR371 
drops after orchiectomy. miR371 also drops in 85.7% of the metastatic cases, but not to within the normal range. 
The ratio between pre- and post-orchiectomy miR371 are lower for metastatic cases than for CS1. Of the two CS1 
patients with no decline in miR371, one had two borderline enlarged lymph nodes with no change of size and 
are still considered CS1 and under surveillance. The other shows no signs of metastases and is still considered 
CS1 30 months after orchiectomy. Seminoma patients classified as CS1 have good prognosis and are preferably 
followed by surveillance only. In this setting, miR371 can be instrumental in detecting microscopic disease after 
orchiectomy or relapse. The SWENOTECA guidelines for management of TGCC includes re-staging 6–8 weeks 
for the CS1 and CS2A marker negative (Mk-) non-seminomas, which may be replaced by miR371 in the future. 
None of the patients included with suspected TGCC, but diagnosed with other diagnoses after orchiectomy had 
miR371 levels above the threshold. Our study includes only a limited number of non-germ cell testicular cancer 
cases, thus the specificity and NPV must be interpreted with caution.

MiR371 with its high sensitivity and short in vivo half-life can enable confirmation of the clinical stage within 
days after orchiectomy. Our results indicate an initial in vivo half-life shorter than 5 h for miR371, which is in 
line with findings from  others51. The in vivo half-life of AFP and  hCGβ are 5–7 days and 24–36 h, respectively. 
The classical biomarkers in TGCC thus have considerably longer half-life, and they therefore do not reflect treat-
ment response as early as miR371. The preliminary results presented here indicate that miR371 show a two-phase 
decay with a slower phase following the first rapid decay. Our experiment was not designed to study the half-life 
of miR371 and have a limited number of cases with samples at more than one timepoint within the first week 
after orchiectomy. Repeated blood sampling within the first 24 h to establish the rapid phase of decay followed by 
multiple samples within the first week after orchiectomy to investigate the possible second, slow phase of decay 
needs to be performed. Such an experiment will be inconvenient for the patient, as discussed by Radke et al.51.

Serum miR371 is suitable as a biomarker as it is detected at higher levels in TGCC patients compared to 
healthy individuals, samples can be obtained and miR371 detected by standard laboratory methods and it has 
short half-life in circulation in vivo. However, we show that in a clinical setting, the in vitro degradation of 
serum miR371 should be taken into consideration as we demonstrate statistically significant degradation after 
5 h at room temperature from serum separation. Similar findings for other microRNAs have been  shown27,33–35. 
Storage at 4 °C slows the degradation, but is still statistically significant after 4 h. Our stability study includes a 
limited number of samples and our findings need to be verified.

In conclusion, we demonstrate that RT-ddPCR without pre-amplification performs well for detection of serum 
miR371. Our study verifies miR371 as a good serum marker with sensitivity superior to the classical markers 
AFP and  hCGβ for detection and monitoring of TGCC, except for the teratomas. A large proportion of the TGCC 
patients are followed by surveillance only after orchiectomy and the use of miR371 will be a valuable addition to 
imaging in the clinical monitoring of these patients, and may help to select patients for adjuvant chemotherapy. 
We propose the next step in implementation of miR371 as a biomarker in TGCC to be a prospective study where 
serum miR371 is used in addition to imaging and established risk factors for identification of the CS1 patients 
who should be offered adjuvant chemotherapy.

Methods
Study participants. Patients were included through the SWENOTECA-MIR study. The inclusion criteria 
were suspected TGCC at the time of orchiectomy, age 18–70 years and no prior history of cancer. The inclusion 
period was February 2016 to November 2020, and we included patients at several centres in Norway and Sweden 
(Supplementary Figure 1). Clinical information regarding age, histological type, tumour diameter, clinical stage 
according to the modified Royal Marsden  classification52, localization of metastases, treatment given and expres-
sion of classical biomarkers AFP, LDH and  hCGβ were recorded. In order to establish a preliminary reference 
level, we included samples from 50 age matched, healthy male blood donors.

