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Abstract

Introduction: Germ cell tumours (GCTs) in the children comprise a group of tumours that originate from primordial
germ cells but their pathogenesis is not clear. Intracranial GCTs represent a special subset of these paediatric neo-
plasms. Hedgehog (Hh) pathway gene status in GCTs is generally unexplored, while Hh signalling is involved in germ
cell biology.

Material and methods: Comparative genomic profiling analysis with a microarray-comparative genomic hybridization
(CGH) + single nucleotide polymorphism (SNP) technique in a group of intracranial paediatric GCTs was performed.
The analysis included evaluation of genes being ligands, receptors, regulators, effectors, and targets of Hh signalling.
Results: Chromosomal aberrations were found in 62% of examined tumours, showing their heterogeneity.
A number of private genomic imbalances were observed, but only a few recurrent ones. The most common numer-
ical changes were trisomies 19, 21 and monosomies 13, 18 while the most frequent structural aberration was gain/
amplification of the chromosome 12p. The analysis of the gene status of Hh network elements showed imbalances
in a proportion of tumours. PTCH1, GLI2, IHH and ZIC2 gene aberrations occurred most frequently. Moreover, six
tumours had various copy gains or losses of several other genes involved in the pathway, including HHIR GLI1, GLI3,
DHH, SHH, SMO, PTCH2, and several genes from the WNT group. Interestingly, four cases showed losses of pathway
repressors, with parallel gains of activators in two of them. Correlations with patho-clinical tumour features were not
found, most probably due to the heterogeneity of the examined limited group.

Conclusions: Our results show few genomic alterations related to the Hh signalling pathway genes in paediatric
intracranial GCTs. Further analysis of Hedgehog pathway alterations can potentially disclose its biological signifi-
cance and define new prognostic factors and/or therapeutic targets for high-risk patients.
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Introduction

Germ cell tumours (GCTs) encompass a group of
neoplasms with a diverse clinical picture depend-
ing on the patients’ age and tumour location. GCTs
are classified into several histological subtypes and
in a significant portion of cases present as mixed
tumours. The vast majority of these tumours are
located in gonads, while extragonadal cases develop
in the mediastinum, retroperitoneum, sacral region,
and in the central nervous system (CNS) [34,39].
GCTs arising in the CNS affect mainly adoles-
cent boys and young men and grow in the pineal,
suprasellar region and around the third ventricle.
They constitute 0.5% of all intracranial neoplasms,
with unexplained 3-5 fold higher incidence in Asians
than in other ethnicities. The most common type of
CNS GCT is germinoma; teratomas, yolk sac or mixed
tumours are less frequently encountered [14,15].

Paediatric GCTs are rare and very special neo-
plasms with dedicated therapeutic approaches for
different patho-clinical subtypes [15,39]. Their treat-
ment remains a challenge due to their substantial
biological heterogeneity resulting in variable clinical
behaviour and prognosis. GCTs are managed with
various combinations of surgery, chemotherapy and
radiotherapy with special dedicated protocols for
intracranial GCTs. CNS germinomas are very sensi-
tive to radio- and chemotherapy with long-term sur-
vival rates. However, CNS irradiation in young age is
associated with side effects and decreased quality
of life afterwards. The non-germinomatous malig-
nant tumours vary in therapeutic response result-
ing in a less satisfactory outcome [5,22,39]. There
is a need to create new, more effective therapeutic
strategies with lower toxicity, which might be pos-
sible through a better understanding of the biologi-
cal mechanisms of development and progression of
these neoplasms.

