Therapeutic Advances in Medical Oncology

Review

Improving outcomes in germ cell

cancers using miRNA

Ciara Conduit and Ben Tran

Abstract: Owing to advances in treatment paradigms across the last five decades, testicular
cancer is now eminently curable. However, current serum tumour and imaging biomarkers
lack adequate sensitivity, specificity, and predictive value. Subsequently, their utility in
detecting active malignancy and informing treatment decisions is minimal in a large
proportion of men with testicular cancer. Micro-ribonucleic acids (miRNAJ, pertinently miR-
371a-3p, offer a new tool, which based on early data, appears to fill many of the gaps that
existing biomarkers leave. This paper reviews the evolution of the technology, potential
limitations, and discusses the clinical relevance of miRNA as it moves towards the clinic.
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Introduction

Testicular germ cell tumors (TGCT) are the
most common malignancy diagnosed in young
men in Western countries. Fortunately, these
malignancies are considered highly curable.!
However, treatment may result in significant,
long-term morbidities in men with an otherwise
excellent prognosis and there is room to improve
the care of this population.

Almost two thirds of men diagnosed with TGCT
will have disease confined to the testis at diagno-
sis (clinical stage 1, CS1), with the remainder
having either regional nodal involvement (clinical
stage 2, CS2) or distant spread (clinical stage 3,
CS3). Following formal staging, subsequent
treatment depends on histological subtype, dis-
ease stage, and prognostic group [as defined by
the International Germ Cell Cancer Collaborative
Group, (IGCCCGQG)], as well as patient factors
and is guided by local and international guide-
lines.** While chemotherapy, radiotherapy, and
surgery are undoubtedly very effective treatments,
there is a growing panoply of evidence demon-
strating the potential long-term morbidities asso-
ciated with these therapies. In a study of survivors,
high rates of obesity, sensory neuropathy, hypog-
onadism, erectile dysfunction, and cardiovascular

disease% were reported. In addition, there is
accumulating evidence showing a deleterious
impact that these treatments have on health-
related quality of life.”19 Surgical techniques are
also not without their problems, with many men
reporting problems with anejaculation and infer-
tility; however, these may be lessened by modern,
nerve-sparing techniques.!’"13 Therefore, it is
integral that clinicians accurately select men who
are most likely to benefit from treatment.

Despite widespread endorsement in surveillance
guidelines,!# current serum tumour and imaging
biomarkers in TGCT offer limited sensitivity,
specificity, and predictive value in detecting active
disease,!* adding little value to treatment algo-
rithms. Ultimately, there remains a number of
important clinical questions that current tools fail
to enlighten.

An ideal biomarker would help diagnose TGCT
and accurately detect features of early relapse. It
would reduce the issues associated with false pos-
itives seen with existing serum and imaging bio-
markers, preventing unnecessary and potentially
morbid treatments. An ideal biomarker would
also detect minimal residual disease (MRD) post-
orchidectomy and help select men who will most
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benefit from adjuvant treatment, rather than
applying an all-or-nothing approach for this com-
mon clinical scenario. It would also help nuance
the management of non-specific radiological
changes and post-chemotherapy residual masses,
differentiating fibrosis and necrosis from active
germ cell tumors (GCT), including teratoma. In
turn, it would eliminate pNO retroperitoneal
lymph node dissections (RPLND), sparing a pro-
portion of men from this invasive procedure and
directing this therapy to men with active GCT's
who will derive benefit. An ideal biomarker would
also help define treatment algorithms, including
monitoring, and choice between treatment
modalities in advanced disease, as well as inform
prognosis and risk of relapse for men following
treatment for TGCT. Clearly, there is room for
improvement in a multitude of clinical scenarios.

There has been increasing interest in micro-ribo-
nucleic acids (miRNA) as predictive biomarkers
in various cancer types, with certain clusters of
miRNAs present almost invariably in the blood of
men with active TGCT?!>-17 opening the door for
further development. Early signs point towards
miRNA being valuable biomarkers in the care of
men with TGCT, filling some of the gaps that
current biomarkers leave and offering accurate
predictive information, improving the focus on
the long-term health of this population. The evo-
lution of knowledge regarding miRNA has been
rapid with the majority of work undertaken by a
few key research groups.

This paper will review the growing evidence base
for miRNAs in the routine management of men
with TGCT, discussing current limitations and
applications in clinical practice.

Current serum tumour biomarkers and

their deficiencies

Alpha-fetoprotein (AFP), beta-human chorionic
gonadotropin (hCG), and lactate dehydrogenase
(LDH) are variably expressed between histologic
subtypes of TGCT and are the only existing serum
biomarkers endorsed in the diagnosis and surveil-
lance of men with this malignancy.!® The detec-
tion of these biomarkers in the serum of men with
TGCT is explained by their embryological origins
from gonocytes in normal development.1®

Spermatogonia (and oogonia) arise from primordial
germ cells contained within the extraembryonic
mesoderm; these later become identifiable in the

endoderm of the yolk sac.2° AFP is produced by the
embryological yolk sac in normal fetal development
and by the liver later in gestation. It is, therefore,
commonly measurable in the serum of men with
yolk sac tumors (YST) and embryonal carcinoma
(EC).2! In men with significant AFP elevations,
YST must be suspected, even if it was not apparent
in the original orchidectomy specimen.! Importantly,
AFP may also be detectable in the serum of patients
with hepatic disease, including hepatocellular carci-
noma?!22 and chronic liver disease secondary to
alcohol misuse, viral hepatitis, and biliary tract
disorders!8:2l,as well as other gastrointestinal can-
cers,?? inherited conditions such as hereditary
ataxia-telangiectasia syndrome,?* and, occasionally,
specific drugs.!® It is rarely detected in seminoma or
choriocarcinoma (CHC). The half-life of AFP is
5-7 days, which is important when interpreting ele-
vated levels post-orchidectomy.2!

The half-life of hCG is shorter and normally
reduces within 12-36h following orchidectomy.
hCG is produced by syncytiotrophoblastic com-
ponents in tumors, arising from trophoblasts
associated with the placenta in embryological
development. For this reason, elevation in hCG is
commonly seen in CHC, and occasionally in pure
seminoma, as well as other non-TGCT malig-
nancies including neuroendocrine, bladder, renal,
and lung carcinomas and non-malignant condi-
tions including hypogonadism and tetrahydro-
cannabinol use.?!

Of the existing serum tumor biomarkers, LDH is
least specific for TGCT and is ubiquitously
expressed by non-malignant cells, purely reflect-
ing cell turnover. In malignancy, LDH is often
measured at diagnosis as a surrogate for tumour
bulk and risk of tumor lysis, and may be elevated
in TGCTs, as well as non-malignant conditions
including shock, liver disease, and muscle
damage.?5-27

Ultimately, AFP, hCG, and LDH are only ele-
vated in 26-34%, 38-47%, and 33-44% of men
at diagnosis with any TGCT, respectively,?® mak-
ing their role in surveillance of men without eleva-
tion fraught. In seminoma, the value of serum
tumor biomarkers is particularly low, with eleva-
tion of AFP, hCG, and LDH seen in <3%,26:28-30
18-31%,26-31 and ~30%73233 at diagnosis, respec-
tively, and similarly low rates are also seen at the
time of relapse are also seen.?! In fact, in the event
of a significant elevation of serum tumor bio-
markers in tumors otherwise thought to represent
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pure seminoma histologically, the diagnosis is
revised from pure seminoma to NSGCT.!* For
this reason, serum tumor biomarkers are no
longer strongly recommended as part of routine
surveillance in some guidelines for men with sem-
inoma,?! leaving clinicians relying on physical
examination, modern imaging [including com-
puterised tomography (CT) or magnetic reso-
nance imaging, (MRI)] and symptoms as the only
surveillance tools to detect relapse.

In NSGCT, serum tumor biomarkers are more
commonly elevated. The degree of elevation often
reflects clinical staging, with 10-20%, 20-40%,
and 40-60% of men with NSGCT having eleva-
tion of AFP at diagnosis in CS1, CS2, and CS3,
respectively. Elevation of hCG is slightly less
common, seen in 10-20%, 20-30%, and 40%,
respectively. LDH elevation is seen in 40—60% of
patients across the disease spectrum.32 Despite
this, <50% of men who relapse will have elevated
serum tumour biomarkers,! with elevation more
common if there was lymphovascular invasion in
the original orchidectomy specimen.343¢ Given
the greater reliability in this population, however,
serum tumor biomarkers continue to be used to
determine IGCCCG prognostic risk classification
and may influence treatment options.* Despite
this, these remain imperfect and subject to the
issues outlined earlier.

