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Abstract: The accurate management of testicular germ cell tumors (TGCTs) depends on identifying
the individual histological tumor components. Currently available data on protein expression in
TGCTs are limited. The human protein atlas (HPA) is a comprehensive resource presenting the
expression and localization of proteins across tissue types and diseases. In this study, we have
compared the data from the HPA with our in-house immunohistochemistry on core TGCT diagnostic
genes to test reliability and potential biomarker genes. We have compared the protein expression
of 15 genes in TGCT patients and non-neoplastic testicles with the data from the HPA. Protein
expression was converted into diagnostic positivity. Our study discovered discrepancies in three of
the six core TGCT diagnostic genes, POU5F1, KIT and SOX17 in HPA. DPPA3, CALCA and TDGF1
were presented as potential novel TGCT biomarkers. MGMT was confirmed while RASSF1 and
PRSS21 were identified as biomarkers of healthy testicular tissue. Finally, SALL4, SOX17, RASSF1 and
PRSS21 dysregulation in the surrounding testicular tissue with complete preserved spermatogenesis
of TGCT patients was detected, a potential early sign of neoplastic transformation. We highlight the
importance of a multidisciplinary collaborative approach to fully understand the protein landscape
of human testis and its pathologies.

Keywords: testicular germ cell tumors; immunohistochemistry; histology; human protein atlas;
digital pathology; biomarkers; pathology; pathohistology; IHC; healthy controls

1. Introduction

Testicular germ cell tumors (TGCTs) are the most common neoplasm in males aged
between 15 and 44 years [1,2]. TGCTs have had a rising global incidence of over 70% during
the past 20 years, with the highest predicted rise in eastern and southern Europe [3,4]. The
reason behind their rising incidence has not been fully understood, but is assumed to be
a combination of environmental, inherited and epigenetic factors [5,6]. Their incidence
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is highest in developed Western countries and among people of European origin (with
Norway having the highest incidence world-wide), in which they account for over 60% of
all male malignancies between ages 20 and 40 [1,3].

TGCTs are developmental cancers that recapitulate several phenomena related to
germ cell and embryonic development [7]. According to the WHO guidelines, they are
separated into those that are germ cell neoplasia in situ (GCNIS)-derived and those that are
not. GCNIS-derived TGCTs make up around 95% of all TGCT cases and in this study we
have focused on them [4,8]. They are a highly complex group of tumors with heterogenous
histology and can be subdivided into pure seminomas (SE) and non-seminomas (NSE),
both occurring approximately equally [8,9]. NSE can be further divided according to their
histological and cellular properties into embryonal carcinoma (EC), teratoma (TE), yolk sac
tumor (YST) and choriocarcinoma (CH), with TE being the most chemo-resistant TGCT
subtype [8,10]. Often, two or more TGCT histological elements are present in the tumor,
which are then named mixed testicular germ cell tumors (MTGCTs). MTGCTs due to
their histological heterogeneity are one of the most histologically complex tumors [11,12].
The 5-year survival rate of 95% shows that TGCTs are highly curable. If the disease is
diagnosed in its early stages, the 5-year survival rate is 99% [13]. Despite the high cure
rates overall, in NSE patients with poor prognosis, the 5-year survival rate decreases to
50%. Generally, patients with NSE have a worse prognosis than those with SE, with 20–40%
of patients developing disease recurrence [14]. The most important risk factors of relapse in
patients with stage I disease are the presence of lymphovascular invasion and the presence
of EC [14,15].

TGCTs have a thorough staging system that combines clinical, pathological, radiologi-
cal and serum tumor marker assessment, as staging plays a crucial role in the choice and
sequence of treatment [15,16]. Hematoxylin and eosin stained slide (H&E) interpretation
suffers from high rates of inter-observer variability, and using protein expression assay by
immunohistochemistry (IHC) improves sensitivity [14]. IHC is the gold standard in patho-
histological TGCT diagnostics due to its necessity in determining histological components
within the TGCT, which is crucial for determining prognosis and patient management.
The histological heterogeneity and complexity within TGCTs allow for possible morpho-
logical overlaps and problematic areas for accurate diagnosis, for which IHC analysis is
crucial [12,17,18]. The presence of GCNIS can only be confidently ascertained with IHC
analysis, as the light microscopy of H&E slides underestimates its presence [19,20]. The
final diagnosis of TGCTs is only possible after radical orchidectomy has been performed
and the excised testis has undergone pathohistological examination. Tissue biopsies are not
performed in suspected cases of TGCT due to the risks of potential complications. While
promising biomarkers are emerging for early diagnostic purposes, such as mir-371-3p,
they cannot identify the histological subtypes of TGCT present or differentiate between
necrosis/fibrosis and TE [21].

The complexity of TGCTs staging, coupled with their relative rarity, leads to issues in
clinical practices. Pathologists may only see a few cases of TGCT per year, which can lead
to increased rates of misdiagnosis. Discrepancies in assessment between general pathology
departments and centers with expertise in TGCT have already been reported, with most
disagreements being in interpreting histological subtypes (SE or NSE). The reproducibility
of parameter reporting by pathologists in TGCT is far from ideal, with studies reporting
possible discrepancies in up to 31% of patients, with 9% of patients receiving alterations
in prognosis and 6.5% having an alteration in their predicted impact on therapy [22,23].
Dedicated centers and professionals are required for accurate staging and further research
on TGCT [24]. In some countries, like Canada, it has been regulated that all histological
specimens should be examined by a pathologist experienced in TGCT [22].

Molecular biology and genomic approaches have led to the discovery of several hun-
dred cancer testis genes, most of which are identified using gene expression on the mRNA
level (mRNA expression described further in the text). However, the gene expression on
the protein level (protein expression described further in the text) in the testis is still unclear,
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and the human protein atlas (HPA) has been used as a reference to determine the testicular
proteome [25]. The HPA is a free-to-use and open-access platform with the aim of mapping
all the human proteins in the body. It has contributed to thousands of publications and
assists in antibody validation, selection and in silico protein analysis [26].

