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Cancer is a leading cause of death by disease in children and the second most prevalent of all causes in adults.
Testicular germ cell tumors (TGCTs) make up 0.5% of pediatric malignancies, 14% of adolescent malignancies,
and are the most common of malignancies in young adult men. Although the biology and clinical presentation of
adult TGCTs share a significant overlap with those of the pediatric group, molecular evidence suggests that TGCTs
in young children likely represent a distinct group compared to older adolescents and adults. The rarity of this
cancer among pediatric ages is consistent with our current understanding, and few studies have analyzed and

compared the molecular basis in childhood and adult cancers.

testicular cancer germ cell tumors genomics epigenomics pediatric and adult

| 1. Introduction

Testicular germ cell tumors (TGCTs) are a distinctive set of diseases in oncology practice due to their curability or
the mixture of histologies that appears to reflect embryogenesis. TGCTs are the most common solid tumor in young
adults, representing 0.4% of new cases from all sites L. In early ages, germ cell tumors represent 3.5% of
childhood cancers, occurring in a bimodal distribution with one peak in the first four years of life and a second in
adolescence (28] and TGCTs represents about 20% of all cases 4. The incidence rate of testicular germ cell

tumors starts to increase in the late teens (10 years old) and reaches its peak in the young adult age group /817,

TGCTs are classified according to genotype, phenotype, origin cell, and germ cell neoplasia in situ (GCNIS)
relationship into three groups. Type | is rare in postpubertal testis and presents as a yolk sac tumor in children less
than 6 years old and no precursor cell is identified. Type Il is common in postpubertal men in the third and fourth
decades of life, with GCNIS as a precursor, which leads to several histologies (see below). Type IIl usually affects
men older than 50 years, and the spermatocitic tumor is a phenotype that is not related to GCNIS. In the current

study, we focus on TGCT Types | and Il 8],

TGCTs are organized into two main histological groups, known as seminoma (SE) and non-seminoma germ cell
tumors (NSGCTs). Seminoma GCTs are made up of undifferentiated germ cells that can histologically resemble
sperm and young oogonia, or even germ cells from developmental strains. NSGCTs are subdivided into several
histologies, such as embryonal carcinoma, yolk sac tumors (YSTs), teratoma, choriocarcinoma, and mixed NSGCT,
in which different histologies are present in different proportions. In contrast to embryonal carcinoma, which
histologically resembles the blastocyst, YST has a complex endodermal morphology with embryonic and

extraembryonic endodermal components. Mature teratomas are benign tumors, and are the most differentiated,
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although they may harbor unique neural differentiation as immature teratomas. Finally, choriocarcinoma has
trophoblastic differentiation and characteristically features a high level of human chorionic gonadotropin (hCG) in

the bloodstream [£!.

The clinical presentation of TGCTs usually involves painless swelling of one testis, and is sometimes perceived at a
late stage in adults by the partners, and by parents in children. However, it may present with an enlarged tumor or

even a palpable abdominal mass when the diagnosis is made at a late stage 29,

Cisplatin is the most important drug used to treat TGCTs and, in recent decades, has changed the natural history of
the disease (1112l To date, no other drug has outperformed the results of platinum-based combinations; this
includes carboplatin, which, in the adult population, has had inferior results 1214 Different combinations and
doses have been used in protocols for adults and children, often to reduce the acute and late toxic effects, without

compromising the outcomes in the latter group 22!,

TGCTs have different survival rates according to the age group, with adolescents having a lower rate of event-free
survival in a 3 year period (59.9%) compared to children (87.2%) or adults (80.0%) B8l Twenty to forty percent of
patients with metastatic testicular germ cell tumors relapse after first-line chemotherapy 12 Furthermore,
approximately 50% of these patients can still be cured, and histology, primary tumor location, response to first-line
therapy, tumor marker concentrations, and location of metastases (liver, brain, and bone) have been proven to be

important prognostic indicator factors in testicular germ cell tumors, in addition to the dose of chemotherapy 7.

Different cytogenetic abnormalities are described when comparing the age of presentation B, TGCTs are tumors
with a low mutational load, but in their postpubertal presentation, mutations in genes such as KRAS, KIT, and TP53
play a role, in addition to the changes in the number of copies of the KRAS gene [EIl18] Epigenetics has been the
focus of attention in TGCTs. SE and NSGCTs have different methylation patterns, and interest in the role of miRNA

is growing, particularly miR-371a-3p and miR-375 as potential biomarkers [18][29120],

