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Abstract

Background: Testicular germ cell tumors (TGCTs), a group of heterogeneous neoplasms, are the most frequent tumors of teenagers
and young men, with the incidence rising worldwide. High cure rates can be achieved through cisplatin (CDDP)-based treatment, but
approximately 10% of patients present refractory disease and virtually no treatment alternatives. Here, we explored new strategies to
treat CDDP-resistant. Methods: In vitro TGCT CDDP-resistance model was established and differential mRNA expression profiles were
evaluated using NanoString technology. Then, TGCT cell lines were treated with four potential drugs (PCNA-I1, ML323, T2AA, and
MG-132) to overcome CDDP-resistance. Results: We found several differentially expressed genes related to DNA repair and cell cycle
regulation on CDDP-resistant cell line (NTERA-2R) compared to parental cell line (NTERA-2P), and the proteasome inhibitor MG-132
demonstrated cytotoxic activity in all cell lines evaluated, even at a nanomolar range. MG-132 also enhanced cell lines’ sensitivity
to CDDP, increasing apoptosis in both NTERA-2P and NTERA-2R. Conclusions: MG-132 emerges as a potential new drug to treat
CDDP-resistant TGCT. Targeted therapy based on molecular mechanism insights may contribute to overcome acquired chemotherapy
CDDP-resistance.
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1. Introduction ing one of the highest sensitivity levels to platinum-derived
compounds, and present an overall disease-free survival
rate of approximately 80% for metastatic disease [9]. Even
patients with advanced metastatic disease can achieve com-
plete remission through systemic treatment and secondary
resection of residual masses [10]. Its unique sensitivity is
likely multi-factorial and associated with the germ cell ori-
gins of these tumors. Additional factors are known that may
help explain this feature: TGCTs present a hypersensitive

types, including semlnoma.and n(:)n—semlnoina germ cell tu- apoptotic response to DNA damage agents; show a decrease
mors (NSGCT), representing 60% and 40% of the cases, in the repair capacity of platinum-induced damage; only

respectively [5,6]. NSGCTs are subdivided into several around 1% of TGCTs have TP53 mutations [11,12]. No-

histologies, such as embryonal carcinoma, yolk sac tu- tably, however, about 10-20% of TGCT patients with ad-

mors (YST), teratoma, choriocarcinoma, and mixed NS- . .
1 Th 6 v h vanced disease are refractory to platinum-based chemother-
GCT [5,6]. Thus, TGCTs are frequently heterogeneous tu- apy and have a less favorable prognosis with relapses, and

mors identified by their specific histology. treatment options for this group are extremely limited [13].

Testicular germ cell tumors (TGCTs) are a group of
heterogeneous neoplasms resulting from a defective pri-
mordial germ cell development and are currently consid-
ered the most common tumors of teenagers and young men
(1540 years), representing 0.4% of new cases from all
sites, with increasing incidence rates worldwide [1-4].

TGCTs are classified into two main histological sub-

Platinum-based treatment is frequently used as first-  Stydies have shown that late relapses occur more frequently
line therapy for pediatric and adult TGCTs, and interna-  in non-seminomas (3.2%) compared to seminomas (1.4%),
tional guidelines have established a consensus for its ap- in which the most often histological components are ter-

plication [7,8]. Indeed, TGCTs are highly curable, exhibit-
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atomas (60%) and YST (47%) [13—15]. Recent encourag-
ing advances have been published in this area [16—18], but
still, approximately 3—5% of all TGCT patients will even-
tually die of their disease [19-21].

Several reports have described molecular mechanisms
related to cisplatin (CDDP) resistance of TGCTs, including
TP53 and MDM? alterations [22], induction of differentia-
tion [23], global and specific DNA methylation alterations
[24], deregulation of the PDGFR3/AKT pathway [25], in-
activation of REV'7 [26]. However, none of these was deter-
minant, so far, to develop new approaches to overcome the
acquired resistance or to stratify the patient’s risk. An alter-
native pathway of CDDP-resistance is based on the cell’s
tolerance to damage caused by CDDP, merely replicating
the damaged DNA through a mechanism known as transle-
sion DNA synthesis (TLS) [27]. This mechanism has been
connected to CDDP-resistance in several tumors, although
it has still been little examined in TGCTs [28-31].