Several distinct pathogenetic theories on GCTs’
origin have been proposed. In general, paediatric
GCTs are considered to come from the primordial
germ cells at different stages of differentiation. The
less popular theory of organ-specific tissue stem
cells was also postulated for the CNS lesions. The
pathogenesis of GCTs is explained as being a result
of disturbances of cell division, inhibition of apop-
tosis, aberrations of various signalling pathways,
changes in gene expression and disrupted migra-
tion of embryonic cells [42,43,48]. Recent integrated
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analyses on adult testicular tumours identified dis-
tinct molecular patterns that characterized histologic
subtypes and revealed the important role of epigen-
etic processes in determining histologic and biolo-
gic features [46]. However, it seems that paediatric
GCTs located in different sites arise through diverse
mechanisms as a result of a cross-talk between mal-
developmental and oncogenic events. Increasing
amounts of data indicate the specific role of several
signal transduction pathways in the biology of germ
cells. One of them, explored to a much lesser extent
than others, is the hedgehog (Hh) signalling [11,41].

The hedgehog pathway affects many develop-
mental processes controlling cell migration, prolif-
eration and differentiation as well as intercellular
communication. The HH network plays a crucial
role in organogenesis and maintenance of stem cell
populations as well as reparative and regenerative
processes [37]. To date, the best-studied functions
of the pathway have been the cell type specifica-
tion and patterning of the central nervous system,
axial formation of the embryo as well as limb and
tooth development [51]. This pathway was originally
discovered in Drosophila melanogaster, but a break-
through in understanding the link between Hh sig-
nalling and carcinogenesis came from the Gorlin
syndrome (also: nevoid basal cell carcinoma syn-
drome —NBCCS; MIM: #109400) [33]. This syndrome,
caused by mutations in the PTCH1 gene, predisposes
to basal cell carcinoma, different benign and malig-
nant tumours, and some skeletal abnormalities
[1,6,16]. The cancerogenic Hh signalling also occurs
in many sporadic malignant tumours including gas-
tro-intestinal, haematological, breast, prostate, lung,
brain and skin cancers [3,26,35,38]. Hh alterations in
paediatric cancer concern a proportion of medullo-
blastomas (Hh-activated molecular subtype), some
rhabdomyosarcomas, neuroblastomas and sever-
al others [16,18,26,29,40]. The oncogenic signalling
stimulates proliferation and survival of cancer stem
cells, affects their differentiation, controls angio-
genesis and tumour-stroma interactions. Currently,
several agents targeting overactivated elements of
the hedgehog pathway (e.g. HH, SMO, GLI) are under
development and have recently been tested in clini-
cal trials on different tumours, some of them show-
ing promising results [17,26].

Genetic analyses performed on adult onset tes-
ticular GCTs allowed to identify several distinct cyto-
genetic patterns. Little is known about molecular
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profiles of paediatric extragonadal tumours. Here,
we evaluated the genomic imbalances in paediatric
intracranial germ cell tumours with a special scope
on the loci of genes involved in the Hedgehog path-
way as a new direction of their investigation.

Material and methods
Tumour specimens

In total, 16 unrelated patients with intracranial
tumours were enrolled in this study, including five
previously reported in our pilot study [25]. The clin-
icopathological data completely anonymized the
patients’ age, gender, tumour histology, diameter
and site of development, as well as therapeutic
methods and information on survival (data of the
analysed cases are presented in Table ). Patients
were recruited from two paediatric centres in
Poland. None of the patients were previously treated
oncologically. In six cases of deep seated tumours,
only stereotactic biopsy was performed. Each of the
studied tumours underwent an intraoperative exam
and fresh-frozen tissues were collected for molecular
analysis. In the final pathological exam, immunohis-
tochemistry was applied for the differential diagno-
sis. The panel of antibodies included organic cation
transporter 3 (Oct3), placental alkaline phosphatase
(PLAP), a-fetoprotein (AFP), CD30, CD117, cytokera-
tin AE1/AE3, cytokeratin 7, glypican 3, endomysial
antibody (EMA), leukocyte common antigen (LCA),
and anti-glial fibrillary acidic protein (GFAP). All pro-
cedures were carried out according to the manufac-
turer’s recommendations in a DAKO autostainer. In
each case the second pathological opinion, based on
routinely processed tumour sections, was performed
in an external centre.

In three cases (germinomas #4 and #11, and ter-
atoma #1), immunohistochemistry with SHH and
PTCH1 antibodies (Abcam) was also performed on
paraffin-embedded tissue samples with a standard
procedure based on DAKO reagents.