Blood sampling and RNA isolation. Serum samples for study purposes were collected at the same time 
as standard clinical blood samples. The baseline sample was collected prior to orchiectomy, preferably less than 
24 h prior to surgery. The post orchiectomy samples were collected 18–48 h after surgery (Fig. 5). The stand-
ard markers AFP,  hCGβ and LDH were measured at the same timepoints. Blood was collected by standard 
venepuncture technique into 10 mL Vacutainer tubes with clot activator (BD P/N 367896). The samples were 
allowed to clot for 1 h prior to centrifugation at 2000×g for 10 min. Serum was carefully removed, aliquoted and 
frozen immediately at – 80 °C.

Prior to RNA extraction, serum was thawed, and haemolysis was assessed spectrophotometrically at 414 nm 
for all serum samples 45. Total RNA including small RNAs was extracted from 200 µL serum using the miRNEasy 
(Qiagen P/N 217004) and the supplementary protocol RY43 (Version Feb-11). Briefly, five volumes of Qiazol 
Lysis Reagent were added and vortexed for homogenization. Prior to addition of 1 volume of chloroform and 
centrifugation, we added 3 µg glycogen (Fisher Scientific, P/N R0551) as carrier. The upper phase was carefully 
transferred to a new tube where 1.5 volumes of 96% ethanol was added and column purification performed. 
RNA was eluted in 30 µL nuclease-free water.
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Reverse transcription (RT). For the hydrolysis probe-based detection of miR-371a-3p, cDNA was syn-
thesised using a pool containing equal amounts of the specific RT-primers from TaqMan assays miR-371a-3p 
(miR371, P/N 4427975, assay ID 002124, ThermoFisher Scientific) and miR-30b-5p (miR30b, P/N 442795 assay 
ID 000602). Each reaction consisted of 5 µL RNA template, 0.15 µL 100 mM dNTP-mix, 1.0 µL Multiscribe 50 U/
µL, 1.5 µL 10 × RT-buffer, 0.19 RNase Inhibitor (20 U/µL), 3 µL primer pool and 4.16 µL nuclease-free water. 
All components were from the TaqMan™MicroRNA Reverse Transcription Kit (P/N 4366596, Thermo Fisher 
Scientific). Reaction conditions were 16 °C for 30 min, 42 °C for 30 min, 85 °C for 5 min before cooling to 4 °C.

QPCR with pre‑amplification. The preamplification step was performed with a pool of the 20 × TaqMan 
microRNA Assays diluted to 0.2 × in TE-buffer (10 mM Tris, 0.1 mM EDTA, pH = 8.0). The pre-amp reaction 
was prepared by combining 8.0 µL 2 × TaqMan Universal Mastermix, no UNG (P/N 4440040), 4.0 µL 0.2 × Assay 
Pool and 4.0 µL undiluted cDNA. The cycling conditions were 95 °C for 10 min, followed by 14 cycles of 95 °C 
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for 15 s, 60 °C for 4 min, and hold at 4.0 °C. Further, qPCR was performed in single plex by combining 0.5 µL 
TaqMan microRNA Assay (20 ×), 1.0 µL pre-amp product diluted 1:2, 5.0 µL TaqMan Universal Mastermix (2 ×) 
and 3.5 µL nuclease-free water in 384-well plates. The cycling conditions on the LightCycler 480 Real-Time PCR 
System were 95 °C for 10 min, followed by 45 cycles of 95 °C for 15 s and 60 °C for 4 min. Technically, we called 
a sample as positive when Cq < 35 and the amplification curve was exponential with the expected fluorescence 
intensity.

DdPCR. cDNA was synthesised as described for RT-qPCR. No pre-amp was performed. Undiluted cDNA, 
3 µL, was mixed with 10.0 µL Supermix for Probes (P/N 186-024, Bio-Rad), 1.0 µL TaqMan microRNA Assays 
(20 ×) and 6.0 µL nuclease-free water. The 96-well plate was sealed and droplets generated by the Automated 
Droplet Generator and Droplet Generation Oil for Probes (P/N 1864110, Bio-Rad). The cycling condition was 
15 min at 95 °C, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min, then 98 °C for 10 min and cooling to 
4 °C. Ramp rate was 2 °C/s. A gradient of annealing temperature 56–62 °C was tested. The separation of positive 
and negative droplets was good at 60 °C, which is the recommended annealing temperature for both Supermix 
for Probes and the Small RNA Assays (Supplementary Information and Data 1). Droplets were analysed using 
the QX200 Droplet Reader and the QuantaSoft Analysis Pro software (Bio-Rad). The thresholds for positive 
droplets were amplitude 3500 for miR371 and 4000 for miR30b across all samples. Triplicate wells were analysed 
for all samples.