In this study, we have compared the TGCT protein expression data available from
the HPA with results produced by our group. We have focused on NSE, in particular on
MTGCT, as most issues in TGCT diagnostics come from trying to diagnose its histological
components correctly. SE components included in this research were only present as part
of MTGCT. Candidate genes were selected based on either being core TGCT diagnostic
markers routinely used in the clinic (POU5F1, NANOG, SOX2, SOX17, KIT, SALL4), which
were used to compare the reliability of HPA and our group, or by being identified as
potential TGCT biomarkers on DNA methylation or mRNA levels with little to no research
existing on a spatial tissue level (RASSF1, MGMT, HOXA9, TDGF1, MAGEC2, KITLG,
DPPA3, CALCA, PRSS21 and 5mC).

2. Materials and Methods
2.1. HPA Analysis

The protein expression data of the target genes were collected from the human pro-
tein atlas version 22.0 [26]. Briefly, staining intensity (0—no staining, 1—low intensity,
2—medium intensity and 3—high intensity) and quantity (0–0%, 1–<25%, 2–75%–25%,
3–>75%) for every enrolled patient/volunteer were obtained for the analyzed components,
and every antibody was investigated. The immunoreactivity score (IRS) was obtained by
multiplying the intensity and quantity of each analyzed sample.

The diagnostic positivity of the analyzed samples was determined using the following
cut-off: all slides with an intensity of 0 and 1 were declared negative while slides with an
intensity of 2 and above were declared positive.

All available antibodies per investigated gene were included in the analysis. HPA data
were accessed on the 15th of February 2023. 17 TGCT samples were analyzed. Seminiferous
tubules and Leydig cells were analyzed in the surrounding healthy tissue of patients with
neoplastic disease and in non-neoplastic patients.

2.2. In-House Analysis
2.2.1. Patients

Altogether, formalin-fixed paraffin-embedded (FFPE) blocks from 58 patients were
collected from University Hospital Centre Zagreb and the University Hospital Centre Sestre
Milosrdnice paraffin tissue archive. A total of 38 TGCT patients with a confirmed diagnosis
of NSE were recruited with their FFPE blocks being collected for further analysis. FFPE
blocks with non-neoplastic testicular tissue samples from 20 patients were collected. FFPE
non-neoplastic testicular tissue samples were taken from patients admitted to the hospital
due to non-neoplastic issues such as testicular hemorrhaging, hydrocele, and testicular
torsion with healthy tissue with preserved spermatogenesis, without inflammatory changes
or hemorrhage, which was selected for the study.

2.2.2. Ethical Statement

Information about the study was given to all the participants who gave written consent.
The study was conducted according to the Declaration of Helsinki. The Ethics Committee
of the School of Medicine University of Zagreb (protocol code 380-59-10106-23-111/37,
641-01/23-02/01), University Hospital Centre Sestre Milosrdnice (protocol code, number:
EP-18327/17-3) and University Hospital Centre Zagreb (protocol code 8.1-18/72-2, number:
02/21 AG) approved the collection and manipulation of all tissue samples.

2.2.3. H&E Analysis

FFPE blocks were sectioned at 4 µm. H&E stained slides were examined by two general
pathologists (D.A, J.B) and three uropathologists (U.M., M.S. and C.M.) to confirm the
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diagnosis and identify subtypes present and the presence of GCNIS and spermatogenesis.
All disagreements were resolved with the team’s joint decision. The components analyzed
in this study were seminiferous tubules with preserved spermatogenesis (ST), Leydig cells
(LEY), GCNIS, EC, TE, YST, SE and CH (Figure 1). Seminiferous tubules and Leydig cells
were analyzed both in TGCT patients’ surrounding healthy testicular tissue with complete
preserved spermatogenesis (SHT) and in non-neoplastic testicular tissue from patients with
no TGCT and with complete preserved spermatogenesis (NNT) (Figure 2).
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Figure 1. HE histology of different components found in mixed TGCT; (A) seminoma (HE × 100);
(B) embryonal carcinoma (HE × 100); (C) yolk sac tumor (HE × 100), (D) choriocarcinoma
(HE × 100); (E) teratoma (HE × 100); (F) seminiferous tubules with germ cell neoplasia in situ and
Leydig cells in between them (HE × 200).
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Figure 2. Seminiferous tubules with germ cell neoplasia in situ (thick arrow) and preserved sper-
matogenesis (thin arrow), Leydig cells in between tubules (asterisk) (HE × 200). In the left upper
corner is the immunohistochemistry of POU5F1, showing a positive reaction in the in situ component
(POU5F1 × 100).

2.2.4. IHC

IHC was performed according to standardized protocols, of which a detailed descrip-
tion is described in available publications [27–29].

Prepared FFPE microscopic slides were deparaffinized, cleared in xylene and rehy-
drated in a series of decreasing alcohol solutions ending in TBS. Heat-induced epitope
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retrieval was performed using a vegetable steamer. The slides were blocked with 5% goat
serum after which they were incubated overnight at 4 ◦C with primary antibody diluted
in 1% BSA/TBS/0.1% Tween-20 (antibody details in Supplementary S1). Slides were then
rinsed with TBS, incubated with 3% H2O2 to block endogenous peroxidase activity and
rinsed again with TBS. The next step involved the application of a secondary antibody
(Dako REAL EnVi-sion Detection System, K5007, Agilent Technologies, Santa Clara, CA,
USA) and incubation at 37 ◦C for 1 h, followed by a serial TBS wash three times for
5 min. Subsequently, the samples were incubated for 6 min in DAB (3,3-diaminobenzidine-
tetrahydrochloride) (Dako REAL EnVision Detection System, K5007, Agilent Technologies,
Santa Clara, CA, USA). Slides were counterstained with hematoxylin, embedded and ana-
lyzed using the Olympus BX51 microscope (Olympus, Tokyo, Japan). Appropriate positive
and negative controls for each antibody were used.

2.2.5. IHC Analysis

H score was calculated by multiplying the percentage of positive cells (within the
analyzed component) with the intensity pattern of the staining [30]. The signal was
analyzed in the nucleus, cytoplasm or membrane, depending on the antibody involved.
Staining intensity (0—no staining, 1—low intensity, 2—medium intensity and 3—high
intensity) and staining percentage (0–100%) were analyzed in each of the previously listed
components of the analyzed testicular tissue separately, by two general pathologists (D.A
and J.B) and three uropathologists (U.M., M.S. and C.M.). All disagreements were resolved
by a joint committee.