Current imaging (bio)markers and their
deficiencies

CT has long-formed part of the routine care in
men with TGCT. It provides important struc-
tural information in the initial staging of malig-
nancy and has a reasonable sensitivity in assessing
advanced, untreated TGCT.3” However, CT
does have significant limitations. One of the major
factors impacting the sensitivity of CT is its ina-
bility to detect malignancy in lymph nodes <1 cm,
resulting in a missed opportunity to detect early
relapse.* Another key limitation is the failure of
CT to differentiate between necrosis and fibrosis
from active malignancy in post-chemotherapy
residual masses in advanced disease. This is
important, as men with persisting tumor masses
at CT may go onto have post-chemotherapy
RPLND (pcRPLND), only to find no viable
malignancy or teratoma in the specimen (pNO),
resulting in an unnecessary procedure.383°
18F-fluorodeoxyglucose-positron emission
tomography (FDG-PET) may add additional
value in this scenario.

In seminoma, FDG-PET offers improved sensi-
tivity (80% wversus 70%), specificity (100% versus
74%), and positive (PPV; 100% versus 37%) and
negative predictive values (NPV; 96% wversus
92%) for detecting viable malignancy in post-
chemotherapy residual masses compared to CT
and is routinely recommended in men with a
residual mass >3 cm at least 6 weeks following
chemotherapy.4%4! There may also be a place for
FDG-PET in the evaluation of men with semi-
noma experiencing rising serum tumour biomark-
ers following chemotherapy. In this area,
FDG-PET offered a PPV of 92%, however the
NPV is low, at just 50%.4?> Unfortunately, FDG-
PET has been shown to not be very useful in the
evaluation of NSGCT,*? nor in evaluation of
small, non-specific lymph nodes across TGCT
histologic subtypes.

The optimal frequency of CT surveillance is
uncertain; however, it is important issue, given
concerns regarding cumulative radiation expo-
sure in this young population. A recent study**
investigating an alternate surveillance schedule
for CT in men with CS1 seminoma demonstrated
that a reduced frequency of imaging was non-
inferior to conventional surveillance. In their
study, the risk of relapse beyond 36 months was
<1%, providing reassurance that radiological sur-
veillance may be safely reduced beyond this time
point. In addition, MRI was non-inferior to CT,
offering an attractive alternative approach and
avoiding cumulative radiation exposure in well-
resourced settings.*

While imaging (bio)markers add useful clinical
information for some men with TGCT, there
remain a number of clinical scenarios where bet-
ter biomarkers could revolutionize and personal-
ize the care of these men. miRNAs are a promising
biomarker in this space.

The evolution of microRNAs

miRNAs are small, non-coding ribonucleic acid
molecules involved in the regulation of post-tran-
scriptional gene expression. They contribute to
important embryological functions, including
organogenesis in normal development,®-47 and
have also been implicated in oncogenesis of various
different solid organ and haematological malignan-
cies. They interact closely with messenger RNA,
affecting normal protein translation, and, when
involved in oncogenesis, may act as either an onco-
gene or tumour suppressor gene.*$-31 Multiple
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adjacent miRNA genes considered ‘clusters,” are
recognised, and hold collective functions in normal
development and oncogenesis; however, individual
single miRNA molecules may, alone, hold the key
to tumour growth, proliferation, and survival in
some cancers.>?

In TGCT, miRNA-371 (miR-371) to -373 clus-
ters are over-expressed by most histologic sub-
types.!” Other miRNA types commonly seen in
TGCT include miR-199a-3p, -302a-d, -214,
-223-3, -367-3p, -383, -449, and -514a-3p.
Adding weight to the integral role that miRNA
may have in oncogenesis, specific miRNA rec-
ognised ubiquitously in TGCT are also present
in tissue samples of germ cell neoplasia i situ,
suggesting that over-expression may be an early
step in oncogenesis.’> Furthermore, miRNA
clusters, for example miR-372-373, interfere
with normal p53 function by interacting with
the large tumor suppressor kinase 2 (LATS2)
gene, inhibiting associated cyclin-dependent
kinase (CDK) function, and leading to activa-
tion of the oncogenic Wnt/f3-catenin signaling
pathway and uncontrolled cellular growth in
TGCT development.49:53-56

Other pathways to oncogenesis in TGCT include
tumor suppressor miR-26a, and Let-7a, a miRNA
precursor, which inhibit proliferation, migration,
and invasive capacity in seminoma.>” Importantly,
these miRNA and miRNA precursors are down-
regulated in seminoma, leading to cell prolifera-
tion and growth.’® miR-449 may also act as a
tumour suppressor in TGCT, with its normal
regulatory function embedded closely with CDK6
and the cell cycle. Concomitant retinoblastoma
mutations in TGCT, however, lead to downregu-
lation of miR-449, resulting in cell cycle progres-
sion and cell proliferation.3® Furthermore, in EC,
over-expression of miR-383 interferes with nor-
mal cell cycle regulation.®0-%2 Given the increas-
ingly clear role that miRNAs have in TGCT
oncogenesis, these miRNAs and their oncogenic
pathways will continue to attract attention and
may become targets for drug development in the
future.

However, there is some variability in tissue
expression amongst TGCTs: teratoma demon-
strates little-to-no expression of miR-371-373,
miR-302, and miR-367, while seminomas are
characterized by ‘average’ expression, and EC has
extremely high expression. Importantly, these
miRNAs are detectable in most histologic TGCT

subtypes, regardless of primary site (gonadal ver-
sus extragonadal) and including ovarian primaries
and across both pediatric and adult cases.!” While
miRNAs are present in normal tissue, the expres-
sion profile of malignant tissue samples demon-
strates relative dysregulation compared to their
cell of origin, and importantly, the specific miR-
NAs that typify TGCT are not detectable in the
serum in other cancers or disease states, which
differs from our existing serum biomarkers.%3

Enveloped in an exosome, miRNAs resist break-
down by ribonucleases,’* making them eminently
measurable in serum, plasma, and other bodily flu-
1ds.29:5%:65:66 miRNAs are released into the blood-
stream by malignant cells. This explains why
higher concentrations of miRNA, specifically miR-
371, are observed in testicular vein blood samples
compared to the peripheral blood of men with
TGCTs,>3 notwithstanding the fact that peripheral
blood sampling is most practical in the clinical
environment. Of the miRNAs detected in TGCT,
miR-371a-3p, a member of the miR-371 cluster,
has been most extensively studied, and appears to
have the highest sensitivity and specificity of the
biomarkers.®7-¢8 To-date, there has been no con-
sensus as to the optimal way of measuring miRNA
in peripheral blood, with practice varying signifi-
cantly between the main research groups, includ-
ing fundamentally which miRNA to routinely
evaluate, use of serum or plasma analysis, assay
choice, and cut-off values to define positivity.

When evaluating serum, peripheral blood is col-
lected into serum separator tubes, and then cen-
trifuged, aliquoted and frozen at —80°C while
awaiting RNA extraction.’® Instead, plasma is
collected into cell-free deoxyribonucleic acid
(DNA) tubes, containing an anticoagulant and
cell preservative. Following collection, provided
appropriate storage, samples may safely last sev-
eral days, before being frozen as plasma aliquots
and later undergoing RNA extraction. Plasma
sampling offers additional advantages over serum,
including the fact that circulating tumour DNA
(ctDNA) may also be collected. This may be of
increasing relevance as mutation profiles in
TGCTs could have implications on diagnosis and
treatment algorithms in the future.®® In addition,
isochromosome 12 (i12p), another evolving bio-
marker with high sensitivity and specificity for
TGCT,7%74 can be detected in ctDNA via in situ
hybridization or next generation sequencing,
which makes plasma an attractive medium.
Importantly, hemolysis may vary between the
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analysis of miRNA in serum wversus plasma, lead-
ing to unreliable results; as a consequence, this
needs to be considered in sample processing and
the interpretation of results.%8

The issue of cut-off values to define results is also
an important consideration as miRNAs move
towards the clinics. In the main studies, the rela-
tive quantity (RQ) of RNA defining positivity fol-
lowing quantitative polymerase chain reaction
(PCR) has varied, with RQs of miR-371 between
2- and 5-times control, defined as positive.
Dieckmann ez al.7> evaluated healthy blood
donors and men with non-malignant testicular
pathology and demonstrated equivalent, low RQs
following PCR amplification in this population,
whereas men with active TGCT had RQs of miR-
371a-3p of >5. This cut-off was determined
using a receive operator characteristic (ROC)
analysis and Youden’s index. A consensus
approach to measurement, analysis, and interpre-
tation must be reached before this becomes a rou-
tine component of patient care.