TGCT is a complex disease with various histological
and clinical characteristics, so identifying specific molecu-
lar features critical for CDDP response will likely be neces-
sary to effectively use this drug and/or find new treatment
strategies [19].

Here, we established a TGCT model of resistance to
CDDP, created after CDDP long-term exposure of parental
NTERA-2 cell line, to identify mechanisms that are central
for acquired CDDP-resistance in TGCTs. We performed
an extensive phenotypic and molecular characterization of
NTERA-2R and found that several genes related to DNA
repair and cell cycle regulation are differentially expressed
on resistant cells in response to CDDP. Moreover, the pro-
teasome inhibitor MG-132 demonstrated cytotoxic activity
in all TGCT cell lines evaluated, even at a low nanomo-
lar range. MG-132 also enhanced cell lines’ sensitivity to
CDDP in both, NTERA-2P and NTERA-2R, indicating that
it could be a potential new strategy to overcome TGCTs
treatment failure.

2. Materials and Methods
2.1 Cell Culture and Drugs

Two TGCT cell lines obtained from the European
Collection of Authenticated Cell Cultures (ECACC) were
used. NTERA-2 clone D1 (ECACC Cat# 01071221,
RRID:CVCL 3407) is a cell line derived from a hu-
man testicular embryonal carcinoma and was first de-
scribed in 1984 [32]. 577MF (ECACC Cat# 06011802,
RRID:CVCL 2290) is a cell line derived from a human tes-
ticular teratocarcinoma and was first described in 1980 [33].
Both were cultured following ECACC recommended con-
ditions and incubated in a humidified atmosphere with 5%
CO; at 37 °C. CDDP-resistance model was developed by
growing the sensitive cell line NTERA-2 in increasing sub-
lethal concentrations of CDDP in the growth medium. The
starting dose was approximately the ICo5 (inhibitory con-
centration, 25%) of the cell line for 72 hours. The medium

was then replaced to let the cells recover for a further 72
hours. This development phase was conducted for approxi-
mately 8 months, after which the IC5y concentrations were
re-assessed. The resistant cell line obtained (NTERA-2R)
was cultivated in the same conditions of the parental cell
line. Cell lines were negative for mycoplasm contamina-
tion (MycoAlert Mycoplasma Detection Kit, Lonza; tested
monthly) and were authenticated by short tandem-repeat
analysis at the Barretos Cancer Hospital facilities as re-
ported [34].

Cisplatin (CDDP) (PHR1624; Sigma-Aldrich) was
prepared at 5 mM in 0.9% NaCl. PCNA-I1 (SML0730;
Sigma-Aldrich), ML323 (SML1177; Sigma-Aldrich),
T2AA (SML0794; Sigma-Aldrich) and MG-132 (M7449;
Sigma-Aldrich) were prepared at 10 mM in DMSO
(Sigma-Aldrich). All drugs were aliquoted and stored at
—20 °C until use.

2.2 Measurement of Cell Viability

Exponentially growing cells were seeded at a density
of 5 x 103 cells per well in 96-well plates. After leav-
ing cells to adhere overnight, the drugs were added at zero
(vehicle only) and seven increasing concentrations (0.0625,
0.125, 0.5, 1.0, 5.0, 15.0, 30.0, 50.0 uM). Cells were then
incubated for a further 72 hours before measuring viability
using CellTiter 96® Aqueous Non-Radioactive Cell Prolif-
eration Assay (Promega). The optical density at 570 nm
(OD570) was measured with a Varioskan Flash plate reader
(Thermo Fisher Scientific) and expressed as a percentage
of the value obtained from control cells. The assays were
performed in both technical and biological triplicate.

IC5¢ concentrations were obtained in GraphPad Prism
version 5.0 (GraphPad Software, San Diego, CA, USA),
through the equation: log(inhibitor) vs. normalized re-
sponse, using a Variable slope model.

The NTERA-2R IC5¢ was also verified after four
months straightly in CDDP-free media culture to confirm
the resistance phenotype stability.

Evaluation of combination treatment was performed
using CDDP IC5q and a range of MG-132 concentrations
from 0 to 5 uM.

