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Abstract: Testicular cancer is an important disease with increasing incidence and a high burden of
morbidity and mortality in young men worldwide. Histological examination of the testicular tissue
after orchiectomy plays an important role alongside patient history, imaging, clinical presentation
and laboratory parameters. Surgical procedures and chemotherapeutic treatment provide a high
chance of cure in early stages, though some patients in advanced stages belonging to a poor
risk group experience cancer-related death. Though conventional serum-based tumor markers,
including α-fetoprotein (AFP), the β-subunit of human chorionic gonadotropin (β-hCG), and lactate
dehydrogenase (LDH), are useful as prognostic and diagnostic biomarkers, unfortunately, these tumor
markers only have a sensitivity of about 60%, and in pure seminoma even lower with about 20%.
Therefore, the development of new tumor markers is an important and intensively ongoing issue.
The analysis of epigenetic modification and non-coding RNA microRNAs (miRNAs) are carrying most
promising potential as tumor markers in future. miRNAs are small RNAs secreted by testicular tumor
cells and circulate and be measurable in body fluids. In recent years, miRNAs of the miR-371-373
cluster in particular have been identified as potentially superior tumor markers in testicular cancer
patients. Studies showed that miR-371a-3p and miR-302/367 expression significantly differ between
testicular tumors and healthy testicular tissue. Several studies including high prospective multi-center
trials clearly demonstrated that these miRNAs significantly exceed the sensitivity and specificity of
conventional tumor markers and may help to facilitate the diagnosis, follow-up, and early detection
of recurrences in testicular cancer patients. In addition, other miRNAs such as miR-223-3p, miR-449,
miR-383, miR-514a-3p, miR-199a-3p, and miR-214 will be discussed in this review. However, further
studies are needed to identify the value of these novel markers in additional clinical scenarios,
including the monitoring in active surveillance or after adjuvant chemotherapy, but also to show the
limitations of these tumor markers. The aim of this review is to give an overview on the current
knowledge regarding the relevance of non-coding miRNAs as biomarkers in testicular cancer.
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1. Introduction

Testicular cancer is one of the most important neoplasms in adolescent and young adults with
the highest incidence between the ages of 15 to 35 years [1]. The histological distinction of different
testicular tumors is crucial for further therapies and prognosis. The International Agency for Research
in Cancer of the World Health Organization (WHO) classified these tumors and has divided them
into numerous sub-groups. In addition to sex cord-stromal tumors (Leydig cell tumor and Sertoli
cell tumor), testicular germ cell tumors (TGCTs) play the most important clinical role due to frequent
occurrence and the potential to cure malignant tumors even in the metastatic setting since the early
introduction of Cisplatin-containing chemotherapy [2,3]. Mostly unknown environmental factors and
some well-known risk factors like undescended testes and a positive family history led to a doubling of
the incidence over the last forty years [3]. Despite the high cure rates achieved with the introduction of
cisplatin-containing regimen, many short-term as well as long term toxicities are described. The proper
management include the risk-stratification with regard to thromboembolism, cardiovascular toxicity
and neutropenic complications [4–6]. Even elderly patients with metastatic TGCT can achieve high
cure rates similar to younger patients if they tolerate risk-adapted chemotherapy [7].

While clinical examination, scrotal ultrasound and high-resolution computed tomography (CT) are
the diagnostic mainstays, the clinical relevance of serum tumor markers is unsurpassed. α-fetoprotein
(AFP) and the β-subunit of human chorionic gonadotropin (β-hCG) and Lactate dehydrogenase (LDH)
are measured in a standardized way for any suspect testicular cancer [1]. The high sensitivity and
specificity of β-hCG and AFP allow to make statements about the diagnosis, histology, classification,
and prognosis of TGCTs. These markers are also useful to monitor patients and to track the course of
the disease after active surveillance or disease recurrence. However, depending on the tumor type and
co-morbidities, false positive or false negative results can occur [8,9]. Therefore, a lot of effort has been
spent to discover and develop novel tumor markers with improved specificity and sensitivity [10].
One promising approach is to analyze blood for circulating microRNAs (miRNAs). miRNAs are single
stranded molecules with a length of 19-22 nucleotides with a specific sequence that may have significant
effects on carcinogenesis as post-transcriptional regulators. Especially miRNAs of the miR-371-373
cluster (but also others, including miR-223-3p, miR-449, miR-383, miR-514a-3p, miR-199a-3p, miR-214)
are considered potential new tumor markers [11]. Therefore, the search and validation of these novel
tumor markers in different disease settings is currently intensively followed worldwide [12]. In this
review, the clinical relevance of already available serum markers is discussed and compared with
new markers and detection methods, such as the quantification of miRNAs, in order to highlight new
diagnostic options.

2. Discussion

2.1. Biomarkers as Novel Diagnostic Tools

The serum tumor markers β-hCG, LDH and AFP are already part of the TNM classification (UICC,
2016, 8th edition) thus influence the staging of tumors in clinical practice [13]. The problem with these
markers is the lack of sensitivity and specificity: only 20–30% of pure seminomas produce β-hCG and
only every second non-seminoma TGCT has elevated LDH, AFP, or β-hCG levels [9]. In addition,
false-elevated levels may be caused by other solid tumors (pancreas, liver, stomach, kidneys) or by
smoking marijuana, which further complicates follow-up [14].

Due to the uncertainty of current biomarkers, additional markers specifically produced by TGCTs
are sought to minimize the number of false negative/positive results. This includes the study of
epigenetic alteration of the tumors. Altered DNA methylation and histone modifications, changes in
the chromatin remodeling system, and specifically miRNAs, may provide predictive and prognostic
information about TGCTs in the future [15]. Several studies have already shown that the cluster
miR-371-373 and miR-367 have a significantly higher sensitivity and specificity than the conventional
serum markers [16].
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In the next part, conventional markers are compared with the miRNA clusters to make statements
about the new, possibly better, tumor markers.

2.2. Alpha-Fetoprotein

Alpha Fetoprotein (AFP) is a 609 amino acid (aa) long glycoprotein that consists of a signal peptide
and a main chain. It belongs to the group of serum albumins and occurs mainly as a monomer. Copper,
nickel, fatty acids and, to a lesser extent, estrogens can bind to AFP [17]. AFP has a serum half-life of
5–7 days and normalizes after 3–4 weeks in TGCT patients after therapy [18]. AFP reaches its maximum
concentration at week 13 during pregnancy and is mostly produced by yolk sac [19]. For this reason,
elevated AFP levels are not found in pure seminoma or trophoblastic tumors, but in 90% of yolk sac
tumors and sometimes in embryonal carcinomas. Nonetheless, liver disease, other solid tumors with
AFP production, or a genetic persistence of AFP may also lead to increased levels [14].

Results by Klepp et al. have shown that normal AFP levels preoperatively indicate a lack of yolk
sac histology [20]. AFP often cannot predict a recurrence in Stage I TGCTs, but allows a prognosis
estimation and monitoring together with LDH and β-hCG which is useful in advanced tumors. AFP is
the most important conventional marker in late relapses of non-seminomatous tumors [14].

2.3. β-subunit of Human Chorionic Gonadotropin

Human chorionic gonadotropin (HCG) is a peptide hormone that consists of a nonspecific alpha
subunit, which is also part of the thyroid stimulating hormone (TSH), luteinizing hormone (LH) and
follicle stimulating hormone (FSH), and a specific 137 aa beta subunit, of which several protein variants
exist [21,22]. The serum half-life of β-hCG is approximately 18–36 hours [18].

The syncytiotrophoblasts of the placenta produce β-hCG in pregnant women. These cells can
also occur in testicular cancer and produce β-hCG, so that pathologically high serum levels can be
measured. Increased levels are always found in choriocarcinomas, 40–60% in embryonic carcinomas,
and 10–30% in seminomas. β-HCG can be used for prognosis estimation and further monitoring. If the
β-hCG level increases despite therapy, a complete staging including the contralateral testis and brain
should be examined for possible metastasis or neoplasm. Elevated levels over 6 weeks are associated
with poor survival [14,21].

An orchiectomy can lead to hypogonadism with a reduced testosterone level, which causes
increased levels of LH by feedback with the pituitary gland. Cross-reactions of LH in β-hCG assays
can simulate elevated levels. During the first days of treatment of TGCTs with chemotherapy may
transiently increase the serum marker due to the destruction of the tumor cells (“surge phenomenon”).
Like AFP, β-hCG can be produced by other tumors and thus influence diagnostics and should be
considered when decision making is based on this tumor marker [23].

2.4. Lactate Dehydrogenase

L-lactate dehydrogenase (LDH) is an approximately 35,000 kDa enzyme that is ubiquitous in the
cytoplasm of cells. LDH catalyzes the reversible reaction of pyruvate to lactate with the help of the cofactor
NAD+/NADH and is involved in energetic processes such as glycolysis and gluconeogenesis [24,25].
The half-life of LDH is approximately 24 h [26].

In general, cell death and the consequent leakage of LDH from the cell may increase serum levels.
LDH is therefore very unspecific, since cell lysis can also occur in myocardial infarction, liver and
kidney diseases, hemolysis, as well as in other cancers [23]. Elevated LDH levels are associated with
the tumor lysis syndrome that can occur due to rapid disintegration of tumor cells after treatment
with chemotherapeutics. LDH is rather nonspecific and may only have an impact on the treatment of
TGCTs in conjunction with other markers and diagnostic criteria [27].
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2.5. Placental Alkaline Phosphatase

Placental alkaline phosphatase (PLAP) is one of four isoenzymes (intestinal, germ cell, non-specific
type) that is not used in TNM classification due to the high number of false positive results [28,29].
Physiologically, PLAP is produced by primordial germ cells (PGCs), syncytiotrophoblastic cells and
gonocytes. Also, in seminomas, yolk-sac tumors and embryonal carcinomas, expression can take
place whereas in teratomas elevated PLAP values are usually not found. Due to the low sensitivity,
PLAP is no longer recommended by guidelines, though in seminoma, the sensitivity is higher than
the conventional used markers. Nevertheless, the unsolved issue with PLAP is mainly due to the
increased PLAP secretion of alveolar tissue in smokers, which allows 10-fold increased levels to be
measured, and is a common source for misleading results [14,28].