The miR371 and miR30b concentrations from RT-ddPCR are presented as copies/µL serum if not otherwise 
stated and were calculated from the instrument output given in copies/µL PCR reaction (see Supplementary 
Information and Data 2).

Linearity, limit of blank (LOB), limit of detection (LOD) and limit of quantitation (LOQ). We 
performed two parallel dilution experiments to assess the linearity of the miR371 assay in RT-qPCR with pre-
amplification and ddPCR without pre-amplification. First, we performed a two-fold serial dilution of RNA from 
a patient sample with known positive miR371 expression in nuclease-free water as described by Hindson et al.28. 
Three parallel dilution series were made, cDNA was synthesised and thereafter analysed by qPCR with pre-
amplification and ddPCR (without pre-amplification). Second, for further assessment of the performance and 
precision at low concentrations we performed an additional dilution series at the lower range. cDNA was diluted 
two-fold and ten qPCR and ddPCR reactions were carried out for each dilution. In order to assess the reproduc-
ibility of the miR371 assay towards the LOD, we selected 13 samples with negative or low miR371 levels and 
extracted RNA on a different day and measured miR371 a second time. Measurements by ddPCR and qPCR 
were performed from the same cDNA, and the results from the two runs (day 1 vs. day 2) were compared. The 
repeatability of the protocol from RNA extraction through qPCR with pre-amplification and ddPCR was tested 
by repeated measurement of miR371 in samples from three patients with different levels of miR371 expression.

LOB and LOD for RT-ddPCR were established according to Armbruster et al.53.

LOQ was defined as the lowest concentration that could be detected with CV ≤ 25%54.

In vitro stability of miR371. The stability of miR371 in serum were initially tested at room temperature 
(RT) by processing serum according to our standard protocol, prior to incubation at room temperature. Ali-
quots were extracted at baseline and after 1 h, 3 h, 5 h, 24 h, 30 h and 48 h. Aliquots of 200 µL serum were added 
directly to Qiazol lysis reagent and stored frozen at – 80 °C until extraction. The stability of miR371 in serum 
stored at 4 °C after separation were performed with aliquots sampled at baseline, after 4 h and 30 h.

Ethics statement and statistics. The patient samples analysed have been included through the SWE-
NOETCA-MIR study which has been approved by the Regional Ethics Committee (REC Central Norway 
2015/1475) and Regional Ethics Committee (REC Stockholm 2018/1730-31). Written, informed consent was 
obtained from all patients at inclusion, in accordance with the Declaration of Helsinki.

Differences among categorical variables were calculated using the χ2 test. A two-sided Mann–Whitney U test 
was used to assess differences between mean of groups. All tests were two-sided and significance was assumed 
at P < 0.05. The association between log transformed miR371 and tumour size was tested using linear regres-
sion, presented with  R2. Medians were compared using the non-parametric test for two independent samples. 
The statistical analyses were performed using SPSS version 25 (IBM Corporation) and graphs were produced 
using GraphPad Prism 8 (GraphPad Software, LLC). The figures were prepared using Affinity Designer (version 
1.9.0.932, Serif). Sensitivity, specificity, positive prediction value (PPV) and negative prediction value (NPV) 
were calculated.

Due to differences in analytical protocols and reference levels at the study centres, AFP and  hCGβ levels for 
each patient were calculated as ratios to the upper reference level at the given centre.

Data availability
The data supporting the findings of this study are available from the corresponding author upon reasonable 
request.

LOB99 = MeanmiR371Blood donors + 1.96 SD, at the 99% confidence level.