Of the known miRNA, miR-371a-3p has been
most comprehensively investigated in TGCT.
Following orchidectomy for CS1 TGCT, serum
miR-371a-3p reliably falls to <5% of pre-opera-
tive levels within 24h,3%7% with normalization
within 6 days.>3:5%:56 Its reported half-life is just
<7h.7% As a diagnostic tool, miR-371a-3p also
successfully discriminates active TGCTs from
controls with a sensitivity of 91.8% and a speci-
ficity of 96.1%.7> The sensitivity and specificity
of miR-371a-3p does vary in different clinical
scenarios; however, these high levels are gener-
ally seen across the board. As such, early data has
determined the superiority of the assay when
compared to conventional serum tumour bio-
markers in detecting active TGCT.757778 From a
health economics standpoint, early data supports
the use of routine miRNA as a surveillance
strategy.”®

Other studies have described the utility of miR-371
at diagnosis,!%53:56:76:80-82 i gurveillance,!4:78:80,83
during treatment,81:83:84 and in refining prognosis
of TGCTs.8 Unfortunately, many of these early
studies lacked sufficient clinical follow-up to
determine the full utility of these test in a real-
world setting, providing impetus to embed this
technology into randomised controlled trials to
demonstrate its clinical utility.86-88

Potential clinical application of miR-371

Given the shortfalls of our current biomarkers
and early results with miR-371, there is clear
appetite for miR-371 to enter routine practice.
Pivotal work relating to the potential clinical util-
ity of miR-371 has been conducted since 2011
and has been discussed extensively in the litera-
ture since. >7-67.68,71,89.90 The remainder of this
paper will focus on the potential clinical applica-
tions of miRNA, specifically miR-371, and
whether this tool is likely to become a routine
component of care of men with TGCT.

Diagnosing TGCT

The most common presentation of TGCT is the
development of a clinically apparent testicular
mass. Thereafter, men go onto have further inves-
tigation, including testicular ultrasound, serum
tumour biomarker evaluation, and CT to exclude
metastatic disease.! Ultimately, the diagnosis is
clinched on histopathological analysis of the
orchidectomy specimen confirming TGCT.

As a diagnostic tool, conventional serum bio-
markers are complementary to other tests, but
lack adequate sensitivity and specificity.?527 In a
variety of studies, miR-371 has been shown to
have superior diagnostic value when compared to
these biomarkers.!%757791 In a large study by
Dieckmann ez al.”> serum miR-371a-3p offered a
sensitivity, specificity, PPV, and NPV of 92%,
96%, 97%m and 83%, respectively, regardless of
histologic subtype. Similarly high sensitivity and
specificity was seen in seminoma (7=323, 90%
and 96% respectively) and NSGCT (n=199,
95% and 96% respectively) making miR-371a-3p
an attractive additional tool for the initial evalua-
tion of men with TGCTs and offering higher
diagnostic precision than older biomarkers. In
addition, Dieckmann et al.”> demonstrated a cor-
relation between tumour size (pT1 versus pT2-4,
p»<0.001), disease extent, (CS1 wersus CS2-3
$<<0.001) and miR-371a-3p, such that the con-
temporary biomarker may also help accurately
stage TGCTs and inform treatment recommen-
dations. Given that up to 35% of men with CS2
TGCT may be down-staged to pathologic stage
1 at RPLND,38:3992 gccurate staging is key, as it
may significantly alter treatment recommenda-
tions, i.e., definitive chemotherapy, radiother-
apy, or surgery oversus active surveillance if
deemed CS1.
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A minority of patients diagnosed with GCT's will
have an extragonadal primary, typically within the
retroperitoneum or mediastinum, and rarely, pri-
mary intracranial GCTs. Despite anatomical var-
iation, these tumours share similar embryologic
origins with TGCTs,?3 and it is therefore reason-
able to assume similar miRNA expression pat-
terns to TGCTs. The accurate diagnosis of GCT
is crucially important when evaluating men with
extragonadal primaries, as, unlike most other
non-GCT malignant histopathologies involving
the retroperitoneal nodes, extragonadal GCTs
may be offered curative-intent therapy. miRNAs
may help to clarify this scenario when there is
diagnostic uncertainty and avoid invasive biop-
sies.2%%4 In a small study, which evaluated serum
miR-371, -372, -373, and -367 clusters in extrac-
ranial pediatric GCTs, including extragonadal
and ovarian primaries, serum levels of these
miRNA were significantly higher in patients with
malignant GCT's when compared to patients with
benign teratoma, other malignancies, and no
known malignancy.?® In particular, miR-371
offered an area under the curve (AUC) for diag-
nosis in a ROC analysis of 0.97 (»p=0.002), with
other miRNA also offering a high level of diag-
nostic accuracy.

Intracranial GCTs pose a particularly unique
clinical dilemma, given the significant risks asso-
ciated with surgical biopsies required to refine the
diagnosis. A small case series evaluating cerebro-
spinal fluid miR-371a-3p levels as a diagnostic
tool for this group of patients showed that this
tool may accurately diagnose GCT, sparing these
patients from invasive biopsy.?> These observa-
tions need to be further evaluated in a larger
group of patients, ideally in a prospective manner,
to inform clinical practice.

Recommending adjuvant treatment

One of the ongoing controversies in the care of
men with CS1 TGCT is the role for adjuvant
therapy, with a move away from routinely offering
this treatment to all men with CS1 TGCT as was
done historically. Following orchidectomy alone,
most men with will be cured; however, a small
proportion ultimately relapse and go onto require
further treatment.! Adjuvant chemotherapy or
radiotherapy may reduce the risk of relapse from
~20% to ~4% in seminoma, or ~30% to ~3% in
NSGCT:;329 however, this comes with the perils
of over-treating 70-80% of men who were des-
tined to never relapse. While pathological features

from the orchidectomy specimen may offer some
insights into the risk of relapse,3436:97-106 existing
serum tumour biomarkers cannot identify men
who will most benefit from adjuvant treatment.
There has been a wide array of research into the
role of miR-371 in detecting MRD following
OrChideCtomy. 14,56,75,107,108

The largest study in this area was undertaken by
Dieckmann ez al.”> They conducted a prospective,
multicentric study including 256 men with CS1
seminoma and 112 men with CS1 NSGCT (74
mixed GCT, 29 EC, 3 YST, 6 teratoma), to eval-
uate the sensitivity and specificity of serum miR-
371a-3p in this space. They observed a marked
fall in measurable serum miR-371a-3p following
orchidectomy (»p<<0.001) in men with CS1
TGCT in 91.8% of patients. Unfortunately, this
study lacked sufficient clinical follow-up to report
upon the outcomes of the remaining ~8% of men
who did not experience biochemical resolution of
miR-371a-3p following orchidectomy. However,
it is plausible that the ongoing elevation of the bio-
marker in these men may have represented MRD,
making them more likely to relapse and also more
likely to benefit from adjuvant therapy.

In contrast to these results, however, Lobo ez al. 108
recently conducted a retrospective analysis of
stored serum samples of 151 men with CS1
TGCT, including 101 with seminoma and 50
with NSGCT. In their cohort, which included
relapses in 23% of men, post-orchidectomy serum
miR-371a-3p levels or relative decline in serum
levels post-orchidectomy did not accurately pre-
dict risk of relapse, suggesting that it may not be
useful to guide decisions around adjuvant ther-
apy. However, they did demonstrate the utility of
miR-371a-3p in diagnosing relapse, with 94% of
men experiencing elevation of the contemporary
biomarker at relapse, compared to just 38% of
men with elevation in AFP or hCG.

Clearly, miR-371 offers unique insights into the
possible presence of active GCT, unlike existing
biomarkers. However, prospective clinical trials
are needed to further elucidate the potential role
of the biomarker in refining recommendations for
adjuvant therapy and detecting MRD.

Diagnosing relapse

While uncommon, the most frequent pattern of
relapse in men originally diagnosed with CS1
TGCT is within retroperitoneal lymph nodes and
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for those with CS2+ disease at diagnosis, includ-
ing extragonadal primary TGCTs, the first site of
recurrence is commonly other nodal chains or vis-
ceral sites.! Reassuringly, the majority of men
who do relapse can be offered curative-intent
treatment with chemotherapy, radiotherapy, or
surgery, depending on clinical characteristics and
prior treatment. However, it is important to accu-
rately diagnose relapse to ensure all available
treatment options can be considered, and also, to
reduce the risk of over-treatment and its associ-
ated toxicities.

In a multitude of studies, miR-371 has been
shown to outperform existing biomarkers at the
time of relapse.!%75:78:83,108 Tn one of the largest
studies evaluating plasma miR-371a-3p in men
with confirmed active TGCT,# 44/46 evaluable
patients had detectable plasma miR-371a-3p at
relapse. The test offered a sensitivity of 96%,
specificity of 100%, and NPV of 98%. It should
be noted that the two patients who did not have
detectable plasma miR-371a-3p had levels meas-
ured below the defined cut-off for ‘positivity’; the
presence of active TGCT was later determined by
histopathology (n=1) or progressive conventional
serum tumour biomarker elevation (z=1), which
speaks to the potential limitations of the new bio-
marker. Another study performed utilizing serum
miR-371a-3p in this context also offered high
sensitivity and specificity of 83% and 96%,
respectively.”> Furthermore, in a group of 28 men
where the probability of recurrence was deemed
to be ‘high-risk® (90-100%) due to untreated,
definitive regional, or distant TGCT, defined by
conventional serum biomarkers or imaging,
plasma miR-371a-3p diagnosed relapse with a
sensitivity of 96%, specificity, and PPV of 100%;
however, NPV in this analysis was lower at 66%.14

Serum and plasma miR-371a-3p appears to have
reasonably high sensitivity, specificity, and pre-
dictive value in detecting relapse; however, larger,
prospective trials are needed. Niche areas where
miRNAs may add value includes the manage-
ment of non-specific imaging changes, the evalu-
ation of post-chemotherapy residual masses, and
the identification of teratoma, where current tools
leave significant gaps.