| 2. Etiopathogenesis of TGCT in Child and Adults

Curiously, the pathogenesis of TGCT begins in utero during embryogenesis, when embryonic stem cells give rise
to the primordial germ cells in the genital crest present in the midline of the embryo 211122 pathogenesis differs in
some aspects of differentiation, histogenesis, and genomic instability between adults and children. Primordial germ
cells are the most implicated in studies on the tumorigenesis of germ cell tumors, and due to their totipotent nature,
TGCTs have a wide range of possible histologies. In Type | TGCTs, prepubertal teratomas, as benign tumors, have
limited developmental potential and may arise during the migration of primordial germ cells. However, the
chromosomal loss of 1p, 4, and 6q, in addition to 1q, 12, 20q, and 22, are implicated in the development of

malignant YSTs, the histology most frequently found in testicular tumors in childhood [£J23],

| 3. Molecular Biology
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Because TGCTs are a heterogeneous tumor, it is a challenge to study their genetic basis. However, in recent

years, efforts have been made to understand the underlying molecular biology (Table 1) to further improve patient

outcomes, particularly for those with chemoresistance and poor risk of disease.

Table 1. Epigenetic-based biomarkers in testicular germ cell tumors in adult and pediatric patients.

Adult Pediatric
Biomarker Major Findings Biomarker Major Findings
DNA Methylation
Hypermethylation of MGMT
VGF, MGMT, and CALCA promoters
ADAMTS1,CALCA, associateswith non- RUNX3 promoter
HOXAD9, seminoma and poor RUNX3 hypermethylation was detected
CDKN2B, CDO1, and prognosis CALCA in YST in infants (80%). 23]
NANOG associates
with refractory disease. [24]
Non-seminoma showed
MGMT, RASSF1A methylation in MGMT, :
’ ’ APC promoter hypermethylation
BRCAL, and a RASSFIA, and BRCAI and APC was detected in YST in infants

transcriptional
repressor gene HIC1

RASSF1A, HIC1,
MGMT, and RARB

XIST

CRIPTO

LINE-1

HIC1. Seminoma showed a
near-absence of
methylation. 26!

Hypermethylation of
RASSF1A and HIC1 was
associated with tumors
resistant to cisplatin-based
regimens, whereas MGMT

and RARB were sensitive.
[28]

Unmethylated DNA XIST
fragments in seminoma and
non-seminoma. 2%

Hypomethylation in
undifferentiated fetal germ
cells, embryonal carcinoma

and seminomas.

Hypermethylation in

differentiated fetal germ cells
and the differentiated types
of non-seminomas. 4

Epigenome-wide
study

(70%). (&1

DMRs were identified in a set of
154 pediatric tumors from
gonadal, extragonadal and
intracranial locations. 22

Strong correlation in LINE-1 methylation levels among affected father-affected son
pairs. LINE-1 hypomethylation was associated with the risk of testicular cancer. 22

Genetic
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Adult Pediatric

Biomarker Major Findings Biomarker Major Findings
DNA Methylation

abnormalities

The most commonly

h 5 observed change in all Isochromosome Less frequent in types | and 1.
Isochromosome 12p histological subtypes of 12p [35][361E7].

TGCTs. [BlE8134]

Gains at the arm level target.  Chr 1, 3, 11, 20, Gains in 1g, 3, 11g, 20q, .and 22
[38][39] and 22 are common, but still

inconsistent. 2149

Chr 7,8, 21, 22, and X

RAS fam|ly (HRAS, More common in seminoma

when compared to non-
KRAS, and NRAS) seminompa [41][42][43]

Rarely described in GCTs
but, when present, they were
associated with a cisplatin-
TP53 resistant disease, especially
in patients with non-
seminoma mediastinal 441451

[46](47]
FGFR3, AKT1, Associated with cisplatin-
PIK3CA resistant GCTs 48],
TERT promoter mutation is
TERT rare 49,
KIT and KRAS KIT mutations in GCTs are associated with RAS/IMAPK pathway driver alterations 501
BRAF BRAF mutation was absent BI52153154]
microRNA
miR-371~373 and miR-302
miR-372 and miR-373 were miR-371~373 Cl?Zt(zfd\lzzrseo?ﬁ:;zrﬁizfd
miR-372 and miR-373  particularly abundant in GCT and miR-302 9 subtvpe. site 9
tissue and cell lines. 2 clusters ype,
(gonadal/extragonadal), or
patient age (pediatric/adult) (561,
miR-371~373 and miR-
miR-371~373 and 302/367 as biomarkers of
miR-302/367 malignant GCTs were
reported B2,
miR-371a-3p Serum miR-371a-3p levels

provide both a sensitivity
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Adult Pediatric
Biomarker Major Findings Biomarker Major Findings
DNA Methylation

slobal

and a specificity greater than
90% and an area under the
curve (AUC) of 0.96 29]
The miR-371a-3p test
showed a specificity of
100%, sensitivity of 93%, o
and AUC of 0.978 28] latric
AU AUUTESTETTT DUYS WITT TTIayTIan Tt TeSUCUrelr e T CE WMTUTS: TREPUTT TUTTIT UTe CITurerTS
Oncology Group. J. Pediatric Surg. 2015, 50, 1000-1003.