2.6. DNA Methylation and Histone Modification

The previously described conventional TGCT markers, namely AFP, β-hCG, LDH, and PLAP, can
be determined by serological examination. Another possibility is direct examination of tumor cells
using immunohistochemical diagnostics. Testicular tumors have altered epigenetic patterns compared to
somatic cells, which could subsequently be considered as tissue-based or circulating tumor markers [15].

In the development of the testis, hypomethylated germ cells appear in the early phase and
hypermethylation in mature phases. Genomic hypomethylation is generally found in tumors and
hypermethylation at certain loci. The degree of methylation is highly dependent on the differentiation
of TGCTs. Hypomethylation increases with the dedifferentiation of testicular cancer. There are also
differences between the tumor entities: Embryonic carcinomas are moderately methylated, while teratomas
and choriocarcinomas have highly methylated genomes [30]. The degree of methylation of CpG islands
differs in that most of the chromatin in TGCTs lose their strong methylation, while other normally not
methylated CpG sites are hypermethylated [31]. The CpG islands of XIST (X-inactive specific transcript)
gene (encoded for a long non-coding RNA) are methylated in somatic cells and unmethylated in TGCTs.
Non-coding regions such as Long Interspersed Nuclear Elements (LINE1) and also promoters may have
different methylation patterns in testicular cancer [15,32]. Altered CpG methylation was detected by
Ellinger et al. in cell-free circulating tumor DNA in serum. Hypermethylation of APC, p16, and PTSG2
genes show high specificity and may be potential biomarkers [33]. Moreover, 5-methylcytosine of the
CpG islands can also be detected by immunohistochemistry [34].

Methylation and other modifications also occur in histones, which reorganize the chromatin.
These are necessary to maintain cell integrity and prevent transformation to TGCTs. The changes
in chromatin are manifold and make it difficult to identify tumor markers. Overexpression of DNA
methyltransferase I (DNMT1) may result in silencing of tumor suppressor genes [35]. Altered histone
methylations increase the expression of proto-oncogene POU5F1, which is detectable in embryonal
carcinomas and seminomas [36]. Silencing of tumor suppressor RASSF1A was observed by histone
modifications (loss of trimethylation of H3K9) at the promoter. Nonetheless, the current data is
insufficient to use histone modification as a biomarker [15].

2.7. MicroRNAs as Novel Emerging Biomarkers

MicroRNAs (miRNAs) are a group of molecules that are currently under intense research and
have high likelihood for potential tumor markers [12]. In contrast to the long non-coding RNAs,
miRNAs belong to the group of short non-coding RNAs and have been involved in the pathogenesis
of many types of cancer [37–39]. This group of RNAs has an average length of 22 nucleotides that do
not code for proteins (non-coding RNA). miRNAs attach mRNAs by complementary base binding
and can post-translationally control the expression of proteins in cells [12,40]. miRNAs affect a variety
of molecular processes and are necessary for the proper development of tissues, drug resistance
and immune response [41–44]. miRNAs can prevent the transformation to cancer, but in the case of
abnormal expression patterns, they may also promote it. Thus, miRNA clusters were found that are
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only expressed higher in TGCTs regardless of histologic type, age of patients and localization [27].
miRNAs are extracellular signal molecules for cell-cell communication, which are also secreted by
tumor cells in the blood and are thus easily detectable. miRNAs are resistant to RNase A and are
therefore stable in serum [45]. The detection of miRNA was also successful in other body fluids such
as urine, saliva, breast milk, seminal plasma, and cerebrospinal fluid. miRNAs are generally present in
two states, either in combination with the AGO2 protein, or are found unbound in vesicles [46–48].
They are secreted by cells in the context of regulatory processes or intracellular communication, but can
also be released by cell death. miRNAs can affect other cells in an autocrine, paracrine or endocrine
manner. The penetration of miRNAs into the cell is not yet fully understood. Presumably, this takes
place via endocytosis or a receptor-dependent uptake [41]. There have been several examples of
miRNAs and their respective functions, but just to highlight some of them, Schwarzenbacher and
colleagues identified miR-1287-5p as significantly down-regulated in breast cancer and cancer stem
cells. They were able to show that miR-1287-5p significantly decreased cellular growth, cells in S
phase of cell cycle, anchorage-independent growth, and tumor formation in vivo. By identifying
PI3Kinase pathway as a main regulated pathway, they also suggest a possible pharmacological link to
miR-1287-5p [49]. Another example of the involvement of miRNAs in human cancer comes from a
work published by Pichler and colleagues. In their genome-wide analysis of the Cancer Genome data
set, the authors identified six miRNAs (miR-92b-3p, miR-188-3p, miR-221-5p, miR-331-3p, miR-425-3p,
and miR-497-5p) as strong predictors of survival in colorectal cancer. One of them, miR-188-3p
increased the migratory behavior of colorectal cancer cells in vitro and metastases formation in vivo.
Furthermore, the authors could link miR-188-3p to MLLT4, a novel identified player involved in
colorectal cancer cell [50].

miR-302, miR-367 and miR-371-373 clusters already provide high specificity (>99%) and are the
most promising candidates for TGCT markers [11,27,34].

2.7.1. miR-302 Cluster

miR-302 cluster plays an important role in the regulation of the cell cycle in embryonic (ESC)
and pluripotent stem cells (PSC). miR-302 can interact with cell cycle promoters and inhibitors,
thereby affecting the rapid proliferation of these cells [51]. In addition, they regulate epigenetic
processes (histone methylations) and signaling cascades such as the Akt/PKB signaling pathway [52].
High miR-302 expression is mainly found in teratomas where it suppresses the oncogenic driver
Akt. As a consequence, there is less inhibition of the pluripotent transcription factor OCT4 by Akt.
Conversely, downregulation of miR-302 or overexpression of Akt in PSCs results in low expression of
OCT4. High OCT4 levels are necessary for the pluripotent capabilities of PSCs, but are also a factor that
promotes teratoma formation. miR-302 also inhibits the expression of other cell cycle inhibitors (CDK2,
CDK4) and thus accelerates the transition from G1 phase to S phase. Expression in ESCs decreases
rapidly after differentiation [51,53,54].

A study published by Das et al. has shown that miR-302 cluster is highly expressed specifically in
embryonic carcinomas. In contrast to low expression of miR-302 in colon, stomach and liver carcinomas, only
in TGCT patients have been found increased miR-302 in the blood [55–57]. In TGCT cell lines treated with
cisplatin, expression of miR-302a-3p, miR-302b-3p and miR-302c-3p decreased [53]. Sprouty RTK Signaling
Antagonist 4 (SPRY4] is a potential oncogene that may be overexpressed in TGCT and affect the PI3K/Akt
signaling pathway. Inhibition of miR-302 suppresses SPRY4, which subsequently decreases cell growth and
invasion [53]. These results indicate a possible role of miR-302 in the development of TGCTs [58].

The miR-302 cluster consists of four individual miRNAs (miR-302a, miR-302b, miR-302c,
miR-302d), which differ in part only by a few nucleotides. Therefore, precise methods are needed to
differentiate these miRNAs from one another during serum analysis. Murray et al. found elevated
miR-302 levels in blood tests in all TGCT patients studied. When using a multiplex real-time polymerase
chain reaction (qRT-PCR), no cross-reactions between the miRNAs were detected [59]. However, more
studies are needed to confirm the potential of miR-302 as a tumor marker.
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2.7.2. miR-367

miR-367 is a miRNA that is closely associated with the miR-302 cluster and therefore often
summarized (miR-302/367 cluster). miR-367 differs slightly in sequence with the miR-302 cluster, but
they have similar mRNAs as targets [52]. The common seed sequence of miR-302a-d is “AAGUGCU”,
while miR-367 shares the sequence “AUUGCAC” with miR-92a-1 and miR-92a-2. The physiological
functions of miR-302/367 cluster include the control of nodal signaling pathway and the cell cycle.
Decreased miR-302/367 expression was found in GCTs and yolk sac tumors and correlates negatively
with the expression level of tumor suppressor protein P63 [60].

In a study by Syring et al., the miR-367-3p serum level was determined in 76 patients with TGCT
and in 84 healthy patients. TGCT patients had a significantly increased miR-367-3p level. However, there
was no difference from miR-302 level between both groups. Stage I and II TGCTs had significantly lower
miR-367-3p levels than advanced tumors (Stage III). miR-367-3p was more elevated in seminomas than in
non-seminomas. After performing orchiectomy, miR-367-3p decreased or was no longer detectable [61].
Another study in pediatric germ cell tumors analyzing cerebrospinal fluid and serum demonstrated
that a four-serum miRNA panel (miR-371a-3p, miR-372-3p, miR-373-3p and miR-367-3p) possesses high
sensitivity/specificity for diagnosing pediatric extracranial malignant GCT, allows early detection of
relapse of a testicular mixed malignant germ cell tumor, and distinguishes intracranial malignant germ
cell tumors from intracranial non-germ cell tumours at diagnosis [62]. Another study reported impressive
data by including miR-373-3p and 367-3p serum levels to detect germ cell tumors in 250 patients with
an area under the curve (AUC) of 0.962, with a 90% sensitivity and 91% specificity. Their assay, which
they called ampTSmiR, was not suitable to detect pure teratoma as well as the precursor of TGCC,
i.e., germ cell neoplasia in situ (GCNIS) [63]. There was no detection in blood in patients with benign
testicular lesions [61]. However, miR-371-3p seems to outperform the high sensitivity of miR-367-3p in
germ cell tumor patients [64]. Though some retrospective studies propose superiority of miR-371-3p to
predict viable tumor tissue after chemotherapy and disease [65] recurrence after curative treatment [16],
others propose a value for miR-367-3p in indicating chemotherapy-refractory disease [66]. Summarizing,
a definitive answer whether miR-367-3p will add additional value when supplemented to miR-371-3p or
used under certain clinical scenario has still to be clarified.