The management of non-specific radiological
changes

Not infrequently, men will present with a surveil-
lance-detected nodal mass with negative serum

tumour biomarkers, leaving some doubt about
the presence of active TGCT and resulting man-
agement approach. Depending on the extent of
disease at the time of relapse, men may be com-
mitted to intensified surveillance, or alternatively
one or more of chemotherapy, radiotherapy, or

surgery.

Nappi er al.l* conducted an analysis of men with
a prior diagnosis of CS1 TGCT, who had suspi-
cious imaging findings, defined as 10-30mm of
nodal enlargement = minor serum tumour bio-
marker elevation. They estimated that these men
had a ‘moderate risk’ (25-50%) of harbouring
active TGCT based on their clinical characteris-
tics. Evaluating 34 men, they showed that plasma
miR-371a-3p offered a sensitivity of 91%, speci-
ficity and PPV of 100%, and NPV of 96%. There
was no apparent difference in the precision of
plasma miR-371a-3p between seminoma and
NSGCT in this analysis. Importantly, plasma
miR-371a-3p also outperformed existing tools in
these men, and those with CS1b NSGCT or
post-chemotherapy residual masses with minor
AFP elevation.! In a ROC analysis for this whole
population, the AUC for plasma miR-371a-3p
was 0.89 [95% confidence interval (CI) 0.76—
1.02] compared to 0.66 (95% CI 0.50-0.82) for
CT, 0.65 (95% CI 0.48-0.84) for AFP, 0.61
(95% CI 0.43-0.81) for hCG, and 0.70 (95% CI
0.52-0.90) for LDH. While this data is compel-
ling, the analysis may have been impacted by a
short period of follow-up; hence, prospective
evaluation with longer follow-up is required.

If miR-371 can accurately identify men with
relapsed disease, particularly small-volume retro-
peritoneal nodal recurrences where existing tools
leave considerable uncertainty, this will have a
significant impact on the shape of care. While
combination chemotherapy is an effective treat-
ment for these men, there has been a move
towards offering RPLND to men with small-vol-
ume retroperitoneal nodal recurrences of
NSGCT* and increasingly, seminoma,!9%110 due
to the risk of long-term morbidity associated with
systemic treatment.>® Therefore, early diagnosis
is key to avail all possible treatment options to
men who do relapse.

The management of post-chemotherapy

residual mass

Chemotherapy often results in substantial radio-
logical reduction in tumour bulk; however, not
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uncommonly, a residual mass remains. With cur-
rent tools, there continues to be uncertainty
regarding the presence of active TGCT in resid-
ual masses. In seminoma, FDG-PET may help
differentiate between residual tumour and fibrosis
or necrosis in men with residual masses >3 cm.40:41
In NSGCT, where FDG-PET is not helpful,
these men will routinely be subjected to RPLND
if they have persistent masses >1 cm, despite nor-
malization of serum tumour biomarkers. In men
undergoing this procedure, 40-45% will have
residual teratoma and 10-15% will have viable,
non-teratoma NSGCT. Despite this, the proce-
dure still subjects up to 50% of men to major sur-
gery from which they will derive no benefit.111-113

In the largest study assessing the role of serum
miRNA in detecting active NSGCT in post-
chemotherapy residual masses, 82 men undergo-
ing pcRPLND for this indication in a single,
tertiary institution were evaluated.®! While con-
ventional tumour biomarkers, specifically AFP
and hCG, correlated well with disease stage and
treatment response following chemotherapy, they
were inadequate at detecting active disease in
men who had a residual mass. In a group of 39
men with serial, serum miRNA samples pre- and
post-chemotherapy, and following pcRPLND,
miR-371a-3p, miR-373-3p, and miR-367-3p
correlated well with residual active TGCT. Serum
miR-371a-3p and -367-3p levels reliably fell dur-
ing chemotherapy. In men whose pcRPLND
specimen ultimately demonstrated fibrosis,
necrosis, or teratoma only, no further reduction
in miRNA levels was seen following surgery; how-
ever, men with active TGCT contained within
the residual mass had a significant fall in measur-
able miRNA following pcRPLND. Notably, men
with active TGCT in their pcRPLND specimen
also had higher levels of miR-371, -373, and -367
post-chemotherapy than men who went onto
have fibrosis, necrosis, or teratoma only. miR-371
had the highest discriminatory capability of the
miRNA evaluated, with an AUC of the ROC
0.87 (95% CI 0.77-0.97, p<<0.0001). In a sub-
group analysis of men with a residual mass up to
3 cm in largest axial diameter and without extra-
retroperitoneal disease, miR-371a-3p accurately
predicted men with active TGCT in their pcR-
PLND specimen with 100% sensitivity, 54%
specificity, and 100% NPV (p=0.02).81

These findings were corroborated in a smaller
group by Nappi et al,'* who demonstrated a 100%
sensitivity, specificity, and NPV in men with

post-chemotherapy residual masses = serum

tumor biomarker elevation.

With such high sensitivity and NPV for detection
of active NSGCT in post-chemotherapy residual
masses, miR-371 clearly has tremendous poten-
tial to transform treatment paradigms for these
men in the future. Less is known about the role
for miR-371 in seminoma in this specific clinical
context.

Using miRNA to evaluate teratoma. Given the risk
of malignant transformation of benign teratoma,
a classically chemotherapy- and radiotherapy-
resistant pathology associated with a poor prog-
nosis,! it is important to distinguish between
teratoma, other active TGCT, and post-treatment
fibrosis and necrosis. While miR-371 may help
distinguish between fibrosis/necrosis and active
non-teratoma NSGCT, it cannot adequately dis-
tinguish between fibrosis/necrosis and teratoma.8!
Existing biomarkers are also unhelpful.®® Given
that miR-371 is not highly expressed by teratoma
in serum or tissue, it is perhaps not surprising that
miR-371 lacks sufficient sensitivity in the evalua-
tion of this histologic subtype.l” Alternatively,
there is preliminary evidence that an alternative
miRNA cluster, miR-375, is expressed by tera-
toma,!® which may guide treatment decisions if
clinically validated.

Nappi er al.l'* conducted an exploratory study
evaluating plasma miR-375 alone or integrated
with miR-371a-3p in men with teratoma. In their
initial analysis, plasma miR-375 was significantly
higher in men with active teratoma, when com-
pared to either CS1 GCT post orchidectomy dur-
ing active surveillance (p=0.01), or advanced
seminoma (p=0.04); and plasma miR-371a-3p
was undetectable in both active teratoma and
CS1 GCT post-orchidectomy during active sur-
veillance (p<<0.0001). The resulting sensitivity,
specificity, PPV, and NPV of plasma miR-375 for
identifying teratoma were 0.90 (95% CI 0.69—
0.97), 0.81 (95% CI 0.66-0.90), 0.69 (95% CI
0.50-0.83), and 0.94 (95% CI 0.81-0.98),
respectively. However, in a validation cohort,
miR-375 performed less well. When integrated
with miR-371a-3p, the AUC of the ROC for
miR-375 was 0.95 (95% CI 0.90-0.99), which
was higher than either plasma miRNA alone.

In contrast, Lafin er al.115> were unable to demon-
strate that miR-375, specifically miR-375-3p and
-5p, was an effective biomarker in this space.
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They prospectively evaluated 40 pre-operative/
post-chemotherapy serum samples of men under-
going pcRPLND for residual masses >1cm.
Histopathological review of pcRPLND samples
was undertaken, confirming 19 teratomas, two
mixed GCTs comprising teratoma, and either
YST or EC, and 21 cases of fibrosis, necrosis, or
benign lymph nodes. In their analysis, pre-opera-
tive serum miR-375-3p did not accurately predict
the presence of teratoma in pcRPLND specimen,
offering 86% sensitivity, 32% specificity, 58%
PPV, and 67% NPV. Serum miR-375-5p at the
same time point also lacked sensitivity (55%) and
specificity (67%) in 20 men evaluated. Similarly,
two other groups also found miR-375 had insuf-
ficient diagnostic value for teratoma,!!%!17 with
poor performance of miR-375-3p in a ROC
analysis.!16

Given the clinical relevance of this question, fur-
ther prospective trials evaluating the role of miRNA
clusters will be integral to answer this question for
patients and the clinicians who care for them.

Treatment monitoring during chemotherapy

In men with serum tumour biomarker elevation
at the time of relapse, the time to AFP and hCG
normalization during chemotherapy has been
shown to have prognostic value.18-120 In a study
which evaluated 653 men with advanced NSGCT
from a collection of eight prospective trials, hCG
normalization by week 3 favored an improvement
in 4-year progression-free (PFS, p<<0.001) and
overall survival (OS, p<0.001). Normalization of
AFP by week 3 similarly yielded an improvement
in OS (»=0.039), but not 4-year PFS
(p=0.054).11° As a result, there are ongoing stud-
ies relating to treatment intensification for men
whose serum tumour biomarkers do not normal-
ize by this time point.