I3.4pdcn,Vi3tmta]qd TV o Modelsores de Células Germinativas da Infancia e
Adolescéncia; Lemar: Sao Paulo, Brazil, 2018.

In recent years, major technological advancements have led to a better understanding of the molecular

4, I\ﬂurr.a%, M.fJ.'é\llchoIson, J.C. Germ cell tugnougs n chlll(%ren and adolﬁscents. Paediatr. Child

mec an;s 300101‘ 2CTS.OISOV:\L/iver, this progress has had a slight impact on the cancer therapeutic approach,

prol;'esb?yﬂaue to t’hequ]itatian o?'experimental models to predict efficacy in clinical trials. In an effort to offset this

IBikesitan adaiptére Shinatad&velbpatsudat, dittel-dori T GIC TedGHR, iKindeastag.Y.; Ogawa, C.; Munakata, W.;
Kawai, A.; Nishimoto, H. Childhood, adolescent and young adult cancer incidence in Japan in

It regeds2e19halisAgs. ielithO RLYE 20 ivesfigaig2iie7 molecular and genetic mechanisms involved in the

development of cisplatin resistance in TGCTs, for which the frequency of recurrence is low and the availability of

6. Pﬁusler K.A.; Poynter, J.N. Iﬂternational testicular cancer.lncfldence rates n children, do]fesc nts
histological samples “posi-chemotherapy IS scarce, because surilca resection of the tumor Is the first line of

an adults. Cancer Epidemiol. 2018, 56, 106—-111. o .
treatmer}{%p%’n general, callsp atinr s(ljstance in T%SCTSE?S commonly studied in primary tumors of patients who may

devBlgnthem Bt BontdeinGin tRelényré,; itetaiis, (Gt EleRhdussinics indicerteiafdeiptictianhearntssrapy ity

young men in Canada, data from 1971-2015. Cancer Epidemiol. 2019, 58, 175-177.

Other strategies to investigate the mechanisms associated with the resistance acquired by tumor cells to cisplatin

8. Oosterhuis, J.W.; Looijenga, L.H.J. Testicular germ-cell tumours in g broader perspective. Nat.
include the use o recl!'n?ca! mgc?els, Hwtro an(flLrll VIVO, obtaﬁned lflrom the cuI%vat%n andpexp sure o‘? TGCtT cell

Iine§?g'ir%?gr%grr1tapggs’e%’ (gf]iﬂgzdzrgg, for long periods of time [ in addition to the use of animal models that
1@pRicuce thk lphdrratyiee, phoperden afr thesh uhfanRediat$€ . Genoueih Vitmoe: oD ey sjspmeiale been used

extétaigge clivedéwchdes) rahel0depr &Eh8, BREOBBRied models, which are characterized by the absence of
R . 2 e N R RO RSN an, N M TRRISIL, ST Pl VS R S csurgtspand
cInGR RSN SHBONRL: N IBILEY 1oR 8N BELa R AL AN ASHIAN PRI et (@RRRIEHCY 1 e
etiopathogenesis, ?lsjmaéhilx?g% fgg_néitgatatic progression, and the response of therapy. In this context, patient-

ancet. nco
derived xenograft (PDX) models have been used as an outstanding alternative [64]65] ppX model development is

Iderdrddit R utotahsSane 6fiistntary - iNedit. rhFmdRR Bekkeldidinink \WalVerde iy iicdmLin CBURES: tato
imn¥ESiRSrdrdeauUnh eycEssof BiaRys fouh %8Rty IR inbrlieiseyith inesredia e ®i9sinodels
hav@BlasidicdRpieURhNe IsSRIIR B asé fRdRBIZedisiiurb the, RRART iy sRiteuEnNARLd I8 injecting

the@@B%ﬁﬁ-@&M@éiMﬁe@ HHREWaPRAR QVWWFQMJ %ﬁ%ﬁﬁ%@ﬁtﬁ%ﬁﬁ%%ﬁm@mﬁ Br. J.
Cancer 1998, 78, 828—-832.