2.3 Colony-Forming Assay

Cells were seeded in triplicate in a 12-well plate at a
density of 5 x 102 cells/well. After 14 days, cells were
fixed and stained with 1 mL of staining solution (0.5% crys-
tal violet; 20% methanol) for 20 minutes. The plate was
washed four times with distilled water, inverted on filter
paper to remove the remaining water, and then air-dried
for 24 hours at room temperature. The colonies were un-
stained using 1 mL of 100% methanol for 20 minutes, and
the plates were read with a Varioskan Flash plate reader
(Thermo Fisher Scientific) at 570 nm (OD570). The means
and standard deviation of three independent experiments
were analyzed.
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2.4 Cell Migration Assay

To evaluate cell migration capacity, the monolayer
wound-healing assay was performed. Briefly, a conflu-
ent monolayer of cells was seeded in a 6-well plate, and a
“scratch” with a p1000 pipet tip was made through the cell
layer. After washing several times with PBS, a medium
containing 10% FBS was added to each well. Two fields
of each wound were photographed in regular periods, from
0 to 64 hours. The wound areas were measured using
TScratch software [35]. The experiments were performed
in biological and technical triplicate.

2.5 Flow Cytometry (Apoptosis and Cell Cycle Analysis)

Flow cytometry analysis of apoptosis and cell cycle
were performed with FITC Annexin V Apoptosis Detec-
tion Kit I (BD Biosciences) and BD Cycletest Plus DNA Kit
(BD Biosciences), respectively. Cells were seeded in T25
flasks and treated 24 hours later. After 72 hours, the cul-
ture supernatant and the cells were collected, washed twice
with 1X PBS, and the specific protocols were followed as
recommended by the manufacturer. Cell data was collected
using BD Accuri Cytometer. Unstained and single-stained
controls were used for color compensation, and at least
10,000 events were collected for each sample. The anal-
ysis was performed after two independent experiments, us-
ing FCS Express 7 software (De Novo Software, Pasadena,
CA, USA).

2.6 Expression Profile of CDDP-Resistance in Vitro Model

Expression profile of NTERA-2R and NTERA-2P
was performed using nCounter Vantage 3D DNA Damage
and Repair panel (Nanostring, USA) as previously reported
[36], to evaluate features related to CDDP-resistance. This
panel includes 180 genes involved in major DNA damage
repair pathways, including base excision repair, nucleotide
excision repair, mismatch repair, TLS, and other repair pro-
cesses (available at: http://nanostring.com).

Total RNA from NTERA-2P and NTERA-2R was iso-
lated in biological triplicate, using TRIzol reagent, accord-
ing to the manufacturer’s protocol. Probe pools, hybridiza-
tion buffer, TagSet, and 100 ng total RNA (quantified by
Qubit 2.0 Fluorometer) were hybridized for 21 hours at 67
°C, followed by purification and RNA/probe complexes im-
mobilization in nCounter PrepStation (Nanostring, USA)
and cartridge scanning in Digital Analyzer (Nanostring,
USA), according to the manufacturer’s protocol.

The nSolver Analysis Software version 4.0 (NanoS-
tring Technologies, Seattle, WA, USA) was used for qual-
ity control assessment, and further steps were carried out
in the R statistical environment, version 3.6.3. Gene ex-
pression levels and sample distribution were evaluated with
quantro package, version 1.18.0 [37]. Data normalization
and differential expression were performed in the NanoS-
tringNorm package, version 1.2.1.1 [38]. Data were quan-
tile normalized, and log2 transformed. Differentially ex-
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pressed genes were defined by the thresholds of fold change
>1.5 and p < 0.05. Heatmaps of differentially expressed
genes were built with the ComplexHeatmap package, ver-
sion 2.0.0 [39].

2.7 Online Analysis Tools

Venn diagram was created utilizing Venny 2.1
(RRID:SCR_016561, available at: https://bioinfogp.cnb.
csic.es/tools/venny/). The STRING database was used to
predict interaction networks from gene expression analy-
sis. Clustering was performed using the K-means cluster-
ing method (RRID:SCR_005223, available at: https://stri
ng-db.org) [40]. Functional annotation analysis was per-
formed using DAVID (RRID:SCR_001881, available at:
https://david.ncifcrf.gov/home.jsp) [41-43].