2.7.3. miR-371-373 Cluster

The miR-371-373 cluster includes one of the most promising miRNAs that could emerge as a
routinely used biomarker in the diagnosis of testicular cancer. This cluster consists of three miRNAs
(miR-371, miR-372, and miR-373), all located at chromosome 19. Aberrant (up-regulation) expression
of miR-371-373 was found mainly in TGCT patients [67], but this cluster has also a prognostic value in
other types of cancers or diseases: miR-371 and miR-372 may play a role in the diagnosis of gastric and
pancreatic cancer, while miR-373 influences the metastasis of breast cancer by regulating migration
and invasion [68]. MiR-371-373 and miR-302 clusters are universally overexpressed in malignant GCTs
and coordinately down-regulate mRNAs involved in biologically significant pathways [69].

The miR-371-373 cluster is linked to the Wnt/β-catenin pathway via a feedback loop and helps
maintain the characteristics of stem cells. The substitution of mutant p53 and inhibition of Ras-induced
senescence are functions of miR-371-373 up-regulation in TGCTs [70]. Patients with p53-positive TGCTs
and upregulated miR-371-373 are less resistant to chemotherapy and radiation treatment [70–73].

2.7.4. miR-371a-3p

Numerous studies described miR-371a-3p as a suitable tumor marker in TGCT patients in
follow-up, recurrence detection, prognosis, diagnostics, and staging.

First evidence for the potential of this miRNA for TGCT detection came from Dieckmann et al.
in a small cohort of TGCT patients. In this study, the authors reported much higher serum levels
of miRNA-371-3p in TGCT patients than in healthy controls. Moreover, the serum levels dropped
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post-operatively in stage I patients, and after systemic chemotherapy treatment in advanced stages,
though no correlation was found between the extent of miRNA expression in tissue and the values
measured in matching serum [74].

In a study of 28 patients with seminoma or non-seminomatous stage I tumors, significantly
increased levels of miR-371 and miR-372 were found, while miR-302 and miR-373 cluster showed no
significant differences compared to the control group [75].

A study performed by Vilela-Salgueiro et al., described the differential expression of miR-371a-3p
in various testicular tumor entities. Therein, 119 patients with TGCT were examined after orchiectomy
and miR-371a-3p was extracted from the histological sections of the tumors and quantified by qRT-PCR.
In tumors with germ cell neoplasia in situ (GCNIS) as precursor, as well as in non-GCNIS tumors,
no association was found between the expression of miR-371a-3p and the level of serum markers,
tumor stage and age of the patients [73]. When comparing with the control group (normal testis
tissue), significantly increased miR-371a-3p levels were found in TGCTs. In seminomas, the highest
expression was measured, followed by embryonic carcinomas. In general, TGCTs with GCNIS as
precursor displayed higher expression than non-GCNIS tumors. The expression level of miR-371a-3p
was only slightly increased in teratomas. The prepubertal and post-pubertal types of yolk sac tumors
showed no difference in expression. Nonetheless, higher levels of miR-371a-3p expression were found
in all tumor types than in healthy tissue [73].

Another study examined serum levels of miR-371a-3p in patients with GCNIS. Therein, 50% of
patients with GCNIS had elevated serum levels of miR-371a-3p, while miR-367 was not elevated.
After treatment of the patients, miR-371a-3p dropped to normal. Since only one in two patients with
precursors of TGCTs had elevated serum levels and there were also contradictory results reported from
other research groups, miR-371a-3p cannot replace a biopsy to differentiate between pre-cursor lesions
and TGCT, but it may help with unclear histological results [63,76]. A recently published case report
suggest a discriminative power of miR-371a-3p to differentiate between unspecific AFP elevations [77].

Spiekermann et al. examined the serum miR-371a-3p levels from the blood of the testicular vein
and cubital vein in TGCT patients and compared them to patients with testicular disease (hydrocele,
epididymitis) or other solid tumors. Patients with Stage I TGCT had significantly increased miR-371a-3p
levels compared to patients with other solid tumors, but there was no substantial difference in GCNIS
patients. Interestingly, in the testicular vein blood samples, miR-371-3p levels were at a much higher
level than in the cubital vein samples, indicating a possible main origin of the circulating miRNA.
The serum values also correlate with the tumor stage, so that the highest miR-371a-3p values were
found in serum and pleural effusion of stage III TGCT patients [78,79]. After orchiectomy, miR-371a-3p
serum levels decreased by over 97% within 24 hours and over 99% in 72 hours. This is due to
the short half-life of miRNAs, which was observed for both, seminomas and non-seminomatous
tumors [80]. In advanced TGCT similar results were obtained, however, the influence of metastases on
the miR-371a-3p level was not fully examined [80].

The expression of miR-371a-3p in the seminal plasma was not significantly different between
TGCT patients and healthy patients. However, the miR-371a-3p level in the seminal plasma compared
to the serum in healthy men is greatly increased and correlates directly with the sperm concentration.
Thus, miR-371a-3p not only plays a role in TGCT diagnostics, but could also serve as a biomarker for
male infertility [81].

A prospective study investigated serum levels of miR-371a-3p, miR-372, and miR-373-3p in 24
patients with seminoma and non-seminomatous tumors. All three miRNAs had significantly higher
serum levels before orchiectomy than postoperatively, with miR-371a-3p decreasing most rapidly after
surgery. In two cases there was no decrease of miR-372 and miR-373-3p. As already described by
Spiekermann et al., elevated serum levels in the blood from the testicular vein were also found here.
miR-371-373 expression decreased in patients with Stage II/III TGCT after chemotherapy [74].

In a large-scale prospective multicenter study, the serum levels of miR-371a-3p in a total of
616 patients with TGCT at different stages and 258 healthy men were recorded and compared with
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AFP, β-hCG, and LDH. As with the previously described studies and validated for the first time
in a prospective manner, increased miR-371-3p levels were found in all tumor subtypes except
teratoma. miR-371-3p levels were highest in seminoma and increase with a higher stage of the tumor
disease. At each stage of the tumor there was a decrease in serum miR-371a-3p after chemotherapy or
orchiectomy, but the miR-371-3p level decreased more rapidly in earlier stages. This can be attributed
to metastases, which probably express miR-371a-3p. In two patients who did not survive due to tumor
progression, increasing miR-371a-3p levels were measured, so the serum level is likely to be associated
with tumor size and disease progression [82].

These results confirmed the importance of miR-371a-3p in the diagnosis of metastases and
monitoring of TGCTs treatment course. However, there are also limitations of this marker highlighted
in this study: In stage I teratomas, miR-371a-3p could not be detected. In pure seminomas less than
1 cm in size, expression was found in only about 60% [82].

The majority of all TGCT patients are cured by the treatment, but in about 10% of cases there is a
recurrence [3]. The monitoring of miR-371a-3p serum levels may be useful in the early detection of
recurrences. In a retrospective study, seminoma patients with recurrence were found to have elevated
miR-371a-3p serum levels compared to patients without relapse. This significant difference was not
found for miR-367-3p, AFP, β-hCG and LDH. In teratoma patients, miR-371a-3p was not detected.
Measurement of miR-371a-3p at defined pre-treatment times, after orchiectomy and chemotherapy,
as well as in follow-up, may allow early detection of recurrences, especially in seminoma patients [16].

Mego et al. described the influence of miR-371a-3p on progression-free-survival (PFS) and overall
survival (OS) of TGCT patients. In general, an association was again found between pre-therapeutic
miR-371-3p levels and retroperitoneal lymph node metastases, distant metastases, and high stage.
In non-seminomatous tumors, a negative miR-371a-3p level before treatment was associated with
better OS and PFS. Similarly, negative miRNA levels in advanced tumors show a positive influence on
survival. No association was found between miR-371a-3p and conventional tumor markers. However,
the prognostic value of negative tumor markers in seminoma patients was questionable in this study [83].

Discussing the quantification of miR-371-3p, mainly RT-qPCR-based assays were used. The samples
are usually normalized by deltaCt method via a reference gene, ideally which is an endogenous miRNA.
miR-20a-5p, miR-30b-5p, miR-93-5p and miR-191-5p were proposed as reference miRNAs and were
commonly used in the analysis of miR-371a-3p and miR-372-3p [62,64,84]. Hemolysis of red blood
cells during sampling can lead to misleading results in the measurement. Measurements showed that
hemolysis increased the concentration of reference miRNAs in the serum. As a further consequence,
the determination of miR-371a-3p and miR-372-3p (which themselves are not affected by hemolysis) can
be falsified, thus adversely affecting the diagnosis. Therefore, hemolysis and any kind of contamination
of the samples should be avoided, or other miRNAs should be considered as endogenous calibrators and
normalizers [85].

In summary, miR-371a-3p is currently considered a very suitable tumor marker for TGCTs,
although further prospective studies have to follow in order to identify advantages and limitations [86].

2.7.5. miR-372/373

In contrast to miR-371a-3p, miR-372 and miR-373 seem to be inferior biomarkers with a minor
role. Although the expression of miR-372 and miR-373 differ in patients with healthy testes and those
with TGCT, the diagnostic performance of miR-371a-3p is much better. In a study of different serum
miRNAs in TGCTs, the highest measurable levels were miR-371a-3p and these correlated most with
the occurrence of testicular tumors (miR-371a-3p > miR-372a-3p > miR-373a-3p) [62].

Although miR-372 and miR-373 are unlikely to play a role as future tumor markers, they indeed
play important role in tumorigenesis. Up-regulation of miR-372/373 leads to the suppression of Large
Tumor Suppressor Kinase 2 (LATS2) and subsequently to indirect inhibition of p53, allowing mutations
to accumulate in the tumor cell [68,70].
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2.7.6. miR-517/519

miR-517a-3p, miR-519a-3p, and miR-519c-3p are three miRNAs that are part of the chromosome
19 miRNA cluster (C19MC), which is located near the miR-371-373 cluster [87]. Overexpression of
these miRNAs has already been found in various tumors and is associated with increased invasion,
migration and poor overall survival [88,89]. Flor et al. compared the expression of miR-517a-3p,
miR-519a-3p, and miR-519c-3p in TGCTs with healthy testicular tissue. The expression in stage I
seminoma and mixed tumors with a teratoma component was lower or the same as in normal testes.
High expression was found in advanced tumors (stage III mixed tumors) and non-seminomatous
tumors. The level of miR-517a-3p in the serum decreased after the tumor was removed. The data show
that the expression of miR-517a-3p, miR-519a-3p and miR-519c-3p depends on the histological type
and the clinical stage [90]. The role as a potential biomarker for non-seminomatous and advanced
tumors would have to be examined in further studies.