Results are shown as individual analyzed components, and as TGCT as a whole tumor
to match how HPA presents its results.

Diagnostic positivity was determined as follows: all slides with an intensity of 1 were
considered negative. Slides with an intensity of 2 and above and positive staining of 10%
and above were considered diagnostically positive [31].

3. Results
3.1. Patient Data

The data of patients and controls used by HPA are shown in Table 1.

Table 1. The number of controls and patients visible on HPA, along with their diagnoses. TGCT—
testicular germ cell tumor, SE—seminoma, EC—embryonal carcinoma, MTGCT—mixed testicular
germ cell tumor.

HPA Data

Controls Testis 3

Diagnosis

TGCT 17
SE 9
EC 5

MTGCT 3

The relevant patients’ clinicopathological data are shown in Table 2.

Table 2. Patients’ clinicopathological data. TGCT—testicular germ cell tumor, TE—teratoma,
EC—embryonal carcinoma, MTGCT—mixed testicular germ cell tumor, YST—yolk sac tumor, SE—
seminoma, CH—choriocarcinoma, TNM—tumor category involving tumor size, lymph node involve-
ment and metastatic spread.

Clinicopathological Data

TGCT patients 38

Age (median, range) 29.5 (18–45)
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Table 2. Cont.

Clinicopathological Data

TNM
T1 21
T2 13
T3 4

Stage
I 33
II 2
III 3

TGCT
diagnosis

EC 10
TE 2

MTGCT 26

Components
within MTGCT

EC 19
TE 15

YST 12
SE 18
CH 1

3.2. HPA Analysis

Protein expression data obtained from HPA across the analyzed components are shown
in Figure 3. Seminiferous tubules and Leydig cells from the surrounding healthy testicular
tissue with complete preserved spermatogenesis of TGCT patients and non-neoplastic
patients were pooled together into a single seminiferous tubule or Leydig cell group.
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Figure 3. Protein expression data, obtained from HPA in TGCT and healthy testicular tissue
samples. ST—seminiferous tubules with preserved spermatogenesis, LEY—Leydig cells, TGCT—
testicular germ cell tumor, SE—seminoma, EC—embryonal carcinoma, MTGCT—mixed testicular
germ cell tumor.
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Diagnostic positivity calculated from the samples from the HPA is shown in Figure 4A—
HPA.
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Figure 4. (A) HPA; Diagnostic positivity of core diagnostic and potential biomarker genes, from
samples obtained from the HPA in TGCT and healthy testicular tissue samples. (B) In-house; Diag-
nostic positivity of core diagnostic and potential biomarker genes, from the patient cohort recruited
for this study in TGCT and healthy testicular tissue samples. ST—seminiferous tubules with pre-
served spermatogenesis, LEY—Leydig cells, GCNIS—germ cell neoplasia in situ, TGCT—testicular
germ cell tumor, SE—seminoma, EC—embryonal carcinoma, TE—teratoma, YST—yolk sac tumor,
MTGCT—mixed testicular germ cell tumor, CH—choriocarcinoma.

3.3. IHC Analysis

Protein expression data produced by our research group across the analyzed compo-
nents are shown in Figure 5. Seminiferous tubules and Leydig cells from the surrounding
healthy testicular tissue with complete preserved spermatogenesis of TGCT patients and
non-neoplastic patients were pooled together into a single seminiferous tubule or Leydig
cell group.

The calculated diagnostic positivity from the patient cohort recruited for this study is
shown in Figure 4B—In house.
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Figure 5. Protein expression data, obtained by our research group in TGCT and healthy testicular tis-
sue samples. ST—seminiferous tubules with preserved spermatogenesis, LEY—Leydig cells, GCNIS—
germ cell neoplasia in situ, TGCT—testicular germ cell tumor, SE—seminoma, EC—embryonal
carcinoma, TE—teratoma, YST—yolk sac tumor, CH—choriocarcinoma.

3.4. TGCT Patients vs. Non-Neoplastic Patients Testicular Tissue

Protein expression data, produced by our research group, of seminiferous tubules
and Leydig cells from the surrounding healthy testicular tissue with complete preserved
spermatogenesis of TGCT patients and non-neoplastic patients, are shown in Figure 6.
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Figure 6. Protein expression data obtained by our research group; a comparison between the
healthy surrounding testicular tissue of patients with testicular germ cell tumors (SHTs) and the
healthy testicular tissue of patients with no malignant disease (NNT). ST—seminiferous tubules,
LEY—Leydig cells.
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The calculated diagnostic positivity in the surrounding healthy testicular tissue with
complete preserved spermatogenesis of TGCT patients and non-neoplastic patients is
shown in Figure 7.
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Figure 7. Diagnostic positivity of core diagnostic and potential biomarker genes, a comparison
between the healthy surrounding testicular tissue of patients with testicular germ cell tumors (SHTs)
and the healthy testicular tissue of patients with no malignant disease (NNT). ST—seminiferous
tubules, LEY—Leydig cells.

3.5. Comparison of Results

We have analyzed the genes POU5F1, NANOG, SOX2, SOX17, SALL4 and KIT as a
quality control benchmark since the expression on the protein level of these genes is well
investigated and due to their routine use in pathohistological diagnostics [32].

The HPA data of POU5F1 protein expression have shown high positivity across all
analyzed components. mRNA expression, however, has not shown expression in healthy
testicles, while its expression was increased in TCGA data (Supplementary S2). The
results of our protein expression analysis for POU5F1 correspond to the available literature,
with GCNIS, EC and SE having high expression and no expression in other components,
seminiferous tubules or Leydig cells [12,33].

HPA data of NANOG protein expression have shown positivity in TGCT across SE,
EC and MTGCT, corresponding to the mRNA expression data from the available databases.
This shows TGCT as a whole positive for NANOG. The results of our protein expression
analysis for NANOG are similar and correspond to the available literature [34,35]. No posi-
tivity in healthy testicular tissue and low to no positivity in TE, YST and CH was detected.

HPA data of SOX2 protein expression have shown similar results across two antibodies,
around 40% positivity in TGCT and no positivity in healthy testicular tissue. When looked
at individually, the positivity was found in the EC and MTGCT samples, and not in the
SE samples. mRNA expression confirms no expression in healthy testicular tissue and
expression in TGCT. The results of our protein expression analysis for SOX2 have shown
positivity in EC and TE, corresponding to the available literature [36].