DNA extraction

Fresh-frozen tumour tissue samples from intra-
cranial surgery (n = 10) or stereotactic biopsy (n = 6)
were collected and subjected to DNA extraction using
the salting-out protocol adapted after Miller et al.
[31]. Based on the obtained DNA quality and quan-
tity, measured by both spectrophotometric and flu-
orometric methods on NanoDrop ND-100 (Thermo-
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Fisher) and Qubit 2.0 Fluorometer dsDNA BR Assay
(ThermoFisher) respectively, 14/16 tumours were
qualified for genomic profiling.

Genomic profiling (array-CGH analysis)

Array comparative genomic hybridization (array-
CGH) at the average resolution of 150 kb was per-
formed using SurePrint G3 Cancer CGH+SNP Micro-
array Kit, 4x180K (Agilent Technologies) — cases #1-8,
and Cytosure ISCA UPD 4x180K (Oxford Gene Tech-
nology) — cases #9-13. As the reference control DNA,
sex-mismatched Human Genomic DNA (Promega) was
used. Arrays were scanned at 2 um resolution (MS200
Microarray Scanner; Roche). Simultaneous evaluation
of copy number alterations and changes in heterozy-
gosity was performed using CytoGenomics (Agilent
Technologies) and Nexus Copy Number 8.0 (BioDis-
covery) programs. All identified genomic imbalances
were verified against the online Database of Genomic
Variants (DGV; last accessed in May 2018) [28] and the
in-house database of > 1000 benign copy number vari-
ations (CNVs) identified in the local population. Num-
bering of map positions was based on hg19/GRCh37
reference sequence.

The 84 genes chosen for the analysis of the
Hedgehog pathway and its network were based
on a set of genes included in the commercial kit
designed by Qiagen for Hh signalling gene expres-
sion analysis (Hedgehog Signalling Pathway RT? Pro-
filer PCR Array, Qiagen, prod. no: PAHS-0782).

Results

Of the 16 cases enrolled in the study, genomic
profiles were analysed for 13 tumours, as two cases
had unsatisfactory DNA extraction quality and one
sample failed array-CGH quality control threshold
due to the high derivative log ratio spread. The
patho-clinical characteristics are summarized in Fig-
ure 1 and Table I.

Application of the CGH + SNP technique allowed
simultaneous analysis of copy number changes and
heterozygosity alterations leading to much better
resolution and characterization of the nature of
the observed changes. That included a re-evalua-
tion of the five cases published in our previous pilot
study [25], revealing additional data: three recurrent
genomic imbalances in one case initially classified
as diploid and presence of additional copy number
variations (CNVs) in another two cases.
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Genomic imbalances

Genomic imbalances were revealed in 8/13 GCTs
(62%), while the remaining five tumours exhibited
normal genomic profiles with a few relatively small
(< 300 kb) benign recurrent CNVs. Detailed genomic
profiles of all the tested tumours are available upon
request.

Chromosomes 1, 2,5,6,7,8,9, 13, 14, 15, 19, 20,
21, 22, X and Y were involved in gains of genetic
material, while chromosomes 4, 5, 6, 9, 13, 15, 16,
18 and 22 were involved in losses. The sole presence
of duplications and/or amplifications was detected
in 2/13 tumours, while loss of genetic material was
exclusively identified in a single tumour. CNAs affect-
ing chromosomes 14, 19, 20 and 21 were gains only,
while chromosomes 4 and 11 were only affected by
deletions. Complex genomic profiles did not involve
chromosome 3 in any case. Two cases: #4 and #11
were classified as near-triploid.
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Fig. 1. Histopathologic features of germ cell
tumours: A) Germinoma composed of large
roundish cells with clear cytoplasm, big hyper-
chromatic nuclei and prominent nucleoli. There
is a prominent stromal lymphocytic infiltration
(HE, 200x, 400x%); B) Mature teratoma consist-
ing of mature tissues originating from all three
germ layers —endoderm i.e. gastrointestinal and
respiratory epithelium, mesoderm (e.g. carti-
lage, muscle fibres) and ectoderm (i.e. epidermis
and adnexa) (HE, 40x, 100x); C) Yolk sac tumour
made of cells arranged in a cystic and reticular
pattern with characteristic glomeruloid perivas-
cular structures called Shiller-Duvall bodies (HE,
200x, 400x).