2.8 Western Blot Analysis

Total proteins were extracted after 24 hours of treat-
ment using RIPA buffer, including 10% protease and phos-
phatase inhibitors (Sigma-Aldrich). After 15 min on ice,
samples were centrifuged at 13,000 g for 30 min at 4
°C, and the supernatant was collected. Protein concen-
tration was determined using the Bio-Rad Protein assay,
based on Bradford method (Bio-Rad) according to the
manufacturer’s instructions. Twenty micrograms of pro-
tein were denatured at 95 °C for 5 min in 4X Laemmli
buffer (Thermo Fisher Scientific), separated on NUPAGE
10 or 15% bis—tris gels at 90 V and transferred to 0.2 ym
polyvinylidene difluoride (PVDF) membranes (GE Bio-
sciences). Ponceau S solution (Sigma-Aldrich; 0.5% in
5% acetic acid) staining confirmed a correct membrane
transfer. Membranes were blocked in 5% non-fat milk
in TBS with 0.1% Tween (TBS-T, pH = 7.6) for 1 h
and then incubated with primary antibodies overnight at
4 °C. Secondary horseradish peroxidase (HRP)-conjugated
antibodies were incubated for 1 h at room temperature
(RT). Bands were visualized using the ECL detection
system (Cell Signaling), and the ImageQuant LAS 4000
(GE Biosciences) was used for imaging. Primary anti-
body probing was performed with PARP (Cell Signal-
ing Technology Cat# 5625, RRID:AB 10699459/1:1000),
and p-yH2A.X (Cell Signaling Technology Cat# 2577,
RRID:AB_2118010/1:1000). Anti-3-actin was used as a
loading control (Cell Signaling Technology Cat# 8457,
RRID:AB _10950489). Quantification was performed using
band densitometry analysis from ImagelJ software (version
1.6.1), by comparing the band intensity with the loading
control B-actin. Experiments were performed in biological
duplicate.

2.9 Statistical Analysis

Data are presented as means =+ the standard deviation
of the means. Statistical analysis was performed using the
GraphPad Prism 5.0 software. Unpaired Student’s #-test and
non-parametric (Mann—Whitney) two-tailed tests were used
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on the graph.

among all assays, as necessary. A p-value < 0.05 was con-
sidered statistically significant.

3. Results
3.1 The Effect of CDDP in TGCT Cell Lines

We first performed a cell viability assay to determine
the half-maximal inhibitory concentration (ICs() value of
CDDP in two TGCT cell lines. Fig. 1 presents the two cell
lines evaluated and their respective cell viability after treat-
ment with increasing CDDP concentrations, ranging from
0.0625 uM to 50 uM. ICsy for NTERA-2 was 0.524 uM
and for 577MF was 2.911 uM.

3.2 Characterization of TGCT with Acquired Resistance to
CDDP

To better understand CDDP-resistance mechanisms,
we chose the most sensitive cell line in our previous anal-
ysis (NTERA-2) and established a CDDP-resistance model
(NTERA-2R). After eight months of CDDP treatment with
incremental doses, ICsy values were re-evaluated. A sig-
nificant increase (p < 0.01) was observed in the concen-
tration of CDDP required to inhibit 50% of NTERA-2R
cells (3.812 uM), compared to NTERA-2P (0.524 uM) af-
ter 72 hours treatment (Fig. 2A). Subsequently, cells were
maintained in culture for four months in CDDP-free media,
and the IC5y was re-assessed. The ICsq fold-increase in
NTERA-2R (6.3 fold-increase) was similar to the ICsq pre-
viously found (7.2 fold-increase), confirming the CDDP-
resistance phenotype stability, even without CDDP contin-
uous exposure. We then performed a phenotypical char-
acterization of NTERA-2R and found that it exhibited a
higher aggressive phenotype when compared to NTERA-
2P, demonstrating a significant increase in cell prolifer-
ation capacity (Fig. 2B), increased clonogenic survival

(Fig. 2C,D), and higher migration rates (Fig. 2E,F).