2.7.7. miR-223-3p

miR-223-3p is an important miRNA that plays a role in cell growth and apoptosis of tumor
cells [91,92]. Altered expression patterns of miR-223-3p have already been observed in esophageal
tumors, gastric tumors and in acute T-cell lymphoblastic leukemia [93–95]. In TGCTs, increased
expression was observed in comparison with healthy testicular tissue. F-box/WD repeat-containing
protein 7 (FBXW7) is a tumor suppressor and one of the major targets of miR-223-3p. FBWX7 is
part of a protein complex that promotes the degradation of oncoproteins. Increased expression of
miR-223-3p correlates with a decrease in FBWX7, which subsequently influences the progression of
TGCTs. In TGCTs, overexpression of miR-223-3p leads to the inhibition of apoptosis via FBWX7 [91,94].
The influence of miR-223-3p in gastric carcinoma on the sensitivity of chemotherapeutic agents may
also be transferred to TGCTs. There are currently no studies on the use of miR-223-3p as a tumor
marker, but it may be worth testing because of its role in tumorigenesis [91,96].

2.7.8. miR-449

miR-449a and miR-449b are highly up-regulated by the transcription factor E2F [97]. E2F has
functions in the regulation of the cell cycle and in the induction of apoptosis. Pro-apoptotic genes are
usually induced by DNA damage, similar to p53 stimulus [98]. miR-449a can reduce the expression of
cell cycle protein CDK6, thereby counteracting cell cycle progression [99]. High miR-449a expression
was found in healthy testicular tissue and also in the lung and trachea, while in testicular cancer,
expression was low or absent. This may be due to a mutation of retinoblastoma protein (pRB) that
binds to E2F. In further consequence, silencing of miR-449a may occur in tumor cells, allowing further
progression [97,100]. Nevertheless, a silenced miRNA in tumor tissue won´t have any utility as a
circulating tumor marker.

2.7.9. miR-383

miR-383 affects apoptosis, cell cycle regulation and proliferation of TGCTs. While decreased
expression has been found in infertile men, expression is elevated in embryonic carcinomas. miR-383
interacts directly with mRNA of interferon regulatory factor-1 (IRF1), whereby the expression decreases.
In further consequence IRF1 interacts with cyclin D1, CDK2 and p21, so that at high miR-383 levels the
expression of these cell cycle proteins decreases. As previously described with miR-449, miR-383 can
also regulate the pRB protein in embryonic carcinomas via interacting with IRF1 [101].

miR-383 overexpression in embryonic carcinomas leads to the inhibition of the DNA damage
marker γ-H2A.X, which increases the tumor’s sensitivity to cisplatin. This may be a potential target
for the treatment of embryonic carcinomas [102].
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2.7.10. miR-514a-3p

miR-514a-3p is part of the miR-506~514 cluster and induces apoptosis by direct interaction with
paternally expressed genes 3 (PEG3) and further activation of NF-κB. Downregulation of miR-514a-3p
was observed in seminomas and embryonal carcinomas. miR-514a-3p acts proapoptotically by
activating p53 via PEG3 and Siah1 and inhibiting the Wnt signaling cascade [103,104]. Overexpression
of miR-514a-3p and increased inhibition of PEG3 slow down TGCT’s apoptotic mechanisms, thereby
playing an important role in tumor development [105].

2.7.11. miR-199a-3p/214

Alterations in tumor metabolism (aerobic glycolysis) are hallmarks of cancer. The increased conversion
of pyruvate to lactate by tumor cells is characterized by a poor prognosis. miR-199a-3p increases lactate
production by downregulating metabolic genes. In TGCTs miR-199a-3p is therefore commonly found at
high expression levels [106]. Another direct target of miR-199a is V-maf musculoaponeurotic fibrosarcoma
oncogene homolog B (MAFB)). The low expression of this protein may explain the antiproliferative
properties of miR-199a. Interestingly, expression of miR-199a is high in TGCT, whereas it is decreased in
glioblastomas compared to healthy tissue [107].

Furthermore, miR-199a-3p was shown to be negatively correlated with the expression of DNA
(cytosine-5)-methyltransferase 3A (DNMT3A), thereby affecting methylation patterns in TGCTs [108].
miR-199a-3p is a potential target for treatment because of its tumor suppressive properties, however,
there are no studies on its potential role as a biomarker [106].

miR-214 is co-transcribed together with miR-199a-2 and accordingly down-regulated in TGCTs.
Both miRNAs inhibit the expression of DNMT1, whereas only miR-214 can activate TP53 [109].
In overview about all miRNAs and their potential interactions with driving and tumor suppressive
factors is depicted in Figure 1.
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3. Conclusions

This work has highlighted the limitations of currently used tumor markers, namely AFP, β-hCG,
and LDH. Relatively low sensitivity and specificity and the influence of other tumors or diseases are
the main reasons why conventional serum markers are far below perfect. In addition, epigenetic
changes such as DNA methylation, histone modifications, or miRNAs carry great potential that can
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revolutionize the diagnosis of testicular tumors. miR-371a-3p has been analyzed in many studies,
including multicenter studies, and harbor the greatest potential to get established as a marker that
can be used in monitoring disease and detection of disease recurrence. miR-302 and miR-367 are also
highly sensitive, but have more limitations and may serve as an additional marker to miR-371a-3p.

Many other miRNAs (miR-223-3p, miR-449, miR-383, miR-514a-3p, miR-199a-3p, miR-214)
change their expression pattern during the transformation to malignant testicular tumors and may be
considered as potential tumor markers or therapeutics. The further investigation of these miRNAs
in the future is certainly warranted. The established miRNA, miR-371a-3p, seems to be the first one
ready for prime time in assessing presence of metastatic disease and monitoring treatment success
in cisplatin-treated TGCTs patients. In other disease settings, especially teratomas, and for further
miRNAs, additional prospective large studies are needed to confirm their potential as tumor markers
and to better understand the limitations of these novel serum markers.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Khan, O.; Protheroe, A. Testis cancer. Postgrad. Med. J. 2007, 83, 624–632. [CrossRef]
2. Moch, H.; Cubilla, A.L.; Humphrey, P.A.; Reuter, V.E.; Ulbright, T.M. The 2016 WHO Classification of

Tumours of the Urinary System and Male Genital Organs-Part A: Renal, Penile, and Testicular Tumours.
Eur. Urol. 2016, 70, 93–105. [CrossRef]

3. Horwich, A.; Shipley, J.; Huddart, R. Testicular germ-cell cancer. Lancet 2006, 367, 754–765. [CrossRef]
4. Bezan, A.; Posch, F.; Ploner, F.; Bauernhofer, T.; Pichler, M.; Szkandera, J.; Hutterer, G.C.; Pummer, K.; Gary, T.;

Samonigg, H.; et al. Risk stratification for venous thromboembolism in patients with testicular germ cell
tumors. PLoS ONE 2017, 12, e0176283. [CrossRef]

5. Terbuch, A.; Posch, F.; Annerer, L.M.; Bauernhofer, T.; Pichler, M.; Szkandera, J.; Hutterer, G.C.; Pummer, K.;
Partl, R.; Kapp, K.S.; et al. Long-term cardiovascular complications in stage I seminoma patients.
Clin. Transl. Oncol. 2017, 19, 1400–1408. [CrossRef]

6. Terbuch, A.; Posch, F.; Partl, R.; Zurl, B.; Bauernhofer, T.; Pichler, M.; Szkandera, J.; Hutterer, G.C.; Pummer, K.;
Kapp, K.S.; et al. Risk stratification for febrile neutropenia in patients with testicular germ cell tumors.
Cancer Med. 2018, 7, 508–514. [CrossRef]

7. Terbuch, A.; Posch, F.; Bauernhofer, T.; Pichler, M.; Peinsith, H.; Szkandera, J.; Riedl, J.; Hutterer, G.C.;
Pummer, K.; Partl, R.; et al. Age as a Predictor of Treatment Outcome in Metastatic Testicular Germ Cell
Tumors. Anticancer Res. 2019, 39, 5589–5596. [CrossRef]

8. Batool, A.; Karimi, N.; Wu, X.-N.; Chen, S.-R.; Liu, Y.-X. Testicular germ cell tumor: A comprehensive review.
Cell Mol. Life Sci. CMLS 2019, 76, 1713–1727. [CrossRef]

9. Dieckmann, K.-P.; Simonsen-Richter, H.; Kulejewski, M.; Anheuser, P.; Zecha, H.; Isbarn, H.; Pichlmeier, U.
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, 2019, 5030349. [CrossRef]

10. Weissbach, L.; Bussar-Maatz, R.; Mann, K. The value of tumor markers in testicular seminomas. Results of a
prospective multicenter study. Eur. Urol. 1997, 32, 16–22. [CrossRef]

11. Bezan, A.; Gerger, A.; Pichler, M. MicroRNAs in Testicular Cancer: Implications for Pathogenesis, Diagnosis,
Prognosis and Therapy. Anticancer Res. 2014, 34, 2709–2713.