13 RGP DSIRI TRABUERS, ol B, AL PESD 188 B R BB HBIA

Pheol Pl e . R A RS bR ey ey s S Sy IR e g T Ao S nice

and I?isulfiram was Iu%ed to anﬂwine chemé)ansitizatiBn .of resistant ce“. Iinﬁﬁ. Disulfiram in combin?tion with
alternating cisplatin/cyclophosphamidé/doxorubicin and vinblastine/bleomycin regimens o
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(cispétitumsissin® eratodtaizanighr um Al At dxeastionealet dtice axled atideH Getiviey SvEaldESRR4R. id. both
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phehmygiited achhFactBlatbn FanB asmanrka? R+ petibike € campigrisionnnf ioaréeayalabin sl sprsldsplatin ¢athety,
audneatiat oo od gerdd b & x ad raghal mighgiivanlgiiys cgdettinpansagy regsor phehetfaliimahicGarmhe
molEealldnthematio pabbtmsd kithC EP - dsiSance \i2d 18al98; Bbe F&pression of genes related to damage and
18P PP R N BRIk o LR gt Loy ifere iy eiReiseag sores
I DO AL S LB R PRGN TS R e RBSL RIEA "R e P CRDORATERA 2R
> RASRBYAL iMEIRRSOR GorePaLITRASHY BT TERTSe FAmRIShAbiEE) SR BrSlodt Bt e
P S R B0 I e S0 08 S A E R e A6 O et
16hdntesnatidrea kgt reycte (itoasen su St assifidstions Aipriogns Shicatzg onddessad istagingisystend taguired

mutaeias (@icnieinmhect TTan gens) | ntamaksan ahégnne SelteSsinc @afoiabadativeneroual JaionQueolof
12p0ff. 107,201 280 21063, DREalerk9950 disep@b-6ARe resistant NCCIT strain 89,

17. International Prognostic Factors Study Group; Lorch, A.; Beyer, J.; Bascoul-Mollevi, C.: Kramar, .
To |Jnvest_|gate c?s Iat?rgres?stance genetlctbagsclan T@ T, Pluvats et al. implanted a col ec":{lon of matche c@p atin-

.. Einharn, L.H.; Necchi, A.; Massard, C.; De Giorgi, U.; Fléchon, A.; et al. Prognostic factors i
senét’lve ang -resistant non—sen’wA?noma tumors In nude mlrge and comparecf\the enomlcghy%rld?za?ion (C@H).

atients with metastatic germ cell tumors who experienced treatment failure with cisplatin-based
Cogparartllve CGH analyses s%owed a gg‘ln at the Sq%zp%Bél re&on, arqg the presence of tﬁ% ctl!1romosomal

first-line chemother? Y: J. Clin. Oncol. OTf. J. Am. Sqac. Clin, Oncol. 2010, 28, 4906-4911.
rearrangement was correlatéd with poorer overall survival (OS) In metastatic germ cell tumors. Moreover, POLE3
1&hdSheNAReiEkiwele Hobgumt&d Ry Wsstgnl toBow byrderingicke ®gS2 3T hayssomherefelendgall cAplatin-
refril@wvionrtoxetegoeisAdY T@Ca. Antepoated vbokes utartdsharactéitizatignodbidiegticalalr iGanify Gedignosis
markerers] el Riepa@fikdsa23, 3392-3406.
R ’?r'annsJHéers_t%éhLe?nt?QalJé_'tu“é"”ﬁH{?és'}!aage%'gx%n%;g%a%a(ﬁﬁc?é‘eié_’ear%e?@fc'éf Iégl%lﬁen i '%'Jfécﬂ)s'e&‘ﬁ”baé‘ﬂt-
negaiine ‘BRGSO S e e TS e
Rev. Urol. 2020, 1?, 201-213. . . . iy . .
Subcutaneous xenograft' tumors of the NSGCT cell lines H12.1 (cisplatin-sensitive) and 1411HP (cisplatin-
2@sibiaukwarin eatitisiRddtkaiAmic eczie ImjdelativesisflatiAsbesiter, ¢l Fokatde, Uledssnonesndgrafts in
whidle Ege slingtures Taenthainly Rohesdd. peOalT Seositive eedts ohdliaokiNdgifttdrdp (M3rétidiast)cat Bne
141New Bioclsirkigrcomfesiicolam Hespatvel EDUmess; Regeksnof td?nbspgoie MNS@OTHGrShadyntd. with
cisfildiin-@inaabrffisdademBobe Qlirer@ined|bR @1 Bredatila-H@ 28lis (€8, In addition to this data, a mouse
ACSLBRIHAL IS AT, T RSREVAT ReBalRr g Eimpdnaalan eis S PSRR R isp e aive
mo%(aot}f’ Tﬁnggnﬂl}jﬁﬁﬁ in men. The resulting mice developed malignant, metastatic TGCTs composed of
teratomas and embryonal carcinomas, the latter of which exhibited stem cell characteristics, including expression

of the pluripotency factor OCT4 19,
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