HPA data of SOX17 protein expression have shown positivity in both seminiferous
tubules and Leydig cells and half of the TGCT samples. Regarding individual TGCT
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patients, SE, EC and MTGCT are about equally positive for SOX17. At the same time, mRNA
expression shows some expression in healthy testicular tissue as well as in individual TGCT.
However, SOX17 is used in TGCT diagnostics routinely to distinguish SE from EC and
is uniformly positive in the SE samples and negative in EC samples. The results of our
protein expression analysis for SOX17 correspond to these results, as we have confirmed
expression in some seminiferous tubules and almost all of the GCNIS and SE samples. The
detected positivity in TE and YST has been described before in the literature [37]. Most
importantly, all EC samples were negative.

HPA data of SALL4 protein expression across two analyzed antibodies have shown
conflicting results for seminiferous tubules, with it being uniformly positive in one and
negative in the other. As for TGCT tissues, it is positive in most TGCT, the only negative
samples being SE. mRNA expression is in line with that, showing some expression in
healthy testicular tissue and expression in TGCT. The results of our protein expression
analysis for SALL4 correspond to this, showing positivity in a subset of seminiferous
tubules, no positivity in Leydig cells and an almost uniform positivity across GCNIS and
TGCT, except for TE and CH [38,39].

HPA data of KIT protein expression are uniform across four antibodies on healthy
testicular tissue showing no positivity in seminiferous tubules or Leydig cells. As for TGCT
samples, it shows low-to-medium positivity, with most of the positive samples being SE
(around 50% of SE) and most EC or MTGCT being negative. mRNA expression is in line
with that, showing expression in healthy testicular tissue and TGCT. The results of our
protein expression analysis for KIT correspond to this, with positivity being uniform in
GCNIS and SE, and the other components being negative [40]. Again, these HPA data are
misleading because KIT is a universal diagnostic biomarker of SE and GCNIS.

Overall, the HPA data of POU5F1, SOX17 and KIT show significant deviations from
commonly accepted knowledge of their positivity in TGCT.

RASSF1 protein expression analysis in the HPA dataset has shown uniform positiv-
ity in seminiferous tubules and Leydig cells, decreasing positivity in TGCT, with lower
positivity in EC than in SE. mRNA expression is in line with that, showing expression in
healthy testicular tissue and lower expression in TGCT. The results of our protein expres-
sion analysis for RASSF1 confirms this, with positivity decreasing from healthy testicular
tissue to GCNIS to SE to YST and finally to EC. TE and CH have a higher positivity and
expression, which could in part explain their resistance to cisplatin; while, to our knowl-
edge, no research exists on RASSF1 at the protein level, we have found mRNA data from
TGCT samples, and the research agrees that, in TGCT samples, an inactivation of RASSF1
happens [41].

MGMT protein expression analysis in the HPA dataset across three antibodies has
shown uniform positivity in seminiferous tubules and uniform negativity in two antibod-
ies in Leydig cells. While one antibody has shown no MGMT expression in TGCT, the
remaining two have shown a decreasing positivity in TGCT. mRNA expression is in line
with that, showing expression in healthy testicular tissue and lower expression in TGCT.
The results of our protein expression analysis for MGMT confirm the HPA analysis, with
seminiferous tubules being positive, Leydig cells being negative and TGCT samples being
increasingly negative, from GCNIS to SE to YST to EC, again with TE and CH being higher
in positivity and expression than other TGCT samples. The existing literature aligns with
both our results and those of the HPA [42].

HOXA9 protein expression analysis in the HPA dataset has shown uniform positivity
in seminiferous tubules and Leydig cells and decreased positivity in TGCT samples. mRNA
expression has, however, detected no expression in healthy testicles or TGCT samples. The
results of our protein expression analysis for HOXA9 have shown most samples both in
the healthy testicular tissue and TGCT samples as positive. However, SE and EC were less
positive than YST, CH and TE. To our knowledge, no prior research has been conducted on
TGCT using IHC for RASSF1 or HOXA9.
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MAGEC2 protein expression analysis in the HPA dataset has shown uniform positivity
in seminiferous tubules, and most of the SE samples were positive. mRNA expression
has been detected in healthy testicles with a lesser expression in TGCT. The results of our
protein expression analysis for MAGEC2 are in line with this, with uniform positivity in
seminiferous tubules, GCNIS and most of SE. The existing literature is in line with these
results [43].

KITLG protein expression analysis in the HPA dataset has shown uniform negativity
across all samples. mRNA expression has been detected in healthy testicles. The results
of our protein expression analysis for KITLG align with this, with uniform positivity in
seminiferous tubules and no expression in TGCT or GCNIS. The publications that have
investigated KITLG report both overexpression in TGCT and lower expression than in
healthy testicular tissue [44,45], while the research on mRNA expression in TGCT suggests
lower expression of KITLG. Considering the uniformity of HPA analysis, mRNA analysis
and our own research, we would argue that KITLG is not expressed in TGCT.

TDGF1 protein expression analysis in the HPA dataset is not available. mRNA ex-
pression has detected expression in TGCT samples and no expression in healthy testicles.
The results of our protein expression analysis for TDGF1 have shown positivity in EC and
lesser positivity in TE and YST, with some seminiferous tubules being positive and no
expression in SE. The only article, to our knowledge, that investigated TDGF1 in TGCT
on IHC is mainly in accordance, except they detected the expression of TDGF1 in SE as
well [46]. However, they reported that they detected no mRNA expression in SE samples,
which other articles have also reported and aligns with our results [46,47].

CALCA protein expression analysis in the HPA dataset is uniformly negative in healthy
testicles and TGCT. mRNA expression has detected no expression in TGCT samples or
healthy testicles. The results of our protein expression analysis for CALCA have shown
high positivity in seminiferous tubules and Leydig cells and lesser positivity in GCNIS
and EC, with progressively fewer positive samples in YST, TE and SE. To the best of our
knowledge, this is the first research on the protein expression of CALCA in TGCT samples.