12. Pichler, M.; Calin, G.A. MicroRNAs in cancer: From developmental genes in worms to their clinical
application in patients. Br. J. Cancer 2015, 113, 569–573. [CrossRef]

13. TNM Classification of Malignant Tumours, 7th ed. Available online: https://www.wiley.com/en-us/TNM+

Classification+of+Malignant+Tumours%2C+7th+Edition-p-9781444358964 (accessed on 8 September 2019).
14. Masterson, T.A.; Rice, K.R.; Beck, S.D.W. Current and future biologic markers for disease progression and

relapse in testicular germ cell tumors: A review. Urol. Oncol. Semin. Orig. Investig. 2014, 32, 261–271.
[CrossRef]

http://dx.doi.org/10.1136/pgmj.2007.057992
http://dx.doi.org/10.1016/j.eururo.2016.02.029
http://dx.doi.org/10.1016/S0140-6736(06)68305-0
http://dx.doi.org/10.1371/journal.pone.0176283
http://dx.doi.org/10.1007/s12094-017-1742-y
http://dx.doi.org/10.1002/cam4.1317
http://dx.doi.org/10.21873/anticanres.13753
http://dx.doi.org/10.1007/s00018-019-03022-7
http://dx.doi.org/10.1155/2019/5030349
http://dx.doi.org/10.1159/000480875
http://dx.doi.org/10.1038/bjc.2015.253
https://www.wiley.com/en-us/TNM+Classification+of+Malignant+Tumours%2C+7th+Edition-p-9781444358964
https://www.wiley.com/en-us/TNM+Classification+of+Malignant+Tumours%2C+7th+Edition-p-9781444358964
http://dx.doi.org/10.1016/j.urolonc.2013.05.012


Cancers 2020, 12, 749 12 of 16

15. Costa, A.L.; Lobo, J.; Jerónimo, C.; Henrique, R. The epigenetics of testicular germ cell tumors: Looking for
novel disease biomarkers. Epigenomics 2017, 9, 155–169. [CrossRef]

16. Terbuch, A.; Adiprasito, J.B.; Stiegelbauer, V.; Seles, M.; Klec, C.; Pichler, G.P.; Resel, M.; Posch, F.;
Lembeck, A.L.; Stöger, H.; et al. MiR-371a-3p Serum Levels Are Increased in Recurrence of Testicular Germ
Cell Tumor Patients. Int. J. Mol. Sci. 2018, 12, 19. [CrossRef]

17. AFP-Alpha-fetoprotein Precursor-Homo Sapiens (Human)-AFP Gene & Protein [Internet]. Available online:
https://www.uniprot.org/uniprot/P02771 (accessed on 14 September 2019).

18. Milose, J.C.; Filson, C.P.; Weizer, A.Z.; Hafez, K.S.; Montgomery, J.S. Role of biochemical markers in testicular
cancer: Diagnosis, staging, and surveillance. Open Access J. Urol. 2011, 4, 1–8.

19. Gitlin, D.; Boesman, M. Serum alpha-fetoprotein, albumin, and gamma-G-globulin in the human conceptus.
J. Clin. Investig. 1966, 45, 1826–1838. [CrossRef]

20. Klepp, O.; Olsson, A.M.; Henrikson, H.; Aass, N.; Dahl, O.; Stenwig, A.E.; Persson, B.E.; Cavallin-Ståhl, E.;
Fosså, S.D.; Wahlqvist, L. Prognostic factors in clinical stage I nonseminomatous germ cell tumors of the
testis: Multivariate analysis of a prospective multicenter study. Swedish-Norwegian Testicular Cancer
Group. J. Clin. Oncol. 1990, 8, 509–518. [CrossRef]

21. von Eyben, F.E. Laboratory markers and germ cell tumors. Crit. Rev. Clin. Lab. Sci. 2003, 40, 377–427.
[CrossRef]

22. CGB1-Choriogonadotropin Subunit Beta Variant 1 Precursor-Homo Sapiens (Human)-CGB1 Gene & Protein
[Internet]. Available online: https://www.uniprot.org/uniprot/A6NKQ9 (accessed on 14 September 2019).

23. Gilligan, T.D.; Seidenfeld, J.; Basch, E.M.; Einhorn, L.H.; Fancher, T.; Smith, D.C.; Stephenson, A.J.; Vaughn, D.J.;
Cosby, R.; Hayes, D.F.; et al. American Society of Clinical Oncology Clinical Practice Guideline on uses of
serum tumor markers in adult males with germ cell tumors. J. Clin. Oncol. 2010, 28, 3388–3404. [CrossRef]

24. BRENDA-Information on EC 1.1.1.27-L-Lactate Dehydrogenase [Internet]. Available online: https://www.
brenda-enzymes.org/enzyme.php?ecno=1.1.1.27# (accessed on 14 September 2019).

25. Granchi, C.; Bertini, S.; Macchia, M.; Minutolo, F. Inhibitors of lactate dehydrogenase isoforms and their
therapeutic potentials. Curr. Med. Chem. 2010, 17, 672–697. [CrossRef] [PubMed]

26. Salem, M.; Gilligan, T. Serum tumor markers and their utilization in the management of germ-cell tumors in
adult males. Expert Rev. Anticancer Ther. 2011, 11, 1–4. [CrossRef] [PubMed]

27. Murray, M.J.; Huddart, R.A.; Coleman, N. The present and future of serum diagnostic tests for testicular
germ cell tumours. Nat. Rev. Urol. 2016, 13, 715–725. [CrossRef] [PubMed]

28. Favilla, V.; Cimino, S.; Madonia, M.; Morgia, G. New advances in clinical biomarkers in testis cancer.
Front. Biosci. 2010, 2, 456–477.

29. ALPP-Alkaline Phosphatase, Placental Type Precursor-Homo Sapiens (Human)-ALPP Gene & Protein
[Internet]. Available online: https://www.uniprot.org/uniprot/P05187 (accessed on 16 September 2019).

30. Wermann, H.; Stoop, H.; Gillis, A.J.M.; Honecker, F.; van Gurp, R.J.H.L.M.; Ammerpohl, O.; Richter, J.;
Oosterhuis, J.W.; Bokemeyer, C.; Looijenga, L.H. Global DNA methylation in fetal human germ cells and
germ cell tumours: Association with differentiation and cisplatin resistance. J. Pathol. 2010, 221, 433–442.
[CrossRef]

31. Boccellino, M.; Vanacore, D.; Zappavigna, S.; Cavaliere, C.; Rossetti, S.; D’Aniello, C.; Chieffi, P.; Amler, E.;
Buonerba, C.; Di Lorenzo, G.; et al. Testicular cancer from diagnosis to epigenetic factors. Oncotarget 2017, 8,
104654–104663. [CrossRef]

32. Ushida, H.; Kawakami, T.; Minami, K.; Chano, T.; Okabe, H.; Okada, Y.; Okamoto, K. Methylation profile of
DNA repetitive elements in human testicular germ cell tumor. Mol. Carcinog. 2012, 51, 711–722. [CrossRef]

33. Ellinger, J.; Albers, P.; Perabo, F.G.; Müller, S.C.; von Ruecker, A.; Bastian, P.J. CpG island hypermethylation
of cell-free circulating serum DNA in patients with testicular cancer. J. Urol. 2009, 182, 324–329. [CrossRef]

34. Rajpert-De Meyts, E.; Nielsen, J.E.; Skakkebaek, N.E.; Almstrup, K. Diagnostic markers for germ cell
neoplasms: From placental-like alkaline phosphatase to micro-RNAs. Folia Histochem. Cytobiol. 2015, 53,
177–188. [CrossRef]

35. Füllgrabe, J.; Kavanagh, E.; Joseph, B. Histone onco-modifications. Oncogene 2011, 30, 3391–3403. [CrossRef]
36. Lambrot, R.; Kimmins, S. Histone methylation is a critical regulator of the abnormal expression of POU5F1

and RASSF1A in testis cancer cell lines. Int. J. Androl. 2011, 34, 110–123. [CrossRef] [PubMed]

http://dx.doi.org/10.2217/epi-2016-0081
http://dx.doi.org/10.3390/ijms19103130
https://www.uniprot.org/uniprot/P02771
http://dx.doi.org/10.1172/JCI105486
http://dx.doi.org/10.1200/JCO.1990.8.3.509
http://dx.doi.org/10.1080/10408360390247814
https://www.uniprot.org/uniprot/A6NKQ9
http://dx.doi.org/10.1200/JCO.2009.26.4481
https://www.brenda-enzymes.org/enzyme.php?ecno=1.1.1.27#
https://www.brenda-enzymes.org/enzyme.php?ecno=1.1.1.27#
http://dx.doi.org/10.2174/092986710790416263
http://www.ncbi.nlm.nih.gov/pubmed/20088761
http://dx.doi.org/10.1586/era.10.219
http://www.ncbi.nlm.nih.gov/pubmed/21166503
http://dx.doi.org/10.1038/nrurol.2016.170
http://www.ncbi.nlm.nih.gov/pubmed/27754472
https://www.uniprot.org/uniprot/P05187
http://dx.doi.org/10.1002/path.2725
http://dx.doi.org/10.18632/oncotarget.20992
http://dx.doi.org/10.1002/mc.20831
http://dx.doi.org/10.1016/j.juro.2009.02.106
http://dx.doi.org/10.5603/FHC.a2015.0020
http://dx.doi.org/10.1038/onc.2011.121
http://dx.doi.org/10.1111/j.1365-2605.2010.01063.x
http://www.ncbi.nlm.nih.gov/pubmed/20497257


Cancers 2020, 12, 749 13 of 16

37. Barth, D.A.; Slaby, O.; Klec, C.; Juracek, J.; Drula, R.; Calin, G.A.; Pichler, M. Current Concepts of Non-Coding
RNAs in the Pathogenesis of Non-Clear Cell Renal Cell Carcinoma. Cancers 2019, 11, 1580. [CrossRef]
[PubMed]

38. Klec, C.; Prinz, F.; Pichler, M. Involvement of the long noncoding RNA NEAT1 in carcinogenesis. Mol. Oncol.
2019, 13, 46–60. [CrossRef] [PubMed]

39. Schanza, L.-M.; Seles, M.; Stotz, M.; Fosselteder, J.; Hutterer, G.C.; Pichler, M.; Stiegelbauer, V. MicroRNAs
Associated with Von Hippel-Lindau Pathway in Renal Cell Carcinoma: A Comprehensive Review. Int. J.
Mol. Sci. 2017, 22, 18. [CrossRef]

40. Gutschner, T.; Richtig, G.; Haemmerle, M.; Pichler, M. From biomarkers to therapeutic targets-the promises
and perils of long non-coding RNAs in cancer. Cancer Metast. Rev. 2018, 37, 83–105. [CrossRef]

41. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and
Circulation. Front. Endocrinol. 2018, 9, 402. [CrossRef]

42. Wagner, A.; Mayr, C.; Bach, D.; Illig, R.; Plaetzer, K.; Berr, F.; Pichler, M.; Neureiter, D.; Kiesslich, T. MicroRNAs
Associated with the Efficacy of Photodynamic Therapy in Biliary Tract Cancer Cell Lines. Int. J. Mol. Sci.
2014, 15, 20134–20157. [CrossRef]

43. Pehserl, A.-M.; Ress, A.L.; Stanzer, S.; Resel, M.; Karbiener, M.; Stadelmeyer, E.; Stiegelbauer, V.; Gerger, A.;
Mayr, C.; Scheideler, M.; et al. Comprehensive Analysis of miRNome Alterations in Response to Sorafenib
Treatment in Colorectal Cancer Cells. Int. J. Mol. Sci. 2016, 1, 17.