Levels of CDDP-induced apoptosis were assessed af-
ter 0.6 uM CDDP treatment for 72 hours. As expected,
a significant increase in the apoptotic response to CDDP
was seen in NTERA-2P (Annexin +/7AAD - and An-
nexin +/7AAD +), while almost no change was observed
in NTERA-2R (Fig. 3A). Furthermore, cell cycle changes
in response to 0.6 uM CDDP treatment for 72 hours were
more prominent in NTERA-2P, presenting a markedly de-
crease of cells in G1 and an increase in S-phase and G2
(Fig. 3B). This data suggests the essential role of cell cy-
cle control mechanisms in TGCT CDDP-resistance. Next,
we treated both cells with their respective CDDP ICs( for
24 hours and performed an immunoblotting assay to verify
v-H2AX expression levels. We observed no difference in
protein levels (Fig. 3C), indicating that the NTERA-2R re-
sistance phenotype was not due to pre-target mechanisms,
such as decreased CDDP intracellular accumulation caused
by alterations in transporters or increased drug efflux.

To elucidate the molecular changes associated with
CDDP-resistance, we performed an analysis of both
NTERA-2P and NTERA-2R 72 hours after CDDP (IC5() or
vehicle (0.9% NaCl) treatment using the nCounter Vantage
3D DNA Damage and Repair panel from NanoString. Gene
expression analysis comparing NTERA-2P and NTERA-
2R treated with vehicle, revealed five differentially ex-
pressed genes (Supplementary Fig. 1). Among them,
three genes were upregulated in NTERA-2R, two of which
were related to DNA repair (MGMT and XPC), and one was
responsible for a small subunit of DNA polymerase delta
(POLD4). One of the genes downregulated in NTERA-2R
encodes the catalytic subunit of DNA polymerase epsilon
(POLE). Interestingly, high MGMT expression levels sig-
nificantly correlated with a worst disease-free survival in
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Fig. 2. Development and phenotypic characterization of TGCT CDDP-resistance model. (A) Cell viability of NTERA-2P and
NTERA-2R after 72 hours of CDDP treatment. ICs¢ values are indicated on the graph. (B) Comparison of cell proliferation capacity,
(C,D) cell survival, and (E,F) migration ability in both cell lines. Images are representative of the assays. * p < 0.01; ** p < 0.001; ***

p < 0.0001.

TGCT cohort from the TCGA database (p = 0.0066), when
considering the 15% patients with higher MGMT expres-
sion and the 15% patients with lower MGMT expression
(Supplementary Fig. 2). We then performed a differen-
tial expression analysis of CDDP induced genes in parental
(Fig. 4A) and resistant (Fig. 4B) cell lines, and found three
genes that were exclusively altered in NTERA-2P and 21
genes exclusively altered in NTERA-2R. In the following
analyses, we considered these 24 exclusively altered genes
as the most important to explain our in vitro model’s resis-
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tant phenotype. In addition, we determined which genes
were altered in common between NTERA-2P vs. NTERA-
2PT (NTERA-2P treated with CDDP) and NTERA-2R vs.
NTERA-2RT (NTERA-2R treated with CDDP) analyzes
and nine genes were observed (Fig. 4C), suggesting that the
regulation of these genes are independent of cisplatin resis-
tance status.

A list with all genes differentially expressed (fold
change >1.5 and p < 0.05) and their respective fold change
is presented in Supplementary Tables 1,2.
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We used the STRING database to predict the interac-
tions between the 24 genes. We also used DAVID gene on-
tology (GO) to find the main regulated processes for these
genes. These analyses revealed two clusters mainly re-
lated to DNA repair mechanisms and a cluster consisting
of genes that regulate cell cycle, apoptosis, and cellular sig-
naling (Fig. 5A). DAVID Functional GO-Analysis identi-
fied nine pathways significantly associated with the ana-
lyzed genes (p < 0.05), and DNA repair was the most sig-
nificant (Fig. 5B). Interestingly, among the genes exclu-
sively altered in NTERA-2P after CDDP treatment, none
were related to DNA repair, while in NTERA-2R a set of
DNA repair genes was differentially expressed. Another
interesting finding was that after CDDP treatment, the an-
tiapoptotic gene BCL2 was downregulated in NTERA-2P,
while the antiapoptotic gene BCL2L1 was upregulated in
NTERA-2R. These results suggest the idea that the main
change in NTERA-2R is an increased DNA repair capacity
and specific changes in cell cycle control, which may trig-
ger apoptosis evasion and allow cells to proliferate, even in
the presence of CDDP adducts.