Numerical aberrations

The most frequent numerical aberration was tri-
somy of chromosome 21, detected in 31% (4/13) of
cases including two mature teratomas (#1 and #5),
one germinoma (#11) and one mixed tumour com-
posed of teratoma and germinoma components
(#13). In two cases it was the only gain observed
(#5, #13). In fact, one of the boys affected with one
of these tumours had been diagnosed with Down
syndrome (#1). Another recurrent genomic imbalance
was trisomy of chromosome 19, containing loci to
FKBP8 (MIM: *604840) and PRKACA (MIM: *604840)
(involved in Hh network) present in 75% (3/4) of
the analysed cases of germinoma tumours with an
abnormal molecular karyotype. The most frequently
observed losses were monosomy of chromosomes
13 (encompassing among others loci of FGF9 and
ZIC2) and 18 (including BCL2 and NPC1 loci), occurring
simultaneously in three distinct histological subtypes:
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a mature teratoma (#1), a yolk sac tumour (#2) and
a mixed tumour with teratoma and germinoma com-
ponents (#13). Additionally, a loss of the long arm of
chromosome 18 was present in one case (#12).

Structural aberrations and Hh pathway
genomic loci

Structural abnormalities involving fragments of
chromosomes 1, 2,6,7,8,9, 10, 11, 12, 16, 17 and
22 were present in 6/13 tumours. Five chromosomal
regions were altered in more than one case: two par-
tial gains and three partial losses of chromosomes
12,17 and 6, 9, 11 respectively. The most frequently
affected chromosomal region was the short arm of
chromosome 12 altered in 3/13 tumours (23%). One
mature teratoma (#1) and one germinoma (#11)
presented amplification of the short arm of chro-
mosomes 12 (12p13.33p11.1), involving KRAS (MIM:
*190070) at 12p12.1 and WNT5B (MIM: *606361)
at 12p13.33 loci, while the gain of 12p was identi-
fied in an additional germinoma tumour (#12). The
gain encompassing the long arm of chromosome
17 withaminimaloverlappingregionat17g11.1g25.3
was present in two germinoma tumours (#11 and
#12). Also, gain of 17g25.3 fragment was detected
in a yolk sac tumour (#2). Among losses, deletion of
6q12-q27 region in suprasellar mature teratoma (#1)
and germinoma located in the pineal region (#3)
with a minimal overlapping region of 103.8 Mb, was
noted. Additionally, a partial deletion of the chro-
mosome 9 (9q21.11-q34.4) encompassing loci of Hh
pathway iconic receptor gene PTCH1 regulating GAS1
and networking FOXE1 was observed in a yolk sac
tumour (#2) and a pineal germinoma (#11). Deletion
of the short arm of chromosome 11 (11p15.5-p11.12)
was detected in a yolk sac tumour (#2) and a mid-
brain germinoma (#12). Also a deletion of the 11q
region was detected in yolk sac tumour (nulliso-
my) and #11 germinoma, with minimal overlapping
region 11q13.5-q25.

Analysis of the genomic loci encompassing genes
coding for ligands, receptors, regulators, cofactors
and target genes of the mainstream Hedgehog sig-
nalling pathway in all analysed cases revealed sev-
eral changes (Table I). The alterations of other genes
cooperating with Hh signalling were also detected
(a comprehensive list of the analysed genes is avail-
able upon request).