In a similar fashion, a variety of studies have eval-
uated the natural history of miR-371 during
chemotherapy, demonstrating a significant reduc-
tion in miR-371 levels during treatment, particu-
larly after the first cycle of chemotherapy.”5-81:83
In an analysis of 70 men undergoing chemother-
apy for CS2a and CS2b disease,’> a significant fall
in serum miR-371a-3p was seen following cycle
1, with a relatively smaller decline following cycle
2 and then plateau at normal levels. Clearly,
serum miR-371a-3p is sufficiently sensitive to
demonstrate treatment benefit; however, there is
no correlative data which offers prognostic

information in the same way that existing serum
tumour biomarkers may in NSGCT. This too, is
being evaluated in prospective trials.88

Importantly, miRNA may also aid clinical deci-
sion-making where there is persistence of conven-
tional serum tumour biomarkers and concern
about chemo-resistance during treatment. In a
single case report that reported a persistent rise in
AFP during chemotherapy, serum miR-371a-3p
and miR-367-3p were undetectable, and eleva-
tion of the conventional serum tumour biomarker
was later explained by concomitant hepatic
injury,!2! providing clinicians further reassurance
regarding the specificity of the contemporary bio-
marker in this context.

Choosing treatment modality in relapsed

or advanced disease

Over the last five decades, there have been signifi-
cant advances in the chemotherapy regimens, as
well as surgical and radiotherapy techniques for
men with advanced TGCT. In general, where
there are multiple sites of disease identified on CT
or solitary serum tumour biomarker elevation in
NSGCT (usually S1), combination chemotherapy
is the treatment of choice. However, where disease
occurs in a single radiotherapy or surgical field, or
serum tumour biomarkers are non-contributory,
there remains some uncertainty around the ‘best’
treatment option, which may include any of the
three modalities.®3 Presently, there is insufficient
clinical data relating to the role that miRNA may
have in this space; however, some studies have
shed light on this issue.

Given that miR-371a-3p elevation has been cor-
related with tumour size and clinical stage,”’ it is
possible that the biomarker may be utilized as a
surrogate for disease extent. In the future, men
with elevated miR-371a-3p without recurrence
defined by existing serum tumour and imaging
biomarkers may be recommended chemotherapy
in the same way that men with CS1S NSGCT are
currently treated. By the same rationale, chemo-
therapy may be preferred in men with disease tra-
ditionally defined as resectable in the event of
significant miRNA elevation. These hypotheses
need to be evaluated in prospective trials.

Plaza ez al.8> has shown that higher pre-chemother-
apy serum miR-371a-3p, miR-373-3p, and miR-
367-3p levels in men with advanced TGCT
predicts a higher risk of relapse compared to men
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Text box 1. Current Serum Tumour and Imaging Biomarkers

The detection of serum tumour biomarkers reflects the embryologic origins of TGCT

Serum AFP, hCG, and LDH have poor sensitivity, specificity, and predictive value to diagnose TGCT,

particularly seminoma

Serum tumour biomarker evaluation is no longer routinely recommended as part of surveillance in some

guidelines for men with seminoma

Modern imaging, including CT and MRI, are unable to detect active malignancy in small lymph nodes; nor
are they able to accurately differentiate between necrosis, fibrosis, and active malignancy

There is an established role for FDG-PET in evaluating post-chemotherapy residual masses >3cm in

seminoma

Text box 2. MicroRNA

Small, non-coding ribonucleic acid molecules involved in post-transcriptional gene expression, interacting
with messenger RNA, and may act as either an oncogene or tumour suppressor gene

Certain clusters of miRNAs typify TGCT, with miR-371-372 over-expressed by most histologic subtypes;

others include miR-302a-d and miR-367-3p

Measurable in serum, plasma, and other bodily fluids; resist breakdown by ribonucleases

Significant variation in practice around sample collection methods, including the use of serum or plasma;
with focus required to refine definitions of ‘positive” and ‘negative’ miRNA results

who had lower levels before chemotherapy, despite
normalization of these miRNA during treatment
and complete radiological response. It is plausible
that men with significant miRNA elevation may
benefit from treatment intensification with con-
solidative treatment or alternative chemotherapy
regimens, however the cut-off value to define ‘high’
levels needs to be refined. In contrast, those with
lower levels may benefit from de-intensification of
treatment. This observation was replicated in
another study, whereby men with ‘positive’ pre-
chemotherapy plasma miR-371a-3p in the setting
of advanced TGCT experienced an inferior PFS
and OS than men with ‘negative’ miR-371a-3p
and correlated these results with IGCCCG risk
groups.8® Clearly, there is room for improvement
in this space.

Conclusions

miRNAs, particularly miR-371a-3p, are promis-
ing new biomarkers in the care of men with
TGCT. The evolution of science underpinning
miRNA in this space has been rapid,

with significant advances in the technology and
knowledge base across the last 10years. In multi-
ple studies, miR-371a-3p has been shown to be
superior to existing serum tumour and imaging
biomarkers. It has robust characteristics, with an
apparent role in diagnosis and surveillance of
TGCT, as well as offering prognostic information
following orchidectomy and chemotherapy. Early
evidence suggests that miR-371a-3p may fill
many of the important gaps left by current diag-
nostic and surveillance tools. In teratoma, miR-
375 may offer similarly helpful information;
however, results have been conflicting to-date.

In addition to refining the above clinical scenar-
ios, there is space to embed miRNA evaluation
into routine surveillance, reducing the frequency
of CT, as well as a possible place in treatment
given the integral role miRNA play in the onco-
genesis of TGCTs.49:53-62,122-125 Progpective trials
evaluating the role of miRNA in CS1 TGCT,
such as SWOG1823 and AGCT1531, are cur-
rently ongoing, however additional trials across
the TGCT disease spectrum are required to
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Text box 3. Potential clinical applications of miRNA

Diagnosis: Serum miR-371a-3p offers sensitivity, specificity, PPV, and NPV of 91.8%, 96.1%, 97.2%, and
82.7%, respectively, in diagnosing TGCT regardless of histologic subtype and is superior to existing serum
tumour biomarkers

Relapse: miR-371a-3p accurately detected relapsed disease in men with a confirmed relapse, with a
sensitivity, specificity, and NPV of 96%, 100%, and 98% respectively

Adjuvant treatment: The role of miRNA in guiding use of adjuvant therapy is less clear. Some datasets have
demonstrated that a minority of men with CS1 TGCT will not experience biochemical resolution of miR-
371a-3p following orchidectomy, suggesting that they may harbor residual microscopic disease; however,
Lobo et al. since demonstrated that post-orchidectomy miR-371a-3p levels did not accurately predict risk
of relapse

Management of non-specific radiological changes: There appears to be a possible role for miRNA to finesse
the management of non-specific radiological changes, with plasma miR-371a-3p accurately diagnosing
active malignancy in men deemed at ‘moderate risk’ of harbouring TGCT with sensitivity, specificity, PPV,
and NPV >90%

Post-chemotherapy residual masses: In men with post-chemotherapy residual masses >3 cm, miR-371a-3p
accurately detected active TGCT with sensitivity and NPV of 100%; however, specificity was lower at just
54%

Teratoma: miR-371 seems less useful in the evaluation of teratoma, however a composite of miR-371a-3p
and miR-375 may be helpful in diagnosing this condition

Treatment decisions and prognosis: miR-371a-3p falls reliably during chemotherapy, particularly after

C1, however there is no correlative data relating the relationship between this observation and survival
outcomes. There is also limited data pertaining to the way in which miRNA may guide treatment decisions,
particularly around treatment intensification or consolidation and de-intensification. Early data has shown
that higher levels of specific miRNA prior to chemotherapy may confer a worse prognosis than those with
lower, albeit detectable levels at the same timepoint.

validate existing datasets and further elucidate the Funding

role of this technology in the clinics.8¢-88 If early The authors received no financial support for the
data are able to be replicated in these prospective research, authorship, and/or publication of this
trials, serum miR-371a-3p has the ability to alter article.

routine surveillance for many men, offering an

inexpensive, safe, and precise tool that will per-

sonalize care and prevent over-treatment in a

group of men with an otherwise excellent References

prognosis. 1. National Comprehensive Cancer Network.
Testicular Cancer (Version 2.2021). https://
Conflict of interest statement www.nccn.org/professionals/physician_gls/pdf/

BT reports grants and personal fees from Amgen, testicular.pdf (accessed 16 February 2021).

grants and personal fees from Astra Zeneca, 2. ANZUP. ANZUP surveillance recommendations
grants from Astellas, grants and personal fees for metastatic testicular cancer post-
from BMS, grants and personal fees from Janssen, chemotherapy. https://anzup.org.au/docview.
grants and personal fees from Pfizer, grants and aspx?id=880 (2018, accessed 16 February 2021).
personal fees from MSD, grants and personal fees
from Ipsen, personal fees from IQVIA, personal 3. ANZUP. Stage 1 testicular cancer survei.llance,
fees from Sanofi, personal fees from Tolmar, per- https://www.anzup.org.au/docview.aspx?id=569

. (2016, accessed 16 February 2021).
sonal fees from Novartis, grants and personal fees
from Bayer, and personal fees from Roche, out- 4. Stephenson A, Eggener SE, Bass EB, et al.
side the submitted work. Diagnosis and treatment of early stage testicular

journals.sagepub.com/home/tam 1



Therapeutic Advances in Medical Oncology 13

10.