DPPA3 protein expression analysis in the HPA dataset is not available. mRNA ex-
pression has detected no expression in healthy testicles and high expression in TGCT. The
results of our protein expression analysis for DPPA3 have shown no positivity in seminif-
erous tubules and Leydig cells and high positivity in GCNIS and EC, with less positive
samples in SE and almost no positive samples in YST and TE. To the best of our knowledge,
this is the first research on the protein expression of DPPA3 in TGCT samples. However,
research exists showing gene expression on the mRNA in SE and healthy testicles and it
shows an increase in mRNA expression in half of the analyzed SE, which corresponds to
our results [48].

PRSS21 protein expression analysis in the HPA dataset has shown uniform positivity
in seminiferous tubules and no positivity in Leydig cells or TGCT. mRNA expression has
detected no expression in TGCT and high expression in healthy testicles. The results of
our protein expression analysis for PRSS21 have shown uniform positivity in seminifer-
ous tubules and no positivity in Leydig cells, GCNIS or TGCT; while to the best of our
knowledge this is the first study investigating PRSS21 expression on the protein level, the
available data on the mRNA level in TGCT confirm the inactivation of PRSS21 [41].

Like the other DNA or protein modifications, 5 mC data are not shown in the HPA.
Similar to previously published research, we confirm high positivity in seminiferous
tubules, high positivity in EC, no positivity in SE and low positivity in GCNIS [49,50].
However, unlike them, we have detected no positivity in TE and low positivity in YST.

4. Discussion

The HPA available data on TGCT and testicular tissue are as follows: for IHC data,
healthy testicular tissue is quantified as either seminiferous tubules or Leydig cells and is
available from two or three volunteers per antibody analyzed, making statistical analysis
impossible. TGCT patients were mainly identified as SE, with some EC and MTGCT
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patients present. A maximum of 12 TGCT samples were analyzed per antibody, with SE
making up most of the analyzed samples. The small number of analyzed EC and MTGCT
samples makes statistical analysis impossible.

TGCT patients’ data are presented in bulk per analyzed antibody, grouping all SE and
NSE patients’ protein expressions. The information on histological subtypes is available
only upon closer individual inspection of the slides and we have had to separate them as
SE, EC or MTGCT ourselves. Patients with MTGCT were analyzed as bulk tumors, with
no information on the protein expression in its components. No data exist for GCNIS or
pure forms of YST, TE or CH. While this may not seem crucial at first glance, the clinical
outcome for the patients depends on the TGCT components present, meaning that different
histological components of TGCTs should be analyzed separately in any further research to
accurately explore their protein landscape [32].

Another issue is how the HPA presents protein expression by conveying all analyzed
antibodies for a protein as equally correct, regardless of commonly accepted clinical facts.
mRNA expression data shown on HPA (from the HPA, GTEx, FANTOM5 and TCGA
datasets) can be used as a guide to protein expression and in antibody selection. However,
this opens more issues as mRNA data were generated from samples of non-neoplastic
testicles and TGCT tissue and were analyzed as bulk (no information on seminiferous
tubules or Leydig cells, only approximated instead as a percentage within the tissue)
and no information even on histological subtype (SE or NSE). This in particular could be
easily amended by allowing experts within the field to provide feedback on the individual
antibodies.

Finally, while the HPA presents all its data as reactivity (a parameter of protein
expression), it is not ideal for pathology or biomarker discovery. Diagnostic positivity as a
value should be used in those instances as it has a minimum requirement for tissues to be
declared positive or negative, and is how patients are routinely diagnosed in the clinic [31].

4.1. Healthy Controls

The subject of healthy controls has been controversial in TGCT diagnostics and has
been handled in one of three possible ways. The first option is that a TGCT patient’s tes-
ticular tissue without apparent neoplastic changes and with present seminiferous tubules
with complete preserved spermatogenesis is taken as “healthy”—SHT [51,52]. The sec-
ond option is that testicular tissue from patients with non-neoplastic issues with present
seminiferous tubules with complete preserved spermatogenesis can be provided by the
urology departments and taken as “healthy”—NNT [36,50]. Finally, both types of samples
can be combined into a control group, which is also performed by the HPA [42,53]. The
surrounding healthy testicular tissue with complete preserved spermatogenesis from TGCT
patients is most readily available as a control for TGCT studies and is what the pathologist
will see contrasting the tumor tissue, or while searching for GCNIS. However, it is known
that TGCT dysregulates the testis and its microenvironment [54,55]. The testicles of TGCT
patients may also be affected by testicular dysgenesis syndrome, which is related to TGCT,
meaning that their testicular tissue may already be dysregulated [56,57]. Non-neoplastic
testicles provided by urology departments are usually biopsies from men suspected of in-
fertility or cancer, and a large part of them have some other underlying condition (prostate
cancer, testicular infarction, hydrocele or infertility). To the best of our knowledge, this
is the first study to compare the surrounding healthy testicular tissue with complete pre-
served spermatogenesis of TGCT patients with non-neoplastic patients, analyzing both
seminiferous tubules and Leydig cells.

The decreased positivity in the seminiferous tubules with complete preserved sper-
matogenesis of TGCT patients, compared to non-neoplastic patients, in SALL4, SOX17,
RASSF1 and PRSS21 as well as increased CALCA positivity, could be a sign of dysregulated
testicular environment due to TGCT or, perhaps, the result of the underlying testicular
dysgenesis syndrome in the patients. RASSF1, along with its role in cell-cycle control,
cellular adhesion, motility and apoptosis, has been identified as a tumor suppressor gene.
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It has been assumed that RASSF1 inactivation may be among the first events of TGCT tu-
morigenesis [58]. PRSS21 is assumed to act as a tumor suppressor gene whose inactivation
plays an essential role in TGCT development [6]. SALL4 is vital in mammalian germ cell
development and regulating spermatogonial proliferation [59,60]. SOX17 is involved in
the regulation of apoptosis in germ cells and is found expressed during the maturation
stages of spermatogenesis [37,61]. CALCA is the most potent neural peptide that dilates the
blood vessels in the body. It is increased in the body’s cells following ischemia, hypoxia and
oxygen-free radicals. After a period of prolonged increase, CALCA levels undergo marked
reduction, as in patients with cryptorchidism [62]. This increase in CALCA expression may
be a marker of pathological transformation in the testicular tissue of TGCT patients. This is
reinforced by almost no difference in Leydig cells detected between the healthy testicular
tissue with complete preserved spermatogenesis of TGCT patients and non-neoplastic
patients, except for SOX2 having lower positivity in TGCT patients, which could be due to
Leydig cells having “scattered” SOX2 positivity generally [63].