LOD99 = LOB + 3× SDBlood donors



10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:15582  | https://doi.org/10.1038/s41598-021-94812-2

www.nature.com/scientificreports/

Received: 8 April 2021; Accepted: 16 July 2021

References
 1. Williamson, S. R. et al. The World Health Organization 2016 classification of testicular germ cell tumours: A review and update 

from the International Society of Urological Pathology Testis Consultation Panel. Histopathology 70, 335–346. https:// doi. org/ 10. 
1111/ his. 13102 (2017).

 2. Honecker, F. et al. ESMO Consensus Conference on testicular germ cell cancer: Diagnosis, treatment and follow-up. Ann. Oncol. 
29, 1658–1686. https:// doi. org/ 10. 1093/ annonc/ mdy217 (2018).

 3. SWENOTECA X—A Cancer Care Program for Germ Cell Tumours. www. sweno teca. org. (2020). Accessed 10 Mar 2021.
 4. Hellesnes, R. et al. Continuing increased risk of second cancer in long-term testicular cancer survivors after treatment in the 

cisplatin era. Int. J. Cancer 147, 21–32. https:// doi. org/ 10. 1002/ ijc. 32704 (2020).
 5. Brydoy, M. et al. Paternity and testicular function among testicular cancer survivors treated with two to four cycles of cisplatin-

based chemotherapy. Eur. Urol. 58, 134–140. https:// doi. org/ 10. 1016/j. eururo. 2010. 03. 041 (2010).
 6. Brydoy, M. et al. Observational study of prevalence of long-term Raynaud-like phenomena and neurological side effects in testicular 

cancer survivors. J. Natl. Cancer Inst. 101, 1682–1695. https:// doi. org/ 10. 1093/ jnci/ djp413 (2009).
 7. Haugnes, H. S. et al. Pulmonary function in long-term survivors of testicular cancer. J. Clin. Oncol. 27, 2779–2786. https:// doi. 

org/ 10. 1200/ JCO. 2008. 18. 5181 (2009).
 8. Haugnes, H. S. et al. Hearing loss before and after cisplatin-based chemotherapy in testicular cancer survivors: A longitudinal 

study. Acta Oncol. 57, 1075–1083. https:// doi. org/ 10. 1080/ 02841 86X. 2018. 14333 23 (2018).
 9. Kvammen, O. et al. Long-term relative survival after diagnosis of testicular germ cell tumor. Cancer Epidemiol. Biomark. Prev. 25, 

773–779. https:// doi. org/ 10. 1158/ 1055- 9965. EPI- 15- 1153 (2016).
 10. Haugnes, H. S. et al. Long-term and late effects of germ cell testicular cancer treatment and implications for follow-up. J. Clin. 

Oncol. 30, 3752–3763. https:// doi. org/ 10. 1200/ JCO. 2012. 43. 4431 (2012).
 11. Groot, H. J. et al. Risk of solid cancer after treatment of testicular germ cell cancer in the platinum era. J. Clin. Oncol. 36, 2504–2513. 

https:// doi. org/ 10. 1200/ JCO. 2017. 77. 4174 (2018).
 12. Bokemeyer, C., Berger, C. C., Kuczyk, M. A. & Schmoll, H. J. Evaluation of long-term toxicity after chemotherapy for testicular 

cancer. J. Clin. Oncol. 14, 2923–2932. https:// doi. org/ 10. 1200/ JCO. 1996. 14. 11. 2923 (1996).
 13. Travis, L. B. et al. Treatment-associated leukemia following testicular cancer. J. Natl. Cancer Inst. 92, 1165–1171. https:// doi. org/ 

10. 1093/ jnci/ 92. 14. 1165 (2000).
 14. Dieckmann, K. P. et al. Serum tumour markers in testicular germ cell tumours: Frequencies of elevated levels and extents of marker 

elevation are significantly associated with clinical parameters and with response to treatment. Biomed. Res. Int. 2019, 5030349. 
https:// doi. org/ 10. 1155/ 2019/ 50303 49 (2019).