11.

12.

13.

14.

15.

16.

cancer: AUA guideline. ¥ Urol 2019; 202:
272-281.

Haugnes HS, Wethal T, Aass N, et al.
Cardiovascular risk factors and morbidity in
long-term survivors of testicular cancer: a 20-year
follow-up study. ¥ Clin Oncol 2010; 28: 4649—
4657.

Kerns SL, Fung C, Monahan PO, ez al.
Cumulative burden of morbidity among testicular
cancer survivors after standard cisplatin-based
chemotherapy: a multi-institutional study. ¥ Cln
Oncol 2018; 36: 1505-1512.

Rossen PB, Pedersen AF, Zachariae R, ez al.
Health-related quality of life in long-term
survivors of testicular cancer. ¥ Clin Oncol 2009;
27:5993-5999.

. Vidrine D], Hoekstra-Weebers JEHM, Hoekstra

H]J, et al. The effects of testicular cancer
treatment on health-related quality of life. Urology
2010; 75: 636-641.

Chovanec M, Vasilkova L, Petrikova L, ez al.
Quality of life issues in long-term testicular germ
cell tumor survivors. J Clin Oncol 2018; 36:
e22107.

Rudberg L, Nilsson S and Wikblad K. Health-
related quality of life in survivors of testicular
cancer 3 to 13 years after treatment. ¥ Psychosoc
Oncol 2000; 18: 19-31.

Stephenson AJ, Tal R and Sheinfeld J.
Adjunctive nephrectomy at post-chemotherapy
retroperitoneal lymph node dissection for
nonseminomatous germ cell testicular cancer.
F Urol 20065 176: 1996-1999; discussion 1999.

Arai Y, Kawakita M, Okada Y, ez al. Sexuality
and fertility in long-term survivors of testicular
cancer. ¥ Clin Oncol 1997; 15: 1444-1448.

Matos E, Skrbinc B and Zakotnik B. Fertility in
patients treated for testicular cancer. ¥ Cancer
Surviv 2010; 4: 274-278.

Nappi L, Thi M, Lum A, ez al. Developing

a highly specific biomarker for germ cell
malignancies: plasma miR371 expression across
the germ cell malignancy spectrum. ¥ Clin Oncol
2019; 37: 3090-3098.

Murray MJ, Nicholson JC and Coleman

N. Biology of childhood germ cell tumours,
focussing on the significance of microRNAs.
Andrology 20153 3: 129-139.

Palmer RD, Murray M], Saini HK, ez 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.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

Gillis AJM, Stoop HJ, Hersmus R, et al. High-
throughput microRNAome analysis in human
germ cell tumours. ¥ Pathol 2007; 213: 319-328.

Murray MJ and Nicholson JC. a-Fetoprotein.
Arch Dis Child Educ Pract Ed 2011; 96: 141-147.

Shen H, Shih J, Hollern DP, er al. Integrated
molecular characterization of testicular germ cell
tumors. Cell Rep 2018; 23: 3392-3406.

Carlson BM. Extraembryonic membranes. In:
Reference module in biomedical sciences. Elsevier,
2014.

Gilligan TD, Seidenfeld J, Basch EM, ez al.
American Society of Clinical Oncology Clinical
Practice Guideline on uses of serum tumor
markers in adult males with germ cell tumors.
F Clin Oncol 2010; 28: 3388-3404.

Johnson PJ. Role of alpha-fetoprotein in the
diagnosis and management of hepatocellular
carcinoma. ¥ Gastroenterol Hepatol 1999;
14(Suppl.): S32-S36.

Schneider DT, Calaminus G and Gobel U.
Diagnostic value of alpha 1-fetoprotein and
beta-human chorionic gonadotropin in infancy
and childhood. Pediatr Hematol Oncol 2001; 18:
11-26.

Germa JR, Llanos M, Tabernero JM, er al. False
elevations of alpha-fetoprotein associated with
liver dysfunction in germ cell tumors. Cancer
1993; 72: 2491-2494.

Ehrlich Y, Beck SDW, Foster RS, er al. Serum
tumor markers in testicular cancer. Urol Oncol
2013; 31: 17-23.

Dieckmann K-P, Richter-Simonsen H,
Kulejewski M, et al. Testicular germ-cell
tumours: a descriptive analysis of clinical
characteristics at first presentation. Urol Int 2018;
100: 409-419.

Lobo J, Costa AL, Vilela-Salgueiro B, er al.
Testicular germ cell tumors: revisiting a series in
light of the new WHO classification and AJCC
staging systems, focusing on challenges for
pathologists. Hum Pathol 2018; 82: 113—-124.

Norgaard-Pedersen B, Schultz HP, Arends

], et al. Tumour markers in testicular germ

cell tumours. Five-year experience from the
DATECA Study 1976-1980. Acta Radiol Oncol
1984; 23: 287-294.

Murray M]J, Bell E, Raby KL, ez al. A pipeline

to quantify serum and cerebrospinal fluid
microRNAs for diagnosis and detection of relapse
in paediatric malignant germ-cell tumours. Br ¥
Cancer 2016; 114: 151-162.

journals.sagepub.com/home/tam



C Conduit and B Tran

30. Milose JC, Filson CP, Weizer AZ, et al. Role
of biochemical markers in testicular cancer:
diagnosis, staging, and surveillance. Open Access ¥
Urol 2011; 4: 1-8.

31. Seidel C, Daugaard G, Nestler T, er al. Human
chorionic gonadotropin-positive seminoma
patients: a registry compiled by the global germ
cell tumor collaborative group (G3). Eur ¥ Cancer
2020; 132: 127-135.

32. Kollmannsberger C, Tandstad T, Bedard PL,
et al. Patterns of relapse in patients with clinical
stage I testicular cancer managed with active
surveillance. ¥ Clin Oncol 2015; 33: 51-57.

33. Seidel C, Daugaard G, Nestler T, ez al. The
prognostic significance of lactate dehydrogenase
levels in seminoma patients with advanced
disease: an analysis by the Global Germ Cell
Tumor Collaborative Group (G3). World ¥
Urol. Epub ahead of print 8 March 2021. DOI:
10.1007/s00345-021-03635-3.

34. Tandstad T, Stahl O, Hakansson U, ez al.
One course of adjuvant BEP in clinical stage I
nonseminoma mature and expanded results from
the SWENOTECA group. Ann Oncol 20145 25:
2167-2172.

35. Ernst DS, Brasher P, Venner PM, et al.
Compliance and outcome of patients with stage 1
non-seminomatous germ cell tumors (INSGCT)
managed with surveillance programs in seven
Canadian centres. Can ¥ Urol 2005; 12:
2575-2580.

36. Lago-Hernandez CA, Feldman H, O’Donnell
E, et al. A refined risk stratification scheme for
clinical stage 1 NSGCT based on evaluation
of both embryonal predominance and
lymphovascular invasion. Ann Oncol 20155 26:
1396-1401.

37. Hilton S, Herr HW, Teitcher ]JB, et al. CT
detection of retroperitoneal lymph node
metastases in patients with clinical stage I
testicular nonseminomatous germ cell cancer:
assessment of size and distribution criteria. Am ¥
Roentgenol 1997; 169: 521-525.

38. Ghandour R, Ashbrook C, Freifeld Y, ez al.
Nationwide patterns of care for stage II
nonseminomatous germ cell tumor of the testicle.
Eur Urol Oncol 2020; 3: 198-206.

39. Heidenreich A, Haidl F, Paffenholz P, et al.
Surgical management of complex residual masses
following systemic chemotherapy for metastatic
testicular germ cell tumours. Ann Oncol 2017; 28:
362-367.

40. Bachner M, Loriot Y, Gross-Goupil M, ez al.
2-18fluoro-deoxy-D-glucose positron emission

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

tomography (FDG-PET) for postchemotherapy
seminoma residual lesions: a retrospective
validation of the SEMPET trial. Ann Oncol 2012;
23: 59-64.

De Santis M, Becherer A, Bokemeyer C, er al.
2-18fluoro-deoxy-D-glucose positron emission
tomography is a reliable predictor for viable
tumor in postchemotherapy seminoma: an update
of the prospective multicentric SEMPET trial.

F Clin Oncol 2004; 22: 1034-1039.

Hain SF, O’Doherty M], Timothy AR, et al.
Fluorodeoxyglucose positron emission tomography
in the evaluation of germ cell tumours at relapse.
Br ¥ Cancer 2000; 83: 863—869.