The aberrations included both gains and losses of
genetic material covering genes associated with Hh
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signalling transduction. The most common chang-
es affected PTCH1 (MIM: *601309) and ZIC2 (MIM:
*603073) genes. The simultaneous loss of PTCHI,
ZIC2 and HHIP (MIM: *606178) genes was reported
in two tumours: a mature teratoma (#1) and a yolk
sac tumour (#2). Besides, a sole loss of PTCH1 or
ZIC2 gene was observed in a pineal germinoma (#11)
and a teratoma with germinoma component (#13)
respectively. Conversely, additional copies of PTCH1
and ZIC2 were found in a single suprasellar germino-
ma (#4). A gain of the GLI2 (MIM: *165230) and /HH
(MIM: *600726) genes, both located on chromosome 2
in a yolk sac tumour (#2) and a pineal gland germi-
noma (#11) were detected. Other changes, involving
HHIP, GLI1, GLI3, DHH, SHH, SMO, PTCH2 and PTCHD
occurred sporadically (Table I). Moreover, genomic
instability affected loci of FGFR3, FGF9, LATS1, STK3
and numerous members of BMPs and WNTs gene
families.

Relations between the observed alterations and
tumour histology or patients’ age were not revealed.

Finally, immunohistochemistry, performed to
assess protein expression, showed strong positive
cytoplasmic labelling with SHH antibody in germi-
nomas and heterogenous histological structure-de-
pendent staining in teratoma. PTCH1 expression was
found as strong nuclear in germinomas and mem-
branous, cytoplasmic or nuclear in different histolog-
ical elements of teratomas (Fig. 2).

Discussion

Growing evidence demonstrates that embryo-
genesis and cancerogenesis have common features
and executive pathways. Paediatric GCTs, which
often have midline localization and present multidi-
rectional differentiation, are believed to develop from
the primordial germ cells. The primordial germ cells
are specified from the non-germline lines by genetic
and epigenetic mechanisms, maintaining pluripo-
tency and proliferative potential. They migrate along
the body to locate in the primitive gonads under
control of complex mechanisms involving, among
other things, sterol concentrations and Hh guiding.
Further gonadal development is also connected to
this pathway [4,11,12,20,34,38].

Hh signalling is a well-established, important
regulator of cell migration and cell type specifica-
tion in development, regeneration, reparation, and
neoplasia [3,20,37]. Abnormal Hh pathway function
observed in cancer has become a field of intensive
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Fig. 2. Immunohistochemical staining: A) Germinoma — diffuse intense reactivity for SHH in neoplastic cells,
stromal lymphocytes are negative (SHH 200x); B) Germinoma — intense nuclear expression of PTCH1 within
the neoplastic cells, stromal cells are negative (PTCH1, 400x); C, D) Mature teratoma disclosing different
reactivity of examined proteins in relation to tissue histology. Heterogenous PTCH1 labelling within the cyto-
plasm/membrane, and nuclear in some cells. SHH cytoplasmic staining with varied intensity (PTCH1 40x,
SHH 100x).

research in the context of basic science and targeted
oncological therapy [4,20]. Activation of the Hh path-
way may occur in canonical, ligand-dependent (SHH,
DHH, IHH) interaction or through receptor-induced
stimulation and non-canonical, ligand-independent
mode. The source of HH ligand can be cancer cells
(autocrine and paracrine stimulation), tumour
microenvironment (reverse paracrine stimulation),
as well as peritumoral tissue secretion. In canonical
activation, an interaction between the ligand and
membrane receptor complex Patched 1 (PTCH1) and
Smoothened (SMO) occurs. Activated SMO triggers
downstream cascade leading to nuclear transloca-
tion and activation of GLI transcription factor family
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or other target genes. GLI1 works as a transcription
activator, while GLI2 and GLI3 can act as activators
or repressors. GLI1-3 are powerful transcription fac-
tors having many target genes and complicated
crosstalk. Hedgehog signalling cascade undergoes
regulation by SUFU, HHIR GPC3 and RAB23 proteins
[3,27]. The aberrant activation in cancer may be
caused also by mutations in genes such as PTCH,
SUFU, SMO, and GLI. Furthermore, signalling can be
executed by disequilibrium of activating and inhib-
iting factors. These include overexpression of SMO,
GLI1 and other regulatory enhancers or decreased/
silenced expression or aberrant function of PTCH1,
SUFU, and cooperating repressors. Important in
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oncogenic signalling are crosstalks with transform-
ing growth factor B (TGF-B)/BMP WNT, Hippo, EGFR,
K-Ras, PKA, Notch, PKC, Mek1, GSK3B, PI3K and oth-
er systems [19,35,36]. Therefore, a whole-genome
screening approach with using the microarray-CGH
technique was applied in the current report to eval-
uate the signs of alterations at various points of the
pathway in the examined group of intracranial pae-
diatric GCTs. Our preliminary data [25] were subse-
quently revised and extended by an analysis of an
additional series of these rare tumours.