44. Smolle, M.A.; Prinz, F.; Calin, G.A.; Pichler, M. Current concepts of non-coding RNA regulation of immune
checkpoints in cancer. Mol. Aspects Med. 2019, 70, 117–126. [CrossRef]

45. Chen, X.; Ba, Y.; Ma, L.; Cai, X.; Yin, Y.; Wang, K.; Guo, J.; Zhang, Y.; Chen, J.; Guo, X.; et al. Characterization
of microRNAs in serum: A novel class of biomarkers for diagnosis of cancer and other diseases. Cell Res.
2008, 18, 997–1006. [CrossRef]

46. Iftikhar, H.; Carney, G.E. Evidence and potential in vivo functions for biofluid miRNAs: From expression
profiling to functional testing: Potential roles of extracellular miRNAs as indicators of physiological change
and as agents of intercellular information exchange. BioEssays News Rev. Mol. Cell Dev. Biol. 2016, 38,
367–378. [CrossRef] [PubMed]

47. Gallo, A.; Tandon, M.; Alevizos, I.; Illei, G.G. The majority of microRNAs detectable in serum and saliva is
concentrated in exosomes. PLoS ONE 2012, 7, e30679. [CrossRef] [PubMed]

48. Turchinovich, A.; Weiz, L.; Langheinz, A.; Burwinkel, B. Characterization of extracellular circulating
microRNA. Nucleic Acids Res. 2011, 39, 7223–7233. [CrossRef] [PubMed]

49. Schwarzenbacher, D.; Klec, C.; Pasculli, B.; Cerk, S.; Rinner, B.; Karbiener, M.; Ivan, C.; Barbano, R.; Ling, H.;
Wulf-Goldenberg, A.; et al. MiR-1287-5p inhibits triple negative breast cancer growth by interaction with
phosphoinositide 3-kinase CB, thereby sensitizing cells for PI3Kinase inhibitors. Breast Cancer Res. 2019, 21,
20. [CrossRef]

50. Pichler, M.; Stiegelbauer, V.; Vychytilova-Faltejskova, P.; Ivan, C.; Ling, H.; Winter, E.; Zhang, X.; Goblirsch, M.;
Wulf-Goldenberg, A.; Ohtsuka, M.; et al. Genome-Wide miRNA Analysis Identifies miR-188-3p as a Novel
Prognostic Marker and Molecular Factor Involved in Colorectal Carcinogenesis. Clin. Cancer Res. 2017, 23,
1323–1333. [CrossRef]

51. Li, H.-L.; Wei, J.-F.; Fan, L.-Y.; Wang, S.-H.; Zhu, L.; Li, T.-P.; Lin, G.; Sun, Y.; Sun, Z.J.; Ding, J.; et al. miR-302
regulates pluripotency, teratoma formation and differentiation in stem cells via an AKT1/OCT4-dependent
manner. Cell Death Dis. 2016, 7, e2078. [CrossRef]

52. Gao, Z.; Zhu, X.; Dou, Y. The MiR-302/367 Cluster: A Comprehensive Update on Its Evolution and Functions.
Open Biol. 2015, 5, 150138. [CrossRef]

53. Das, M.K.; Evensen, H.S.F.; Furu, K.; Haugen, T.B. MiRNA-302s may act as oncogenes in human testicular
germ cell tumours. Sci. Rep. 2019, 9, 1–8. [CrossRef]

54. Lee, J.; Go, Y.; Kang, I.; Han, Y.-M.; Kim, J. Oct-4 controls cell-cycle progression of embryonic stem cells.
Biochem. J. 2010, 426, 171–181. [CrossRef]

55. Ma, G.; Li, Q.; Dai, W.; Yang, X.; Sang, A. Prognostic Implications of miR-302a/b/c/d in Human Gastric Cancer.
Pathol. Oncol. Res. POR 2017, 23, 899–905. [CrossRef]

56. Wang, L.; Yao, J.; Shi, X.; Hu, L.; Li, Z.; Song, T.; Huang, C. MicroRNA-302b suppresses cell proliferation by
targeting EGFR in human hepatocellular carcinoma SMMC-7721 cells. BMC Cancer 2013, 13, 448. [CrossRef]
[PubMed]

http://dx.doi.org/10.3390/cancers11101580
http://www.ncbi.nlm.nih.gov/pubmed/31627266
http://dx.doi.org/10.1002/1878-0261.12404
http://www.ncbi.nlm.nih.gov/pubmed/30430751
http://dx.doi.org/10.3390/ijms18112495
http://dx.doi.org/10.1007/s10555-017-9718-5
http://dx.doi.org/10.3389/fendo.2018.00402
http://dx.doi.org/10.3390/ijms151120134
http://dx.doi.org/10.1016/j.mam.2019.09.007
http://dx.doi.org/10.1038/cr.2008.282
http://dx.doi.org/10.1002/bies.201500130
http://www.ncbi.nlm.nih.gov/pubmed/26934338
http://dx.doi.org/10.1371/journal.pone.0030679
http://www.ncbi.nlm.nih.gov/pubmed/22427800
http://dx.doi.org/10.1093/nar/gkr254
http://www.ncbi.nlm.nih.gov/pubmed/21609964
http://dx.doi.org/10.1186/s13058-019-1104-5
http://dx.doi.org/10.1158/1078-0432.CCR-16-0497
http://dx.doi.org/10.1038/cddis.2015.383
http://dx.doi.org/10.1098/rsob.150138
http://dx.doi.org/10.1038/s41598-019-45573-6
http://dx.doi.org/10.1042/BJ20091439
http://dx.doi.org/10.1007/s12253-017-0282-7
http://dx.doi.org/10.1186/1471-2407-13-448
http://www.ncbi.nlm.nih.gov/pubmed/24083596


Cancers 2020, 12, 749 14 of 16

57. Ogawa, H.; Wu, X.; Kawamoto, K.; Nishida, N.; Konno, M.; Koseki, J.; Matsui, H.; Noguchi, K.; Gotoh, N.;
Yamamoto, T.; et al. MicroRNAs Induce Epigenetic Reprogramming and Suppress Malignant Phenotypes of
Human Colon Cancer Cells. PLoS ONE 2015, 10, e0127119. [CrossRef] [PubMed]

58. Das, M.K.; Furu, K.; Evensen, H.F.; Haugen, Ø.P.; Haugen, T.B. Knockdown of SPRY4 and SPRY4-IT1 inhibits
cell growth and phosphorylation of Akt in human testicular germ cell tumours. Sci. Rep. 2018, 8, 2462.
[CrossRef] [PubMed]

59. Murray, M.J.; Halsall, D.J.; Hook, C.E.; Williams, D.M.; Nicholson, J.C.; Coleman, N. 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. 2011, 135, 119–125. [CrossRef]

60. Kuo, C.-H.; Deng, J.H.; Deng, Q.; Ying, S.-Y. A novel role of miR-302/367 in reprogramming. Biochem. Biophys.
Res. Commun. 2012, 417, 11–16. [CrossRef]

61. Syring, I.; Bartels, J.; Holdenrieder, S.; Kristiansen, G.; Müller, S.C.; Ellinger, J. 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. 2015, 193, 331–337. [CrossRef]

62. Murray, M.J.; Bell, E.; Raby, K.L.; Rijlaarsdam, M.A.; Gillis, A.J.M.; Looijenga, L.H.J.; Brown, H.; Destenaves, B.;
Nicholson, J.C.; Coleman, N. A pipeline to quantify serum and cerebrospinal fluid microRNAs for diagnosis
and detection of relapse in paediatric malignant germ-cell tumours. Br. J. Cancer 2016, 114, 151–162.
[CrossRef]

63. van Agthoven, T.; Looijenga, L.H.J. Accurate primary germ cell cancer diagnosis using serum based
microRNA detection (ampTSmiR test). Oncotarget 2016, 8, 58037–58049. [CrossRef]

64. Dieckmann, K.-P.; Radtke, A.; Spiekermann, M.; Balks, T.; Matthies, C.; Becker, P.; Ruf, C.; Oing, C.; Oechsle, K.;
Bokemeyer, C.; et al. Serum Levels of MicroRNA miR-371a-3p: A Sensitive and Specific New Biomarker for
Germ Cell Tumours. Eur. Urol. 2017, 71, 213–220. [CrossRef]

65. Leão, R.; van Agthoven, T.; Figueiredo, A.; Jewett, M.A.S.; Fadaak, K.; Sweet, J.; Ahmad, A.E.;
Anson-Cartwright, L.; Chung, P.; Hansen, A.; et al. Serum miRNA Predicts Viable Disease after Chemotherapy
in Patients with Testicular Nonseminoma Germ Cell Tumor. J. Urol. 2018, 200, 126–135. [CrossRef]