 15. Bartel, D. P. Metazoan microRNAs. Cell 173, 20–51. https:// doi. org/ 10. 1016/j. cell. 2018. 03. 006 (2018).
 16. Suh, M. R. et al. Human embryonic stem cells express a unique set of microRNAs. Dev. Biol. 270, 488–498. https:// doi. org/ 10. 

1016/j. ydbio. 2004. 02. 019 (2004).
 17. Voorhoeve, P. M. et al. A genetic screen implicates miRNA-372 and miRNA-373 as oncogenes in testicular germ cell tumors. Cell 

124, 1169–1181. https:// doi. org/ 10. 1016/j. cell. 2006. 02. 037 (2006).
 18. Gillis, A. J. et al. Targeted serum miRNA (TSmiR) test for diagnosis and follow-up of (testicular) germ cell cancer patients: A proof 

of principle. Mol. Oncol. 7, 1083–1092. https:// doi. org/ 10. 1016/j. molonc. 2013. 08. 002 (2013).
 19. Belge, G., Dieckmann, K. P., Spiekermann, M., Balks, T. & Bullerdiek, J. Serum levels of microRNAs miR-371-3: A novel class of 

serum biomarkers for testicular germ cell tumors?. Eur. Urol. 61, 1068–1069. https:// doi. org/ 10. 1016/j. eururo. 2012. 02. 037 (2012).
 20. Dieckmann, K. P. et al. Serum levels of microRNA-371a-3p (M371 test) as a new biomarker of testicular germ cell tumors: Results 

of a prospective multicentric study. J. Clin. Oncol. 37, 1412–1423. https:// doi. org/ 10. 1200/ JCO. 18. 01480 (2019).
 21. Syring, I. et al. Circulating serum miRNA (miR-367-3p, miR-371a-3p, miR-372-3p and miR-373-3p) as biomarkers in patients 

with testicular germ cell cancer. J. Urol. 193, 331–337. https:// doi. org/ 10. 1016/j. juro. 2014. 07. 010 (2015).
 22. Murray, M. J. et al. A pipeline to quantify serum and cerebrospinal fluid microRNAs for diagnosis and detection of relapse in 

paediatric malignant germ-cell tumours. Br. J. Cancer 114, 151–162. https:// doi. org/ 10. 1038/ bjc. 2015. 429 (2016).
 23. Belge, G. et al. Serum levels of microRNA-371a-3p are not elevated in testicular tumours of non-germ cell origin. J. Cancer Res. 

Clin. 147, 435–443. https:// doi. org/ 10. 1007/ s00432- 020- 03429-x (2021).
 24. Nappi, L. et al. Developing a highly specific biomarker for germ cell malignancies: Plasma mir371 expression across the germ cell 

malignancy spectrum. J. Clin. Oncol. 37, 3090–3098. https:// doi. org/ 10. 1200/ JCO. 18. 02057 (2019).
 25. Leao, R. et al. Serum miRNA predicts viable disease after chemotherapy in patients with testicular nonseminoma germ cell tumor. 

J. Urol. 200, 126–134. https:// doi. org/ 10. 1016/j. juro. 2018. 02. 068 (2018).
 26. Murray, M. J. et al. Identification of microRNAs from the miR-371~373 and miR-302 clusters as potential serum biomarkers of 

malignant germ cell tumors. Am. J. Clin. Pathol. 135, 119–125. https:// doi. org/ 10. 1309/ AJCPO E11KE YZCJHT (2011).
 27. Mitchell, P. S. et al. Circulating microRNAs as stable blood-based markers for cancer detection. Proc. Natl. Acad. Sci. USA 105, 

10513–10518. https:// doi. org/ 10. 1073/ pnas. 08045 49105 (2008).
 28. Hindson, C. M. et al. Absolute quantification by droplet digital PCR versus analog real-time PCR. Nat. Methods 10, 1003–1005. 

https:// doi. org/ 10. 1038/ nmeth. 2633 (2013).
 29. Robinson, S. et al. Droplet digital PCR as a novel detection method for quantifying microRNAs in acute myocardial infarction. 