Despite the limited number of cases analysed
herein, the array-CGH analysis of genomic profiles
of a series of CNS GCTs provides new results on the
Hh status. Only half of the germinomas studied by
us presented genomic imbalances, while the other
histological subtypes showed a wide range of chro-
mosomal aberrations, both numerical and structur-
al. Two out of four germinomas with an aberrant
genomic profile most likely were simply triploid,
while the other types of GCTs had specific chromo-
somal changes. In the previous studies, the number
of CNS GCTs with genomic imbalances was around
90% [44,45,50]. The observed discrepancies might
have resulted from either: 1) solely paediatric popu-
lation of patients analysed in the current study since
tumours in children (< 18 years of age) constitut-
ed only 58-74% in the previous studies [44,45,50];
2) minimal content of tumour cells in some of the
analysed specimens; and 3) different methodology
and criteria used. The normal genomic profiles of
some of the examined cases could be caused by poor
representativeness of frozen samples due to stromal
lymphocytic infiltrates in scanty material. Finally,
this report contains only the imbalances present
reliably in the largest part of each specimen anal-
ysed. Conversely, the virtual karyotyping (NGS-based
molecular inversion probe (MIP) methodology) used
by Schulte et al. [45] is much more sensitive, even
leading to the reporting of changes present only in
a single cell.

In this study a number of private genomic imbal-
ances were observed but only a few recurrent CNAs.
The most common numerical changes were trisomy 21
(4/13), monosomies 13, 18 and trisomy 19. Previously,
trisomy 21 (also referred as 21q gain) was reported
in a notable portion of intracranial GCTs (64-76%)
[44,45,50]. That is in line with the observation of the
higher risk of germ cell tumours in people with Down
syndrome [21]. Among losses, chromosome 13 mono-
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somy (also referred as 13q deletion) was reported in
36-53% of cases [32,44,50]. Here, of the Hh signal-
ling-associated genes, ZIC2 gene, which modifies
GLI action, is a potential candidate gene involved
in oncogenesis. ZIC2, a member of the ZIC family of
C2H2-type zinc finger proteins, functions as a tran-
scriptional repressor. The ZIC proteins cooperate with
key transcriptional mediators of the Hedgehog, WNT
and BMP pathways as well as with chromatin-mod-
ifying complexes. It is one of the most important
factors affecting neural tube development, cell dif-
ferentiation and proliferation. ZIC2 alterations have
been connected to pathogenesis and progression
of some tumours [7,8,13,24,30]. Another candidate
gene, located at chromosome 13g and hence noto-
riously affected by GCTs, is FGF9. It belongs to the
fibroblast growth factor (FGF) gene family, encoding
peptide regulatory factors that act through distinct
tyrosine kinase receptors. The FGF family of genes is
involved in numerous biologic processes occurring
during embryogenesis and later life, comprising mor-
phogenesis and possibly tumorigenesis [2,23].