The detected discrepancy illustrates the difficulties of obtaining and adequately de-
scribing the protein landscape of the human testis and its pathologies. Assuming mor-
phological normality and the presence of spermatogenesis as healthy masks potential
malignant changes. In this study, we show the dysregulation of protein expression in the
surrounding healthy testicular tissue with complete preserved spermatogenesis of TGCT
patients for the first time with potential implications for TGCT patient management and
testis sparing surgery decisions as well as future genetic and epigenetic studies using the
selection of the control samples.

4.2. TGCT IHC Analysis

As mentioned before, the HPA data for POU5F1, SOX17 and KIT have shown devi-
ations from what is commonly accepted, and these are routinely used biomarkers in the
diagnostic algorithm. In the case of POU5F1, in two of the three analyzed antibodies, STs
were uniformly positive. POU5F1 is used in routine clinical diagnostics of GCNIS precisely
due to its uniform positivity in GCNIS, with the rare cases of positivity in gonads being in
patients with disorders of sex development [18,33]. SOX17 has shown equal positivity in SE
and EC and KIT has shown medium positivity in SE, both of which go against commonly
accepted facts in the pathology of TGCT. The reliability of our research group’s results has
been confirmed by our results of the core TGCT diagnostic genes as they all align with the
pathological guidelines [32,64]. This highlights the importance of interdisciplinary research
teams incorporating specialized uropathologists.

While studies exploring protein expression for MAGEC2, TDGF1, KITLG and MGMT
using IHC exist, for RASSF1 and PRSS21, only mRNA expression and DNA methyla-
tion levels have been investigated. Finally, for HOXA9, CALCA and DPPA3, only DNA
methylation was investigated in TGCT [65–67].

The HPA data and our results were, mainly, in line with RASSF1, MGMT, HOXA9
MAGEC2 and PRSS21, with the main difference being our results showing the full scope of
TGCT components. Again, this is especially relevant in MTGCT and GCNIS, in which the
HPA did not separate individual histological components or did not quantify them. Our
results confirm the potential of MGMT and, for the first time, show RASSF1 and PRSS21
as tissue biomarkers of normal testicular function whose inactivation is a crucial part of
early TGCT tumorigenesis [6,58]. MGMT downregulation has also been shown in patients
with azoospermia, solidifying its role as an integral gene for testicular function [68]. As
for CALCA, DPPA3 and TDGF1, we present novel results across all analyzed components.
CALCA methylation was shown to be increased in NSE patients and correlated to refractory
disease and poor clinical outcomes in TGCT [67]. More importantly, it has been shown
that a prolonged increase in CALCA levels causes the subsequent reduction in CALCA
levels associated with its pathological effect [62]. This could explain the reduced CALCA
levels in TE and YST compared to EC. A hallmark of TGCTs is a state of conservation of
primordial germ cell-lineage erasure of maternal and paternal genomic imprints, including
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in DPPA3. Previous studies have shown that the hypomethylation of DPPA3 across all
histological subtypes of TGCT is similar to the hypomethylation in primordial germ cells,
which also all show protein expression of DPPA3 [65]. In this research, however, we have
shown an increase in DPPA3 expression in SE and EC components and its loss in YST
and TE. Our results are consistent with DPPA3 being a marker of pluripotency and its
inactivation during differentiation, similarly to how, in the healthy testis or somatic tissues,
no DPPA3 expression is present [48,69]. TDGF1 is upregulated in testicular germ cells
by activation of the Nodal pathway, which controls pluripotency and differentiation in
embryonic stem cells. In this way, TDGF1 and DPPA3 are related to the fetal origin of
TGCTs [65,70]. High levels of TDGF1 expression are a sign of pluripotent cellular status,
and have been shown to correlate to tumor invasiveness and the number of malignant
cells [47]. While the expression of TDGF1 is characteristic of EC and YST, we have also
detected its expression in TE. As TDGF1 has a regulatory function in the tumorigenicity
of TGCTs [47], its expression in some TE could be of interest for further research. Finally,
KITLG illustrates that genes exist in TGCT research without consensus and shows that
original research is often sparse. We believe that our data and the data from HPA should
reopen this field of discussion.

Specific subtypes of TGCT can morphologically overlap, such as areas with architec-
ture typical of YST but with atypical cytological features, atypical areas within or adjacent
to SE, which suggest transformation to EC, and the interface of EC and YST with cytological
features unlike YST. These cases require IHC for proper diagnosis [32,71]. In our patient
cohort, we have had multiple such instances, with the interface of YST and EC only being
resolved with IHC analysis. Accurate diagnosis is essential for proper treatment selection,
such as diagnosing the presence of EC within the TGCT [71]. All this makes knowing the
protein landscape of TGCT histological components and the healthy testis essential for
accurate TGCT management.

4.3. Study Highlights

Insufficient information available on protein expression in non-neoplastic testis com-
pared to TGCT testis has made HPA in silico protein expression analysis increasingly
popular in TGCT research [72–74]. As the usefulness and applications of HPA continue to
increase, it would greatly benefit from including information on individual histological
components of composite tumors, such as MTGCT, and the ability to receive feedback from
other research groups on the antibodies used in protein investigation.

We have summarized the main findings of our study as follows:

1. The HPA is a useful online tool for exploration of gene expression on a protein level;
2. Due to the TGCT heterogeneity of histological components, bulk protein expression,

as shown in the HPA, should be avoided;
3. Discrepancies in key TGCT diagnostic biomarkers were detected in the HPA;
4. MAGEC2, HOXA9 and 5 mC were confirmed as potential TGCT biomarkers;
5. DPPA3, CALCA and TDGF1 were identified as potential novel TGCT biomarkers;
6. MGMT was confirmed as a biomarker of healthy testicular tissue;
7. RASSF1 and PRSS21 were identified as biomarkers of healthy testicular tissue;
8. SALL4, SOX17, RASSF1 and PRSS21 dysregulation in the surrounding testicular tissue

with complete preserved spermatogenesis was detected.