Huddart RA, O’Doherty MJ, Padhani A,

et al. 18fluorodeoxyglucose positron emission
tomography in the prediction of relapse

in patients with high-risk, clinical stage I
nonseminomatous germ cell tumors: preliminary
report of MRC Trial TE22—the NCRI Testis
Tumour Clinical Study Group. ¥ Clin Oncol
2007; 25: 3090-3095.

Joffe JK, Cafferty F, Murphy L, ez al. Imaging
modality and frequency in surveillance of stage
I seminoma testicular cancer: results from a
randomized, phase III, factorial trial (TRISST).
F Clin Oncol 2021; 39(Suppl. 6). doi: 10.1200/
JCO.2021.39.6_suppl.374.

Ahmad A. Non-coding RNAs: a tale of junk
turning into treasure. Noncoding RNA Res 2016;
1: 1-2.

Boland CR. Non-coding RNA: it’s not junk. Dig
Dis Sci 2017; 62: 1107-1109.

Gross N, Kropp ] and Khatib H. MicroRNA
signaling in embryo development. Biology 2017;
6: 34.

Reis LO, Pereira TC, Lopes-Cendes I, ez al.
MicroRNAs: a new paradigm on molecular
urological oncology. Urology 2010; 76: 521-527.

Voorhoeve PM, le Sage C, Schrier M, ez al.

A genetic screen implicates miRNA-372 and
miRNA-373 as oncogenes in testicular germ cell
tumors. Cell 2006; 124: 1169-1181.

Esquela-Kerscher A and Slack FJ. Oncomirs —
microRNAs with a role in cancer. Nat Rev Cancer
2006; 6: 259-269.

Hwang H-W and Mendell JT. MicroRNAs in cell
proliferation, cell death, and tumorigenesis. Br ¥
Cancer 2006; 94: 776-780.

Yu ], Wang F, Yang G-H, er al. Human
microRNA clusters: genomic organization and
expression profile in leukemia cell lines. Biochem
Biophys Res Commun 20065 349: 59-68.

journals.sagepub.com/home/tam



Therapeutic Advances in Medical Oncology 13

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Dieckmann K-P, Spiekermann M, Balks T, ez al.
MicroRNAs miR-371-3 in serum as diagnostic
tools in the management of testicular germ cell
tumours. Br ¥ Cancer 2012; 107: 1754-1760.

Zhou A-D, Diao L-T, Xu H, ez al. B-Catenin/
LEF1 transactivates the microRNA-371-373
cluster that modulates the Wnt/B-catenin-
signaling pathway. Oncogene 2012; 31:
2968-2978.

Spiekermann M, Belge G, Winter N, ez al.
MicroRNA miR-371a-3p in serum of patients
with germ cell tumours: evaluations for
establishing a serum biomarker. Andrology 2015;
3: 78-84.

Belge G, Dieckmann K-P, Spiekermann M, ez al.
Serum levels of microRNAs miR-371-3: a novel
class of serum biomarkers for testicular germ cell
tumors? Eur Urol 2012; 61: 1068-1069.

De Martino M, Chieffi P and Esposito F.
miRNAs and biomarkers in testicular germ
cell tumors: an update. Int ¥ Mol Sci 2021; 22:
1380.

De Martino M, Esposito F, Pellecchia S, et al.
HMGAI1-regulating microRNAs Let-7a and miR-
26a are downregulated in human seminomas.

Int ¥ Mol Sci 2020; 21: 3014.

Yong-Ming H, Ai-Jun J, Xiao-Yue X, et al. miR-
449a: a potential therapeutic agent for cancer.
Anticancer Drugs 2017; 28: 1067-1078.

Alsamman K and El-Masry OS. Interferon
regulatory factor 1 inactivation in human cancer.
Biosci Rep 2018; 38: BSR20171672.

Tian H, Cao Y-X, Zhang X-S, et al. The
targeting and functions of miRNA-383 are
mediated by FMRP during spermatogenesis. Cell
Death Dis 20135 4: e617.

Huang H, Tian H, Duan Z, et al. 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.

Novotny GW, Belling KC, Bramsen ]B, ez al.
microRNA expression profiling of carcinoma in
situ cells of the testis. Endocr Relat Cancer 2012;
19: 365-379.

Chim SSC, Shing TKF, Hung ECW, ez al.
Detection and characterization of placental
microRNAs in maternal plasma. Clin Chem 2008;
54: 482-490.

Dieckmann K-P, Spiekermann M, Balks T,

et al. MicroRNA miR-371a-3p - a novel serum
biomarker of testicular germ cell tumors: evidence
for specificity from measurements in testicular

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

717.

vein blood and in neoplastic hydrocele fluid. Urol
Int 2016; 97: 76-83.

Radtke A, Dieckmann K-P, Grobelny F, ez al.
Expression of miRNA-371a-3p in seminal
plasma and ejaculate is associated with sperm
concentration. Andrology 2019; 7: 469—-474.

Almstrup K, Lobo J, Merup N, ez al. Application
of miRNAs in the diagnosis and monitoring of
testicular germ cell tumours. Natz Rev Urol 2020,
17: 201-213.

Murray MJ, Huddart RA and Coleman N. The
present and future of serum diagnostic tests for
testicular germ cell tumours. Nar Rev Urol 2016;
13: 715-725.

Litchfield K, Summersgill B, Yost S, ez al.
Whole-exome sequencing reveals the mutational
spectrum of testicular germ cell tumours. Naz
Commun 20153 6: 5973.

Lianidou E and Pantel K. Liquid biopsies. Genes
Chromosomes Cancer 2019; 58: 219-232.

Lobo J, Leao R, Jeréonimo C, er al. Liquid
biopsies in the clinical management of germ
cell tumor patients: state-of-the-art and future
directions. Int ¥ Mol Sci 2021; 22: 2654.

Chovanec M, Kalavska K, Mego M, ez al. Liquid biopsy
in germ cell tumors: biology and clinical management.
Expert Rev Mol Diagn 2020; 20: 187-194.

Freitag CE, Sukov WR, Bryce AH, ez al.
Assessment of isochromosome 12p and 12p
abnormalities in germ cell tumors using
fluorescence in situ hybridization, single-
nucleotide polymorphism arrays, and next-
generation sequencing/mate-pair sequencing.
Hum Pathol 20215 112: 20-34.

Fichtner A, Richter A, Filmar S, ez al. The
detection of isochromosome i(12p) in malignant
germ cell tumours and tumours with somatic
malignant transformation by the use of
quantitative real-time polymerase chain reaction.
Histopathology 20215 78: 593-606.

Dieckmann K-P, Radtke A, Geczi L, ez al. Serum
levels of microRNA-371a-3p (M371 test) as a
new biomarker of testicular germ cell tumors:
results of a prospective multicentric study. ¥ Clin
Oncol 2019; 37: 1412-1423.

Radtke A, Hennig F, Ikogho R, ez 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 2018; 100: 470-475.

Dieckmann K-P, Radtke A, Spiekermann M,

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.

journals.sagepub.com/home/tam



C Conduit and B Tran

78. Van Agthoven T, Eijkenboom WMH and
Looijenga LHJ. microRNA-371a-3p as
informative biomarker for the follow-up of
testicular germ cell cancer patients. Cell Oncol

2017; 40: 379-388.

90.

79. Charytonowicz D, Aubrey H, Bell C, ez al. Cost
analysis of noninvasive blood-based microRNA

testing versus CT scans for follow-up in patients
with testicular germ-cell tumors. Clin Genitourin

Cancer 2019; 17: €733—€744.

80. Mego M, Van Agthoven T, Gronesova P, et al.
Clinical utility of plasma miR-371a-3p in germ
cell tumors. ¥ Cell Mol Med 2019; 23:

1128-1136.

81. Ledo R, Van Agthoven T, Figueiredo A,

et al. Serum miRNA predicts viable disease
after chemotherapy in patients with testicular
nonseminoma germ cell tumor. ¥ Urol 2018;

200: 126-135.

82. Anheuser P, Radtke A, Wiilfing C, ez al. Serum
levels of microRNA371a-3p: a highly sensitive
tool for diagnosing and staging testicular germ
cell tumours: a clinical case series. Urol Int 2017;

99: 98-103.

83. Terbuch A, Adiprasito JB, Stiegelbauer V, er al.
MiR-371a-3p serum levels are increased in
recurrence of testicular germ cell tumor patients.

Int § Mol Sci 2018; 19: 3130.

84. Dieckmann K-P, Frey U and Lock G.
Contemporary diagnostic work-up of testicular
germ cell tumours. Nat Rev Urol 2013; 10:

703-712.

85. Plaza XR, Van Agthoven T, Meijer C, ez al.

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: 1221.

86. Clinicaltrials.gov. A study of miRNA 371 in
patients with germ cell tumors. US National
Library of Medicine, 2021. https://clinicaltrials.

gov/ct2/show/NCT04435756

87. Children’s Oncology Group. AGCT1531: a
phase 3 study of active surveillance for low
risk and a randomized trial of carboplatin
vs. cisplatin for standard risk pediatric and
adult patients with germ cell tumors, https://
clinicaltrials.gov/ct2/show/NCT04435756

(2021, accessed 23 March 2021).