Int. J. Cardiol. 257, 247–254. https:// doi. org/ 10. 1016/j. ijcard. 2017. 10. 111 (2018).
 30. Campomenosi, P. et al. A comparison between quantitative PCR and droplet digital PCR technologies for circulating microRNA 

quantification in human lung cancer. BMC Biotechnol. 16, 60. https:// doi. org/ 10. 1186/ s12896- 016- 0292-7 (2016).
 31. Strain, M. C. et al. Highly precise measurement of HIV DNA by droplet digital PCR. PLoS ONE 8, e55943. https:// doi. org/ 10. 1371/ 

journ al. pone. 00559 43 (2013).
 32. Murray, M. J. et al. “Future-proofing” blood processing for measurement of circulating miRNAs in samples from biobanks and 

prospective clinical trials. Cancer Epidemiol. Biomark. Prev. 27, 208–218. https:// doi. org/ 10. 1158/ 1055- 9965. EPI- 17- 0657 (2018).
 33. Glinge, C. et al. Stability of circulating blood-based microRNAs—pre-analytic methodological considerations. PLoS ONE 12, 

e0167969. https:// doi. org/ 10. 1371/ journ al. pone. 01679 69 (2017).
 34. Koberle, V. et al. Differential stability of cell-free circulating microRNAs: Implications for their utilization as biomarkers. PLoS 

ONE 8, e75184. https:// doi. org/ 10. 1371/ journ al. pone. 00751 84 (2013).
 35. Yamada, A. et al. Technical factors involved in the measurement of circulating microRNA biomarkers for the detection of colorectal 

neoplasia. PLoS ONE 9, e112481. https:// doi. org/ 10. 1371/ journ al. pone. 01124 81 (2014).
 36. Bustin, S. et al. Variability of the reverse transcription step: Practical implications. Clin. Chem. 61, 202–212. https:// doi. org/ 10. 

1373/ clinc hem. 2014. 230615 (2015).
 37. Lobo, J., Gillis, A. J. M., Jeronimo, C., Henrique, R. & Looijenga, L. H. J. Human germ cell tumors are developmental cancers: 

Impact of epigenetics on pathobiology and clinic. Int. J. Mol. Sci. 20, 258. https:// doi. org/ 10. 3390/ ijms2 00202 58 (2019).
 38. Dieckmann, K. P. et al. MicroRNAs miR-371-3 in serum as diagnostic tools in the management of testicular germ cell tumours. 

Br. J. Cancer 107, 1754–1760. https:// doi. org/ 10. 1038/ bjc. 2012. 469 (2012).

https://doi.org/10.1111/his.13102
https://doi.org/10.1111/his.13102
https://doi.org/10.1093/annonc/mdy217
http://www.swenoteca.org
https://doi.org/10.1002/ijc.32704
https://doi.org/10.1016/j.eururo.2010.03.041
https://doi.org/10.1093/jnci/djp413
https://doi.org/10.1200/JCO.2008.18.5181
https://doi.org/10.1200/JCO.2008.18.5181
https://doi.org/10.1080/0284186X.2018.1433323
https://doi.org/10.1158/1055-9965.EPI-15-1153
https://doi.org/10.1200/JCO.2012.43.4431
https://doi.org/10.1200/JCO.2017.77.4174
https://doi.org/10.1200/JCO.1996.14.11.2923
https://doi.org/10.1093/jnci/92.14.1165
https://doi.org/10.1093/jnci/92.14.1165
https://doi.org/10.1155/2019/5030349
https://doi.org/10.1016/j.cell.2018.03.006
https://doi.org/10.1016/j.ydbio.2004.02.019
https://doi.org/10.1016/j.ydbio.2004.02.019
https://doi.org/10.1016/j.cell.2006.02.037
https://doi.org/10.1016/j.molonc.2013.08.002
https://doi.org/10.1016/j.eururo.2012.02.037
https://doi.org/10.1200/JCO.18.01480
https://doi.org/10.1016/j.juro.2014.07.010
https://doi.org/10.1038/bjc.2015.429
https://doi.org/10.1007/s00432-020-03429-x
https://doi.org/10.1200/JCO.18.02057
https://doi.org/10.1016/j.juro.2018.02.068
https://doi.org/10.1309/AJCPOE11KEYZCJHT
https://doi.org/10.1073/pnas.0804549105
https://doi.org/10.1038/nmeth.2633
https://doi.org/10.1016/j.ijcard.2017.10.111
https://doi.org/10.1186/s12896-016-0292-7
https://doi.org/10.1371/journal.pone.0055943
https://doi.org/10.1371/journal.pone.0055943
https://doi.org/10.1158/1055-9965.EPI-17-0657
https://doi.org/10.1371/journal.pone.0167969
https://doi.org/10.1371/journal.pone.0075184
https://doi.org/10.1371/journal.pone.0112481
https://doi.org/10.1373/clinchem.2014.230615
https://doi.org/10.1373/clinchem.2014.230615
https://doi.org/10.3390/ijms20020258
https://doi.org/10.1038/bjc.2012.469