4.4. Limitations

A potential limitation of the current study is the relatively small number of enrolled
patients, which reflects the relatively rare incidence of the disease. However, with patients
and healthy controls being recruited from two of the largest hospital centers in Croatia, we
are confident that the cohort used in this study has no single-center selection bias [15]. The
cohort is a fully NSE patient cohort which also minimizes potential confounding variables
and presents the landscape of MTGCT [64].
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5. Conclusions

This research highlights the discrepancies in HPA data for genes used in the TGCT
diagnostic algorithm. By analyzing protein expression in each component of the TGCT,
we present a complete overview of the analyzed genes, confidently identifying PRSS21,
RASSF1 and MGMT as markers of the healthy testis. We also present novel protein expres-
sion results in TGCT for TDGF1, CALCA and DPPA3, unavailable in the HPA. We have, for
the first time, identified the dysregulation of the genes SALL4, SOX17, RASSF1 and PRSS21
in the surrounding healthy testicular tissue of TGCT patients (with complete preserved
spermatogenesis) with implications on genetic and epigenetic studies using it as control
tissue. Finally, greater cooperation between different groups and platforms will facilitate
greater progress in the understanding and management of TGCT.
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www.mdpi.com/article/10.3390/cells12141841/s1, Supplementary S1: Antibodies used in IHC, Sup-
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Author Contributions: Conceptualization, N.S. and J.K.; methodology, J.K. and L.S.A.; validation,
M.U. and J.K.; formal analysis, J.K.; investigation, J.K., L.S.A., M.H.P., V.V., M.G., D.Z., M.M., S.M.,
A.D., B.J., M.U. and M.C.; resources, N.S. and D.J.; writing—original draft preparation, J.K.; writing—
review and editing, N.S., M.U., L.S.A., T.K., D.J. and M.H.P.; visualization, J.K. and L.S.A.; supervision,
N.S., T.K., M.C. and M.U.; project administration, N.S.; funding acquisition, N.S. and D.J. All authors
have read and agreed to the published version of the manuscript.

Funding: This publication was financed by the European Union through the European Regional
Development Fund under grant agreement No. KK.01.1.1.01.0008—“Regenerative and Reproductive
Medicine—Exploring New Platforms and Potentials”.

Institutional Review Board Statement: The authors state that they have obtained institutional
approval from the Ethics Committee of the School of Medicine, University of Zagreb (protocol code
380-59-10106-23-111/37, 641-01/23-02/01), University Hospital Centre Sestre Milosrdnice (protocol
code, number: EP-18327/17-3) and University Hospital Centre Zagreb (protocol code 8.1-18/72-2,
number: 02/21 AG). Also, the authors followed the principles outlined in the Declaration of Helsinki
for all human or animal experimental investigations. In addition, for investigations involving human
subjects, informed consent was obtained from the participants involved.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors, without undue reservation.

Acknowledgments: This publication was financed by the European Union through the European
Regional Development Fund, Operational Program Competitiveness and Cohesion, under grant
agreement No. KK.01.1.1.01.0008, project “Regenerative and Reproductive Medicine—Exploring
New Platforms and Potentials”.

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

References
1. Znaor, A.; Skakkebaek, N.E.; Rajpert-De Meyts, E.; Kuliš, T.; Laversanne, M.; Gurney, J.; Sarfati, D.; McGlynn, K.A.; Bray, F. Global

Patterns in Testicular Cancer Incidence and Mortality in 2020. Int. J. Cancer 2022, 151, 692–698. [CrossRef]
2. Zhang, T.; Ji, L.; Liu, B.; Guan, W.; Liu, Q.; Gao, Y. Testicular Germ Cell Tumors: A Clinicopathological and Immunohistochemical

Analysis of 145 Cases. Int. J. Clin. Exp. Pathol. 2018, 11, 4622–4629.
3. Znaor, A.; Skakkebæk, N.E.; Rajpert-De Meyts, E.; Laversanne, M.; Kuliš, T.; Gurney, J.; Sarfati, D.; McGlynn, K.A.; Bray, F.

Testicular Cancer Incidence Predictions in Europe 2010–2035: A Rising Burden despite Population Ageing. Int. J. Cancer 2020, 147,
820–828. [CrossRef]

4. Idrees, M.T.; Ulbright, T.M.; Oliva, E.; Young, R.H.; Montironi, R.; Egevad, L.; Berney, D.; Srigley, J.R.; Epstein, J.I.; Tickoo,
S.K.; et al. The World Health Organization 2016 Classification of Testicular Non-Germ Cell Tumours: A Review and Update from
the International Society of Urological Pathology Testis Consultation Panel. Histopathology 2017, 70, 513–521. [CrossRef]

5. Fink, C.; Baal, N.; Wilhelm, J.; Sarode, P.; Weigel, R.; Schumacher, V.; Nettersheim, D.; Schorle, H.; Schröck, C.; Bergmann, M.; et al.
On the Origin of Germ Cell Neoplasia in Situ: Dedifferentiation of Human Adult Sertoli Cells in Cross Talk with Seminoma Cells
in Vitro. Neoplasia 2021, 23, 731–742. [CrossRef]

https://www.mdpi.com/article/10.3390/cells12141841/s1
https://www.mdpi.com/article/10.3390/cells12141841/s1
https://doi.org/10.1002/ijc.33999
https://doi.org/10.1002/ijc.32810
https://doi.org/10.1111/his.13115
https://doi.org/10.1016/j.neo.2021.05.008


Cells 2023, 12, 1841 16 of 18

6. Burton, J.; Wojewodzic, M.W.; Rounge, T.B.; Haugen, T.B. A Role of the TEX101 Interactome in the Common Aetiology Behind
Male Subfertility and Testicular Germ Cell Tumor. Front. Oncol. 2022, 12, 892043. [CrossRef] [PubMed]

7. Lobo, J.; Gillis, A.; Jerónimo, C.; Henrique, R.; Looijenga, L. Human Germ Cell Tumors Are Developmental Cancers: Impact of
Epigenetics on Pathobiology and Clinic. Int. J. Mol. Sci. 2019, 20, 258. [CrossRef] [PubMed]

8. Berney, D.M.; Cree, I.; Rao, V.; Moch, H.; Srigley, J.R.; Tsuzuki, T.; Amin, M.B.; Comperat, E.M.; Hartmann, A.; Menon, S.; et al. An
Introduction to the WHO 5th Edition 2022 Classification of Testicular Tumours. Histopathology 2022, 81, 459–466. [CrossRef]