The most common structural aberration, gain/
amplification of the fragment of the chromosome
12p, was present in 3/13 samples. None of the other
CNAs either observed in our study or reported pre-
viously was seen consistently [19,23,36,45]. In the
previously published pilot study [25], we have iden-
tified only two recurrent aberrations, namely gains
at 12p13.33p11.1and 17q11.1g25.3. In the present-
ed series of GCTs, extension of the studied group
allowed for identification of these particular CNAs
each in only one additional case. Gain/amplification
at 12p is the foremost CNA in GCTs of adulthood
observed in up to 80% of cases of adult testicular
GCTs, usually in the form of isochromosome i(12p)
[52]. Previous single reports demonstrated that the
prevalence of 12p gains in intracranial GCTs is lower
than expected, namely 53% [45], 33% [44] and 59%
[50] of the studied cohorts. The frequency of 23%
(3/13) described in our study is in line with these
reports, pointing to the differences in carcinogenesis
in adulthood testicular tumours and the extragonad-
al paediatric GCTs. Only Schulte et al. [45] reported
a high (82%) frequency of this aberration in GCTs
by using the highly sensitive MIP methodology. The
most promising candidate genes located at 12p are
KRAS and WNT5B, the latter ranked among Hh net-
work partners. Actually, in our cohort a number of
WNT gene family members were found to be affect-
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ed by CNAs in a subset of cases. The WNT gene
family encodes secreted signalling proteins playing
a role in several developmental processes. These
proteins have also been implicated in carcinogene-
sis in a number of haematological and solid cancers
through activation of the WNT-B-catenin-TCF signal-
ling pathway [53].

In our series, the comprehensive, whole-genome
evaluation of the Hh-related loci revealed, among
the elements of the Hedgehog network, PTCHI,
GLI2, IHH and ZIC2 genes to be affected most fre-
quently in 4/13, 2/13, 2/13 and 4/13 cases, respec-
tively. Moreover, 6 tumours had various copy gains
or losses of several genes coding ligands, elements
or regulators of the pathway (HHIP, GLI1, GLI3, DHH,
SHH, SMO, PTCH2). Interestingly, four cases with
different histology (#1 — teratoma, #2 — yolk sac,
#3 — germinoma, #11 — germinoma) showed losses
of pathway suppressors (PTCH1, PTCH2, HHIP, GLI3).
In addition, two of them (#2, #11) revealed parallel
gains of pathway activators (IHH, DHH, SHH, SMO,
GLI1, GLI2). Especially one germinoma revealed
genetic changes suggesting that the Hh pathway
alteration might have been involved in its carcino-
genesis. This tumour showed loss of PTCHI-path-
way suppressor gene, together with gains in many
key genes of Hh signalling, including SMO and
hedgehog ligand proteins. PTCHI, a member of the
patched gene family, encodes the receptor for sonic,
desert and Indian hedgehog ligands. Mutations of
this gene have been found in esophageal squamous
cell carcinoma, trichoepitheliomas, transitional cell
carcinomas of the bladder as well as in holoprosen-
cephaly [26,35,47]. The immunohistochemistry did
not reveal differences in SHH and PTCH1 expression
between two germinomas with different alterations
in these genes. The expression pattern was dissimi-
lar between germinomas and teratomas due to their
histological composition.

Detection of chromosome copy number struc-
tural aberrations (CNAs) may lead to identification
of candidate genes involved in processes related to
tumorigenesis [10,49]. CNAs may affect the pheno-
type by altering gene dosage. Since the amount of
protein synthesized is usually proportional to the
number of gene copies present, genomic imbalances
can lead to depletion or excess of particular proteins
[10,47,49]. Because most embryonic developmental
processes depend on carefully balanced levels of pro-
teins, any imbalance may have severe consequenc-
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es [9]. Certain genes require two copies for normal
expression levels to be produced, so deletion of one
gene copy leads to haploinsufficiency and a patho-
genic phenotype. Also, in that manner a recessive
mutant allele present on the residual chromosome
may become articulated [10,49].

Our results show the presence of genomic alter-
ations affecting, among others, also the loci of the
genes related to the Hh signalling pathway in pae-
diatric CNS GCTs. The limitation of the study is the
histological heterogeneity of the examined series
of these rare neoplasms. Although no recurrent
CNAs were found to be distinctive for this group of
tumours, the performed analysis of CNAs points at
a few genes of the Hh pathway network as putative
candidates involved in a subset of cases: PTCH1, ZIC2
and GL/13in particular. Further analysis of Hedgehog
pathway alterations are needed to disclose their bio-
logical significance.
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