66. Rosas Plaza, X.; van Agthoven, T.; Meijer, C.; van Vugt, M.A.T.M.; de Jong, S.; Gietema, J.A.; Looijenga, L.H.J.
miR-371a-3p, miR-373-3p and miR-367-3p as Serum Biomarkers in Metastatic Testicular Germ Cell Cancers
Before, During and After Chemotherapy. Cells 2019, 8, 8. [CrossRef] [PubMed]

67. Gillis, A.J.M.; Stoop, H.J.; Hersmus, R.; Oosterhuis, J.W.; Sun, Y.; Chen, C.; Guenther, S.; Sherlock, J.;
Veltman, I.; Baeten, J.; et al. High-throughput microRNAome analysis in human germ cell tumours. J. Pathol.
2007, 213, 319–328. [CrossRef] [PubMed]

68. Wei, F.; Cao, C.; Xu, X.; Wang, J. Diverse functions of miR-373 in cancer. J. Transl. Med. 2015, 13, 162.
[CrossRef] [PubMed]

69. Palmer, R.D.; Murray, M.J.; Saini, H.K.; van Dongen, S.; Abreu-Goodger, C.; Muralidhar, B.; Pett, M.R.;
Thornton, C.M.; Nicholson, J.C.; Enright, A.J.; et al. Malignant germ cell tumors display common microRNA
profiles resulting in global changes in expression of messenger RNA targets. Cancer Res. 2010, 70, 2911–2923.
[CrossRef]

70. Voorhoeve, P.M.; le Sage, C.; Schrier, M.; Gillis, A.J.M.; Stoop, H.; Nagel, R.; Liu, Y.P.; van Duijse, J.; Drost, J.;
Griekspoor, A.; et al. A genetic screen implicates miRNA-372 and miRNA-373 as oncogenes in testicular
germ cell tumors. Cell 2006, 124, 1169–1181. [CrossRef]

71. Pan, B.; He, B.; Xu, X.; Liu, X.; Xu, T.; Xu, M.; Chen, X.; Zeng, K.; Lin, K.; Hu, X.; et al. MicroRNA-371-3 cluster
as biomarkers for the diagnosis and prognosis of cancers. Cancer Manag. Res. 2019, 11, 5437–5457. [CrossRef]

72. Takwi, A.; Li, Y. The p53 Pathway Encounters the MicroRNA World. Curr. Genom. 2009, 10, 194–197.
[CrossRef]

73. Vilela-Salgueiro, B.; Barros-Silva, D.; Lobo, J.; Costa, A.L.; Guimarães, R.; Cantante, M.; Lopes, P.;
Braga, I.; Oliveira, J.; Henrique, R.; et al. Germ cell tumour subtypes display differential expression
of microRNA371a-3p. Philos. Trans. R. Soc. B Biol. Sci. 2018, 5, 373. [CrossRef]

74. Dieckmann, K.-P.; Spiekermann, M.; Balks, T.; Flor, I.; Löning, T.; Bullerdiek, J.; Belge, G. MicroRNAs
miR-371-3 in serum as diagnostic tools in the management of testicular germ cell tumours. Br. J. Cancer 2012,
107, 1754–1760. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0127119
http://www.ncbi.nlm.nih.gov/pubmed/25970424
http://dx.doi.org/10.1038/s41598-018-20846-8
http://www.ncbi.nlm.nih.gov/pubmed/29410498
http://dx.doi.org/10.1309/AJCPOE11KEYZCJHT
http://dx.doi.org/10.1016/j.bbrc.2011.11.058
http://dx.doi.org/10.1016/j.juro.2014.07.010
http://dx.doi.org/10.1038/bjc.2015.429
http://dx.doi.org/10.18632/oncotarget.10867
http://dx.doi.org/10.1016/j.eururo.2016.07.029
http://dx.doi.org/10.1016/j.juro.2018.02.068
http://dx.doi.org/10.3390/cells8101221
http://www.ncbi.nlm.nih.gov/pubmed/31597402
http://dx.doi.org/10.1002/path.2230
http://www.ncbi.nlm.nih.gov/pubmed/17893849
http://dx.doi.org/10.1186/s12967-015-0523-z
http://www.ncbi.nlm.nih.gov/pubmed/25990556
http://dx.doi.org/10.1158/0008-5472.CAN-09-3301
http://dx.doi.org/10.1016/j.cell.2006.02.037
http://dx.doi.org/10.2147/CMAR.S190833
http://dx.doi.org/10.2174/138920209788185270
http://dx.doi.org/10.1098/rstb.2017.0338
http://dx.doi.org/10.1038/bjc.2012.469


Cancers 2020, 12, 749 15 of 16

75. Pelloni, M.; Coltrinari, G.; Paoli, D.; Pallotti, F.; Lombardo, F.; Lenzi, A.; Gandini, L. Differential expression
of miRNAs in the seminal plasma and serum of testicular cancer patients. Endocrine 2017, 57, 518–527.
[CrossRef]

76. Radtke, A.; Cremers, J.-F.; Kliesch, S.; Riek, S.; Junker, K.; Mohamed, S.A.; Anheuser, P.; Belge, G.;
Dieckmann, K.P. Can germ cell neoplasia in situ be diagnosed by measuring serum levels of
microRNA371a-3p? J. Cancer Res. Clin. Oncol. 2017, 143, 2383–2392. [CrossRef] [PubMed]

77. Lembeck, A.L.; Puchas, P.; Hutterer, G.; Barth, D.A.; Terbuch, A.; Bauernhofer, T.; Pichler, M. MicroRNAs
as Appropriate Discriminators in Non-Specific Alpha-Fetoprotein (AFP) Elevation in Testicular Germ Cell
Tumor Patients. Non Coding RNA 2020, 6, 2. [CrossRef] [PubMed]

78. Spiekermann, M.; Belge, G.; Winter, N.; Ikogho, R.; Balks, T.; Bullerdiek, J.; Dieckmann, K.P. MicroRNA
miR-371a-3p in serum of patients with germ cell tumours: Evaluations for establishing a serum biomarker.
Andrology 2015, 3, 78–84. [CrossRef]

79. Dieckmann, K.-P.; Spiekermann, M.; Balks, T.; Ikogho, R.; Anheuser, P.; Wosniok, W.; Loening, T.; Bullerdiek, J.;
Belge, G. MicroRNA miR-371a-3p-A Novel Serum Biomarker of Testicular Germ Cell Tumors: Evidence for
Specificity from Measurements in Testicular Vein Blood and in Neoplastic Hydrocele Fluid. Urol. Int. 2016,
97, 76–83. [CrossRef] [PubMed]

80. Radtke, A.; Hennig, F.; Ikogho, R.; Hammel, J.; Anheuser, P.; Wülfing, C.; Belge, G.; Dieckmann, K.P. The
Novel Biomarker of Germ Cell Tumours, Micro-RNA-371a-3p, Has a Very Rapid Decay in Patients with
Clinical Stage 1. Urol. Int. 2018, 100, 470–475. [CrossRef]

81. Radtke, A.; Dieckmann, K.-P.; Grobelny, F.; Salzbrunn, A.; Oing, C.; Schulze, W.; Belge, G. Expression of
miRNA-371a-3p in seminal plasma and ejaculate is associated with sperm concentration. Andrology 2019, 7,
469–474. [CrossRef]

82. Dieckmann, K.-P.; Radtke, A.; Geczi, L.; Matthies, C.; Anheuser, P.; Eckardt, U.; Sommer, J.; Zengerling, F.;
Trenti, E.; Pichler, R.; 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. Off. J. Am. Soc. Clin. Oncol.
2019, 37, 1412–1423. [CrossRef]

83. Mego, M.; Agthoven, T.; Gronesova, P.; Chovanec, M.; Miskovska, V.; Mardiak, J.; Looijenga, L.H.J. Clinical
utility of plasma miR-371a-3p in germ cell tumors. J. Cell Mol. Med. 2019, 23, 1128–1136.

84. Gillis, A.J.M.; Rijlaarsdam, M.A.; Eini, R.; Dorssers, L.C.J.; Biermann, K.; Murray, M.J.; Nicholson, J.C.;
Coleman, N.; Dieckmann, K.P.; Belge, G.; et al. Targeted serum miRNA (TSmiR) test for diagnosis and
follow-up of (testicular) germ cell cancer patients: A proof of principle. Mol. Oncol. 2013, 7, 1083–1092.
[CrossRef]

85. Myklebust, M.P.; Rosenlund, B.; Gjengstø, P.; Bercea, B.S.; Karlsdottir, Á.; Brydøy, M.; Dahl, O. Quantitative
PCR Measurement of miR-371a-3p and miR-372-p Is Influenced by Hemolysis. Front. Genet. 2019, 10, 463.
[CrossRef]

86. Henrique, R.; Jerónimo, C. Testicular Germ Cell Tumors Go Epigenetics: Will miR-371a-3p Replace Classical
Serum Biomarkers? Eur. Urol. 2017, 71, 221–222. [CrossRef] [PubMed]

87. Bentwich, I.; Avniel, A.; Karov, Y.; Aharonov, R.; Gilad, S.; Barad, O.; Barzilai, A.; Einat, P.; Einav, U.; Meiri, E.;
et al. Identification of hundreds of conserved and nonconserved human microRNAs. Nat. Genet. 2005, 37,
766–770. [CrossRef] [PubMed]

88. Toffanin, S.; Hoshida, Y.; Lachenmayer, A.; Villanueva, A.; Cabellos, L.; Minguez, B.; Savic, R.; Ward, S.C.;
Thung, S.; Chiang, D.Y.; et al. MicroRNA-based classification of hepatocellular carcinoma and oncogenic role
of miR-517a. Gastroenterology 2011, 140, 1618–1628. [CrossRef] [PubMed]

89. Ward, A.; Shukla, K.; Balwierz, A.; Soons, Z.; König, R.; Sahin, O.; Wiemann, S. MicroRNA-519a is a novel
oncomir conferring tamoxifen resistance by targeting a network of tumour-suppressor genes in ER+ breast
cancer. J. Pathol. 2014, 233, 368–379. [CrossRef]

90. Flor, I.; Spiekermann, M.; Löning, T.; Dieckmann, K.-P.; Belge, G.; Bullerdiek, J. Expression of microRNAs of
C19MC in Different Histological Types of Testicular Germ Cell Tumour. Cancer Genom. Proteom. 2016, 13,
281–289.