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:15582  | https://doi.org/10.1038/s41598-021-94812-2

www.nature.com/scientificreports/

 39. van Agthoven, T. & Looijenga, L. H. J. Accurate primary germ cell cancer diagnosis using serum based microRNA detection 
(ampTSmiR test). Oncotarget 8, 58037–58049. https:// doi. org/ 10. 18632/ oncot arget. 10867 (2017).

 40. Dube, S., Qin, J. & Ramakrishnan, R. Mathematical analysis of copy number variation in a DNA sample using digital PCR on a 
nanofluidic device. PLoS ONE 3, e2876. https:// doi. org/ 10. 1371/ journ al. pone. 00028 76 (2008).

 41. Saiki, R. K. et al. Primer-directed enzymatic amplification of DNA with a thermostable DNA polymerase. Science 239, 487–491. 
https:// doi. org/ 10. 1126/ scien ce. 24488 75 (1988).

 42. Vogelstein, B. & Kinzler, K. W. Digital PCR. Proc. Natl. Acad. Sci. USA 96, 9236–9241. https:// doi. org/ 10. 1073/ pnas. 96. 16. 9236 
(1999).

 43. Mego, M. et al. Clinical utility of plasma miR-371a-3p in germ cell tumors. J. Cell. Mol. Med. 23, 1128–1136. https:// doi. org/ 10. 
1111/ jcmm. 14013 (2019).

 44. Spiekermann, M., Dieckmann, K. P., Balks, T., Bullerdiek, J. & Belge, G. Is relative quantification dispensable for the measurement 
of microRNAs as serum biomarkers in germ cell tumors?. Anticancer Res. 35, 117–121 (2015).

 45. Myklebust, M. P. et al. Quantitative PCR measurement of miR-371a-3p and miR-372-p is influenced by hemolysis. Front. Genet. 
10, 463. https:// doi. org/ 10. 3389/ fgene. 2019. 00463 (2019).

 46. Shah, J. S., Soon, P. S. & Marsh, D. J. Comparison of methodologies to detect low levels of hemolysis in serum for accurate assess-
ment of serum microRNAs. PLoS ONE 11, e0153200. https:// doi. org/ 10. 1371/ journ al. pone. 01532 00 (2016).

 47. Lobo, J. et al. Identification and validation model for informative liquid biopsy-based microRNA biomarkers: Insights from germ 
cell tumor in vitro vivo and patient-derived data. Cells 8, 1637. https:// doi. org/ 10. 3390/ cells 81216 37 (2019).

 48. Boeckel, J. N. et al. Heparin selectively affects the quantification of microRNAs in human blood samples. Clin. Chem. 59, 1125–1127. 
https:// doi. org/ 10. 1373/ clinc hem. 2012. 199505 (2013).

 49. Dingle, T. C., Sedlak, R. H., Cook, L. & Jerome, K. R. Tolerance of droplet-digital PCR vs real-time quantitative PCR to inhibitory 
substances. Clin. Chem. 59, 1670–1672. https:// doi. org/ 10. 1373/ clinc hem. 2013. 211045 (2013).

 50. Daugaard, G. et al. Surveillance for stage I nonseminoma testicular cancer: Outcomes and long-term follow-up in a population-
based cohort. J. Clin. Oncol. 32, 3817–3823. https:// doi. org/ 10. 1200/ JCO. 2013. 53. 5831 (2014).