100.

88. Clinicaltrials.gov. Accelerated v’s standard BEP
chemotherapy for patients with intermediate
and poor-risk metastatic germ cell tumours
(P3BEP), https://clinicaltrials.gov/ct2/show/
NCT02582697 (2020, accessed 13 April

2021).

89.

91.

92.

93.

94.

95.

96.

97.

98.

99.

101.

Lafin JT, Murray M], Coleman N, ez al. The
road ahead for circulating microRNAs in
diagnosis and management of testicular germ
cell tumors. Mol Diagn Ther 20215 25: 269-271.

Liu Q, Lian Q, Lv H, er al. The diagnostic
accuracy of miR-371a-3p for testicular germ cell
tumors: a systematic review and meta-analysis.
Mol Diagn Ther 2021; 25: 273-281.

Badia RR, Abe D, Wong D, er al. Real-world
application of pre-orchiectomy miR-371a-3p test
in testicular germ cell tumor management. ¥ Urol
20215 205: 137-144.

Yadav K. Retroperitoneal lymph node
dissection: an update in testicular malignancies.
Chin Transl Oncol 2017; 19: 793-798.

Ronchi A, Cozzolino I, Montella M, et al.
Extragonadal germ cell tumors: not just a matter
of location. A review about clinical, molecular
and pathological features. Cancer Med 2019; 8:
6832-6840.

Murray M], Halsall D], Hook CE, ez al.
Identification of microRNAs from the miR-
371~373 and miR-302 clusters as potential
serum biomarkers of malignant germ cell
tumors. Am ¥ Clin Pathol 2011; 135: 119-125.

Murray M], Ajithkumar T, Harris F, ez al.
Clinical utility of circulating miR-371a-3p for
the management of patients with intracranial
malignant germ cell tumors. Neurooncol Adv
2020; 2: vdaa048.

Hanna NH and Einhorn LH. Testicular cancer
— discoveries and updates. N Engl § Med 2014;
371: 2005-2016.

Mortensen MS, Lauritsen J, Gundgaard MG,
et al. A nationwide cohort study of stage 1
seminoma patients followed on a surveillance
program. Eur Urol 2014; 66: 1172-1178.

Aparicio J, Maroto P, Del Muro XG, er al.
Prognostic factors for relapse in stage I
seminoma: a new nomogram derived from
three consecutive, risk-adapted studies from the
Spanish Germ Cell Cancer Group (SGCCG).
Ann Oncol 2014; 25: 2173-2178.

Chung P and Warde P. Stage I seminoma:
adjuvant treatment is effective but is it
necessary? ¥ Natl Cancer Inst 20115 103:
194-196.

Chung P, Daugaard G, Tyldesley S, ez al.
Evaluation of a prognostic model for risk of
relapse in stage I seminoma surveillance. Cancer
Med 2015; 4: 155-160.

Tandstad T, Stahl O, Dahl O, ez al. Treatment
of stage I seminoma, with one course of

journals.sagepub.com/home/tam



Therapeutic Advances in Medical Oncology 13

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

adjuvant carboplatin or surveillance, risk-
adapted recommendations implementing
patient autonomy: a report from the Swedish
and Norwegian Testicular Cancer Group
(SWENOTECA). Ann Oncol 2016; 27:
1299-1304.

Warde P, Specht L, Horwich A, er al. Prognostic
factors for relapse in stage I seminoma managed
by surveillance: a pooled analysis. ¥ Clin Oncol
2002; 20: 4448-4452.

Leman ES and Gonzalgo ML. Prognostic
features and markers for testicular cancer
management. Indian J Urol 2010; 26: 76-81.

Nazeer T, Ro JY, Kee KH, ez al. Spermatic cord
contamination in testicular cancer. Mod Pathol
1996; 9: 762-766.

Kobayashi K, Saito T, Kitamura Y, ez al.
Oncological outcomes in patients with stage
I testicular seminoma and nonseminoma:
pathological risk factors for relapse and
feasibility of surveillance after orchiectomy.
Diagn Pathol 2013; 8: 57.

Sturgeon JF, Moore M]J, Kakiashvili DM, ez al.
Non-risk-adapted surveillance in clinical stage
I nonseminomatous germ cell tumors: the
Princess Margaret Hospital’s experience. Eur
Urol 20115 59: 556-562.

Nappi L, Thi M, Saxena N, ez al. Longer
follow-up data of circulating miR371a-3p
expression across the spectrum of germ cell
tumors (GCT). ¥ Clin Oncol 20215 39(Suppl. 6):
abstract 379.

Lobo J, Ledo R, Gillis AJM, ez al. Utility of
serum miR-371a-3p in predicting relapse on
surveillance in patients with clinical stage I
testicular germ cell cancer. Eur Urol Oncol 2021;
4: 483-491.

Albers P, Hiester A, Siemer RG, ez al. The
PRIMETEST trial: interim analysis of a phase

II trial for primary retroperitoneal lymph node
dissection (RPLND) in stage II A/B seminoma
patients without adjuvant treatment. J Clin Oncol
2019; 37: 507.

Daneshmand S, Cary C, Masterson TA, ez al.
SEMS trial: result of a prospective, multi-
institutional phase II clinical trial of surgery in
early metastatic seminoma. ¥ Clhin Oncol 2021;
39(Suppl. 6): abstract 375.

Steyerberg EW, Keizer H]J, Fossa SD, ez al.
Prediction of residual retroperitoneal mass
histology after chemotherapy for metastatic
nonseminomatous germ cell tumor: multivariate
analysis of individual patient data from six study
groups. ¥ Clin Oncol 1995; 13: 1177-1187.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Fossa SD, Aass N, Ous S, ez al. Histology of
tumor residuals following chemotherapy in
patients with advanced nonseminomatous
testicular cancer. ¥ Urol 1989; 142:
1239-1242.

Carver BS, Serio AM, Bajorin D, ez al. Improved
clinical outcome in recent years for men with
metastatic nonseminomatous germ cell tumors.
F Clin Oncol 2007; 25: 5603-5608.

Nappi L, Thi M, Adra N, et al. Integrated
expression of circulating miR375 and miR371
to identify teratoma and active germ cell
malignancy components in malignant germ cell
tumors. Eur Urol 2021; 79: 16—-19.

Lafin JT, Kenigsberg AP, Meng X, et al. Serum
small RNA sequencing and miR-375 assay do
not identify the presence of pure teratoma at
postchemotherapy retroperitoneal lymph node
dissection. Eur Urol Open Sci 2021; 26: 83—-87.

Belge G, Grobelny F, Matthies C, ez al. Serum
level of microRNA-375-3p is not a reliable
biomarker of teratoma. In Vivo (Athens, Greece)
2020; 34: 163-168.

Lobo ], Gillis AJM, Van Den Berg A, et al.
Identification and validation model for
informative liquid biopsy-based microRNA
biomarkers: insights from germ cell tumor in
vitro, in vivo and patient-derived data. Cells
2019; 8: 1637.

Mazumdar M, Bajorin DF, Bacik ], ez al.
Predicting outcome to chemotherapy in patients
with germ cell tumors: the value of the rate of
decline of human chorionic gonadotrophin and
alpha-fetoprotein during therapy. ¥ Clin Oncol
2001; 19: 2534-2541.

Fizazi K, Culine S, Kramar A, er al. Early
predicted time to normalization of tumor
markers predicts outcome in poor-prognosis
nonseminomatous germ cell tumors. ¥ Clin
Omncol 2004; 22: 3868-3876.

Fizazi K, Flechon A, le Teuff G, et al. Mature
results of the GETUG 13 phase III trial in poor-
prognosis germ-cell tumors (GCT). ¥ Clin Oncol
2016; 34: 4504.

Lembeck AL, Puchas P, Hutterer G, et al.
MicroRNAs as appropriate discriminators in
non-specific alpha-fetoprotein (AFP) elevation
in testicular germ cell tumor patients. Noncoding
RNA 2020; 6: 2.

Cheng AM, Byrom MW, Shelton ], ez al.
Antisense inhibition of human miRNAs and
indications for an involvement of miRNA in cell
growth and apoptosis. Nucleic Acids Res 2005;
33:1290-1297.

journals.sagepub.com/home/tam



C Conduit and B Tran

123. Murray MJ and Coleman N. MicroRNA cisplatin-induced cell death. ¥ Cell Physiol 2013;
dysregulation in malignant germ cell tumors: 228: 2294-2304.
: > 3 . .
ﬁ’gj’gj blomarker? 7 Glin Oncol 2019; 37255 1447, ShiH, Li X, er al. miR-223-3p regulates  visi SAGE journals ontine
cell growth and apoptosis via FBXW7 suggesting  journals.sagepub.com/
124. Liu L, Lian J, Zhang H, er al. MicroRNA-302a an oncogenic role in human testicular germ cell home/tam
sensitizes testicular embryonal carcinoma cells to tumors. Int ¥ Oncol 2017; 50: 356-364. ©SAGE journals

journals.sagepub.com/home/tam 17