91. Liu, J.; Shi, H.; Li, X.; Chen, G.; Larsson, C.; Lui, W.-O. MiR-223-3p regulates cell growth and apoptosis via
FBXW7 suggesting an oncogenic role in human testicular germ cell tumors. Int. J. Oncol. 2016, 50, 356–364.
[CrossRef]

http://dx.doi.org/10.1007/s12020-016-1150-z
http://dx.doi.org/10.1007/s00432-017-2490-7
http://www.ncbi.nlm.nih.gov/pubmed/28819887
http://dx.doi.org/10.3390/ncrna6010002
http://www.ncbi.nlm.nih.gov/pubmed/31906360
http://dx.doi.org/10.1111/j.2047-2927.2014.00269.x
http://dx.doi.org/10.1159/000444303
http://www.ncbi.nlm.nih.gov/pubmed/26989896
http://dx.doi.org/10.1159/000488771
http://dx.doi.org/10.1111/andr.12664
http://dx.doi.org/10.1200/JCO.18.01480
http://dx.doi.org/10.1016/j.molonc.2013.08.002
http://dx.doi.org/10.3389/fgene.2019.00463
http://dx.doi.org/10.1016/j.eururo.2016.08.013
http://www.ncbi.nlm.nih.gov/pubmed/27543167
http://dx.doi.org/10.1038/ng1590
http://www.ncbi.nlm.nih.gov/pubmed/15965474
http://dx.doi.org/10.1053/j.gastro.2011.02.009
http://www.ncbi.nlm.nih.gov/pubmed/21324318
http://dx.doi.org/10.1002/path.4363
http://dx.doi.org/10.3892/ijo.2016.3807


Cancers 2020, 12, 749 16 of 16

92. Welcker, M.; Clurman, B.E. FBW7 ubiquitin ligase: A tumour suppressor at the crossroads of cell division,
growth and differentiation. Nat. Rev. Cancer 2008, 8, 83–93. [CrossRef]

93. Li, J.; Guo, Y.; Liang, X.; Sun, M.; Wang, G.; De, W.; Wu, W. MicroRNA-223 functions as an oncogene in
human gastric cancer by targeting FBXW7/hCdc4. J. Cancer Res. Clin. Oncol. 2012, 138, 763–774. [CrossRef]

94. Kurashige, J.; Watanabe, M.; Iwatsuki, M.; Kinoshita, K.; Saito, S.; Hiyoshi, Y.; Kamohara, H.; Baba, Y.;
Mimori, K.; Baba, H. Overexpression of microRNA-223 regulates the ubiquitin ligase FBXW7 in oesophageal
squamous cell carcinoma. Br. J. Cancer 2012, 106, 182–188. [CrossRef]

95. Mavrakis, K.J.; Van Der Meulen, J.; Wolfe, A.L.; Liu, X.; Mets, E.; Taghon, T.; Khan, A.A.; Setty, M.;
Rondou, P.; Vandenberghe, P.; et al. A cooperative microRNA-tumor suppressor gene network in acute T-cell
lymphoblastic leukemia (T-ALL). Nat. Genet. 2011, 43, 673–678. [CrossRef]

96. Zhou, X.; Jin, W.; Jia, H.; Yan, J.; Zhang, G. MiR-223 promotes the cisplatin resistance of human gastric cancer
cells via regulating cell cycle by targeting FBXW7. J. Exp. Clin. Cancer Res. CR 2015, 34, 28. [CrossRef]
[PubMed]

97. Lizé, M.; Pilarski, S.; Dobbelstein, M. E2F1-inducible microRNA 449a/b suppresses cell proliferation and
promotes apoptosis. Cell Death Differ. 2010, 17, 452–458. [CrossRef] [PubMed]

98. Polager, S.; Ginsberg, D. p53 and E2f: Partners in life and death. Nat. Rev. Cancer 2009, 9, 738–748. [CrossRef]
[PubMed]

99. Yang, X.; Feng, M.; Jiang, X.; Wu, Z.; Li, Z.; Aau, M.; Yu, Q. miR-449a and miR-449b are direct transcriptional
targets of E2F1 and negatively regulate pRb-E2F1 activity through a feedback loop by targeting CDK6 and
CDC25A. Genes. Dev. 2009, 23, 2388–2393. [CrossRef]

100. Yong-Ming, H.; Ai-Jun, J.; Xiao-Yue, X.; Jian-Wei, L.; Chen, Y.; Ye, C. MiR-449a: A potential therapeutic agent
for cancer. Anticancer Drugs 2017, 28, 1067–1078. [CrossRef]

101. Lian, J.; Tian, H.; Liu, L.; Zhang, X.-S.; Li, W.-Q.; Deng, Y.-M.; Yao, G.-D.; Yin, M.-M.; Sun, F. Downregulation
of microRNA-383 is associated with male infertility and promotes testicular embryonal carcinoma cell
proliferation by targeting IRF1. Cell Death Dis. 2010, 1, e94. [CrossRef]

102. Huang, H.; Tian, H.; Duan, Z.; Cao, Y.; Zhang, X.-S.; Sun, F. microRNA-383 impairs phosphorylation of
H2AX by targeting PNUTS and inducing cell cycle arrest in testicular embryonal carcinoma cells. Cell. Signal.
2014, 26, 903–911. [CrossRef]

103. Relaix, F.; Wei, X.; Li, W.; Pan, J.; Lin, Y.; Bowtell, D.D.; Sassoon, D.A.; Wu, X. Pw1/Peg3 is a potential cell
death mediator and cooperates with Siah1a in p53-mediated apoptosis. Proc. Natl. Acad. Sci. USA 2000, 97,
2105–2110. [CrossRef]

104. Jiang, X.; Yu, Y.; Yang, H.W.; Agar, N.Y.R.; Frado, L.; Johnson, M.D. The imprinted gene PEG3 inhibits Wnt
signaling and regulates glioma growth. J. Biol. Chem. 2010, 285, 8472–8480. [CrossRef]

105. Özata, D.M.; Li, X.; Lee, L.; Liu, J.; Warsito, D.; Hajeri, P.; Hultman, I.; Fotouhi, O.; Marklund, S.;
Ährlund-Richter, L.; et al. Loss of miR-514a-3p regulation of PEG3 activates the NF-kappa B pathway in
human testicular germ cell tumors. Cell Death Dis. 2017, 8, e2759. [CrossRef]

106. Liu, X.; Duan, H.; Zhou, S.; Liu, Z.; Wu, D.; Zhao, T.; Xu, S.; Yang, L.; Li, D. microRNA-199a-3p functions as
tumor suppressor by regulating glucose metabolism in testicular germ cell tumors. Mol. Med. Rep. 2016, 14,
2311–2320. [CrossRef] [PubMed]

107. Gu, S.; Cheung, H.H.; Lee, T.L.; Lu, G.; Poon, W.S.; Chan, W.Y. Molecular mechanisms of regulation and action
of microRNA-199a in testicular germ cell tumor and glioblastomas. PLoS ONE 2013, 8, e83980. [CrossRef]
[PubMed]

108. Chen, B.-F.; Gu, S.; Suen, Y.-K.; Li, L.; Chan, W.-Y. MicroRNA-199a-3p, DNMT3A, and aberrant DNA
methylation in testicular cancer. Epigenetics 2014, 9, 119–128. [CrossRef] [PubMed]

109. Chen, B.-F.; Suen, Y.-K.; Gu, S.; Li, L.; Chan, W.-Y. A miR-199a/miR-214 self-regulatory network via PSMD10,
TP53 and DNMT1 in testicular germ cell tumor. Sci. Rep. 2014, 4, 6413. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nrc2290
http://dx.doi.org/10.1007/s00432-012-1154-x
http://dx.doi.org/10.1038/bjc.2011.509
http://dx.doi.org/10.1038/ng.858
http://dx.doi.org/10.1186/s13046-015-0145-6
http://www.ncbi.nlm.nih.gov/pubmed/25888377
http://dx.doi.org/10.1038/cdd.2009.188
http://www.ncbi.nlm.nih.gov/pubmed/19960022
http://dx.doi.org/10.1038/nrc2718
http://www.ncbi.nlm.nih.gov/pubmed/19776743
http://dx.doi.org/10.1101/gad.1819009
http://dx.doi.org/10.1097/CAD.0000000000000555
http://dx.doi.org/10.1038/cddis.2010.70
http://dx.doi.org/10.1016/j.cellsig.2014.01.016
http://dx.doi.org/10.1073/pnas.040378897
http://dx.doi.org/10.1074/jbc.M109.069450
http://dx.doi.org/10.1038/cddis.2016.464
http://dx.doi.org/10.3892/mmr.2016.5472
http://www.ncbi.nlm.nih.gov/pubmed/27432288
http://dx.doi.org/10.1371/journal.pone.0083980
http://www.ncbi.nlm.nih.gov/pubmed/24391856
http://dx.doi.org/10.4161/epi.25799
http://www.ncbi.nlm.nih.gov/pubmed/23959088
http://dx.doi.org/10.1038/srep06413
http://www.ncbi.nlm.nih.gov/pubmed/25231260
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Discussion 
	Biomarkers as Novel Diagnostic Tools 
	Alpha-Fetoprotein 
	-subunit of Human Chorionic Gonadotropin 
	Lactate Dehydrogenase 
	Placental Alkaline Phosphatase 
	DNA Methylation and Histone Modification 
	MicroRNAs as Novel Emerging Biomarkers 
	miR-302 Cluster 
	miR-367 
	miR-371-373 Cluster 
	miR-371a-3p 
	miR-372/373 
	miR-517/519 
	miR-223-3p 
	miR-449 
	miR-383 
	miR-514a-3p 
	miR-199a-3p/214 


	Conclusions 
	References