9. Baroni, T.; Arato, I.; Mancuso, F.; Calafiore, R.; Luca, G. On the Origin of Testicular Germ Cell Tumors: From Gonocytes to
Testicular Cancer. Front. Endocrinol. 2019, 10, 343. [CrossRef] [PubMed]

10. Comiter, C.V.; Kibel, A.S.; Richie, J.P.; Nucci, M.R.; Renshaw, A.A. Prognostic features of teratomas with malignant transformation:
A clinicopathological study of 21 cases. J. Urol. 1998, 159, 859–863. [CrossRef] [PubMed]

11. Oliver, T.R.W.; Chappell, L.; Sanghvi, R.; Deighton, L.; Ansari-Pour, N.; Dentro, S.C.; Young, M.D.; Coorens, T.H.H.; Jung,
H.; Butler, T.; et al. Clonal Diversification and Histogenesis of Malignant Germ Cell Tumours. Nat. Commun. 2022, 13, 4272.
[CrossRef]

12. Gopalan, A.; Dhall, D.; Olgac, S.; Fine, S.W.; Korkola, J.E.; Houldsworth, J.; Chaganti, R.S.; Bosl, G.J.; Reuter, V.E.; Tickoo, S.K.
Testicular Mixed Germ Cell Tumors: A Morphological and Immunohistochemical Study Using Stem Cell Markers, OCT3/4,
SOX2 and GDF3, with Emphasis on Morphologically Difficult-to-Classify Areas. Mod. Pathol. 2009, 22, 1066–1074. [CrossRef]

13. Kaufmann, E.; Antonelli, L.; Albers, P.; Cary, C.; Gillessen Sommer, S.; Heidenreich, A.; Oing, C.; Oldenburg, J.; Pierorazio, P.M.;
Stephenson, A.J.; et al. Oncological Follow-up Strategies for Testicular Germ Cell Tumours: A Narrative Review. Eur. Urol. Open
Sci. 2022, 44, 142–149. [CrossRef]

14. Zengerling, F.; Beyersdorff, D.; Busch, J.; Heinzelbecker, J.; Pfister, D.; Ruf, C.; Winter, C.; Albers, P.; Kliesch, S.; Schmidt, S.
Prognostic Factors in Patients with Clinical Stage I Nonseminoma—Beyond Lymphovascular Invasion: A Systematic Review.
World J. Urol. 2022, 40, 2879–2887. [CrossRef]

15. Lobo, J.; Gillis, A.J.M.; van den Berg, A.; Looijenga, L.H.J. Prediction of Relapse in Stage I Testicular Germ Cell Tumor Patients on
Surveillance: Investigation of Biomarkers. BMC Cancer 2020, 20, 728. [CrossRef]

16. Pierorazio, P.M.; Cheaib, J.G.; Tema, G.; Patel, H.D.; Gupta, M.; Sharma, R.; Zhang, A.; Bass, E.B. Performance Characteristics
of Clinical Staging Modalities for Early Stage Testicular Germ Cell Tumors: A Systematic Review. J. Urol. 2020, 203, 894–901.
[CrossRef] [PubMed]

17. von Eyben, F.E.; Jensen, M.B.; Høyer, S. Frequency and Markers of Precursor Lesions and Implications for the Pathogenesis of
Testicular Germ Cell Tumors. Clin. Genitourin. Cancer 2018, 16, e211. [CrossRef]

18. Ye, H.; Ulbright, T.M. Difficult Differential Diagnoses in Testicular Pathology. Arch. Pathol. Lab. Med. 2012, 136, 435–446.
[CrossRef] [PubMed]

19. Rajpert-De Meyts, E.; Jørgensen, N.; Petersen, J.H.; Almstrup, K.; Aksglaede, L.; Lauritsen, J.; Rørth, M.; Daugaard, G.; Skakkebæk,
N.E. Optimized Detection of Germ Cell Neoplasia in Situ in Contralateral Biopsy Reduces the Risk of Second Testis Cancer. BJU
Int. 2022, 130, 646–654. [CrossRef] [PubMed]

20. Basiri, A.; Movahhed, S.; Parvin, M.; Salimi, M.; Rezaeetalab, G.H. The Histologic Features of Intratubular Germ Cell Neoplasia
and Its Correlation with Tumor Behavior. Investig. Clin. Urol. 2016, 57, 191. [CrossRef]

21. Krasic, J.; Skara, L.; Bojanac, A.K.; Ulamec, M.; Jezek, D.; Kulis, T.; Sincic, N. The Utility of CfDNA in TGCT Patient Management:
A Systematic Review. Ther. Adv. Med. Oncol. 2022, 14, 175883592210903. [CrossRef]

22. Nason, G.J.; Sweet, J.; Landoni, L.; Leao, R.; Anson-Cartwright, L.; Mok, S.; Guzylak, V.; D’Angelo, A.; Fang, Z.Y.; Geist, I.; et al.
Discrepancy in Pathology Reports upon Second Review of Radical Orchiectomy Specimens for Testicular Germ Cell Tumors. Can.
Urol. Assoc. J. 2020, 14, 411–415. [CrossRef]

23. Holland, P.; Karmas, E.; Merrimen, J.; Wood, L.A. Accuracy of Germ Cell Tumor Histology and Stage within a Canadian Cancer
Registry. Can. Urol. Assoc. J. 2022, 17, 44–48. [CrossRef]

24. Lobo, J.; Leão, R. Editorial: Diagnostic and Predictive Biomarkers in Testicular Germ Cell Tumors. Front. Oncol. 2022, 12, 1027363.
[CrossRef]

25. Jamin, S.P.; Hikmet, F.; Mathieu, R.; Jégou, B.; Lindskog, C.; Chalmel, F.; Primig, M. Combined RNA/Tissue Profiling Identifies
Novel Cancer/Testis Genes. Mol. Oncol. 2021, 15, 3003–3023. [CrossRef]

26. Uhlén, M.; Fagerberg, L.; Hallström, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, Å.; Kampf, C.; Sjöstedt, E.;
Asplund, A.; et al. Tissue-Based Map of the Human Proteome. Science 2015, 347, 1260419. [CrossRef]
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