 51. Radtke, A. et al. The novel biomarker of germ cell tumours, micro-RNA-371a-3p, has a very rapid decay in patients with clinical 
stage 1. Urol. Int. 100, 470–475. https:// doi. org/ 10. 1159/ 00048 8771 (2018).

 52. Peckham, M. J., McElwain, T. J., Barrett, A. & Hendry, W. F. Combined management of malignant teratoma of the testis. Lancet 2, 
267–270 (1979).

 53. Armbruster, D. A. & Pry, T. Limit of blank, limit of detection and limit of quantitation. Clin. Biochem. Rev. 29(Suppl 1), S49-52 
(2008).

 54. Milosevic, D. et al. Applying standard clinical chemistry assay validation to droplet digital PCR quantitative liquid biopsy testing. 
Clin. Chem. 64, 1732–1742. https:// doi. org/ 10. 1373/ clinc hem. 2018. 291278 (2018).

Acknowledgements
We thank Kristina Førde, Josephine Johansson and Kristin Jensen for providing excellent support in study 
management at Haukeland University Hospital, Karolinska University Hospital, Huddinge and the University 
Hospital of North Norway, Tromsø. We also thank the hospital laboratories at Haukeland University Hospital, 
Haugesund Hospital, Oslo University Hospital, the University Hospital of North Norway and Karolinska Univer-
sity Hospital for providing valuable help with blood sampling. We thank the Department of Medical Genetics, 
Haukeland University Hospital for generously providing access to instruments for ddPCR and Mohn Cancer 
Research Laboratory for providing excellent general laboratory facilities.

Author contributions
M.P.M and B.R. established and performed laboratory protocols. M.P.M performed the analyses and prepared 
the figures. M.P.M, H.S.H and O.D. wrote the manuscript. A.T., A.K., H.S.H., P.G., B.S.B, I.J., M.I.B, K.E.A., 
C.W.L., A.K., M.B., C.O. provided resources and information and administered the project at their institutions. 
All authors have reviewed and approved the final manuscript.

Funding
The Western Norway Regional Health Authority Research funding, Grant 911 980. Grant from the Fund for 
Cancer Research, Department of Oncology and Medical Physics. General laboratory facilities were provided at 
the Mohn Cancer Research Laboratory.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 94812-2.

Correspondence and requests for materials should be addressed to M.P.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.18632/oncotarget.10867
https://doi.org/10.1371/journal.pone.0002876
https://doi.org/10.1126/science.2448875
https://doi.org/10.1073/pnas.96.16.9236
https://doi.org/10.1111/jcmm.14013
https://doi.org/10.1111/jcmm.14013
https://doi.org/10.3389/fgene.2019.00463
https://doi.org/10.1371/journal.pone.0153200
https://doi.org/10.3390/cells8121637
https://doi.org/10.1373/clinchem.2012.199505
https://doi.org/10.1373/clinchem.2013.211045
https://doi.org/10.1200/JCO.2013.53.5831
https://doi.org/10.1159/000488771
https://doi.org/10.1373/clinchem.2018.291278
https://doi.org/10.1038/s41598-021-94812-2
https://doi.org/10.1038/s41598-021-94812-2
www.nature.com/reprints


12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:15582  | https://doi.org/10.1038/s41598-021-94812-2

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Serum miR371 in testicular germ cell cancer before and after orchiectomy, assessed by digital-droplet PCR in a prospective study
	Results
	Performance of the qPCR and ddPCR miR371 protocols. 
	Reproducibility and repeatability. 
	miR371 as a biomarker at primary diagnosis. 
	AFP and hCGβ. 
	Stability of miR371 in serum. 

	Discussion
	Methods
	Study participants. 
	Blood sampling and RNA isolation. 
	Reverse transcription (RT). 
	QPCR with pre-amplification. 
	DdPCR. 
	Linearity, limit of blank (LOB), limit of detection (LOD) and limit of quantitation (LOQ). 
	In vitro stability of miR371. 
	Ethics statement and statistics. 

	References
	Acknowledgements