3.3 The Effect of a Panel of New Therapeutic Approaches
in TGCT CDDP-Resistance

Considering the central role of cell cycle regula-
tion and DNA repair mechanisms in our CDDP-resistance
model, we hypothesized whether a panel of drugs con-

taining three TLS inhibitors and one proteasome inhibitor,
which was previously described as targeting TLS, could
be an alternative to overcome GCT resistance. We per-
formed a cell viability assay to determine the ICsy value
of PCNA-I1, MG-132, ML-323 and T2AA, and found that
all inhibitors induced some degree of cytotoxicity in both
NTERA-2P and NTERA-2R (Fig. 6A). These results in-
dicate that these inhibitors may be part of a new strategy
to treat TGCTs, and more importantly, they could over-
come CDDP-resistance in TGCTs. MG-132 demonstrated
the more significant responses among the four inhibitors,
showing strong cytotoxic activity in both NTERA-2P and
NTERA-2R (IC5¢: 78.55 nM and 77.52 nM, respectively).
Additionally, to confirm this drug’s potential, we verified
its effect on the 577MF cell line, which is also a TGCT and
presents an intermediate sensitivity to CDDP compared to
NTERA-2P and NTERA-2R. The 577MF ICsq found after
the cell viability assay was 88.39 nM (Fig. 6B). These data
show that MG-132 effectively reduced cell viability at low
nanomolar concentrations in all cell lines analyzed.

3.4 MG-132 and CDDP Combination Treatment

In light of these data, we tested the potential of MG-
132 and CDDP as a combinatory treatment. We first as-
sessed cell viability treating NTERA-2P and NTERA-2R
with a range of MG-132 concentrations combined with
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CDDP (IC5p) for 72 hours. A remarkable enhancement
of cytotoxicity was observed in the combinatory treatment
for both cell lines. Interestingly, NTERA-2R was more
responsive than NTERA-2P to the combinatory treatment
(Fig. 7A). We then found that the treatment using the com-
bination of CDDP (IC5¢) and MG-132 (25 nM — non-toxic
concentration), for 72 hours, increased apoptosis when
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compared to CDDP alone in both cell lines (Fig. 7B). This
result agreed with increased cleaved PARP levels found af-
ter the treatment with CDDP and MG-132 combination in
both cell lines (Fig. 7C). Finally, we performed flow cytom-
etry to compare the cell cycle distribution after treatment
with CDDP (IC5g) alone and in combination with MG-132
(25 nM) for 72 hours. As presented in Fig. 7D, CDDP alone
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increased the G2 population in both cell lines. When com-
bining both drugs, we observed an increase in S population
and a remarkable increase in the Sub-GO population com-
pared to CDDP alone in both cell lines. These results in-
dicate that MG-132 treatment in non-toxic doses restores
CDDP sensitivity of the resistant cell line.

4. Discussion

CDDP has a significant role in TGCTs treatment, yet
a small subset of patients exhibit CDDP-resistance, con-
stituting a critical clinical challenge [44]. Therefore, un-
derstanding the molecular mechanisms involved in CDDP-
resistance of TGCTs and use this information to identify
novel treatment alternatives for these patients is considered
a major goal.

To address this objective, we first established and
characterized an in vitro model of TGCT CDDP-resistance
(NTERA-2R). NTERA-2R cell line was established using
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incremental CDDP doses (NTERA-2P: 1C5q of 0.524 uM;
NTERA-2R: IC5¢ of 3.812 uM) and the resistant pheno-
type’s stability was confirmed by cultivating the cell in
a CDDP-free media for four months and reassessing its
IC5¢. Previous reports show similar results to ours, while
the 1C5g values of NTERA-2P cell lines were 0.45 uM,
the resistant to cisplatin exhibited IC5o values of 5.1 uM
[45]. NTERA-2R demonstrated a more aggressive pheno-
type, with a significant increase in proliferation, clonogenic
survival, and migration ability. Differences in response to
CDDP were also observed, with NTERA-2R presenting al-
most no apoptosis when compared to NTERA-2P. More-
over, we explored the changes induced by CDDP in cell
cycle phase distribution in both cell lines, since it is well
known the relation between DNA damage and cell cycle
regulation. Depending on the cell’s ability to detect the
damage, it can activate the DNA damage response (DDR)
and respond by undergoing apoptosis or cell cycle arrest
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and DNA damage repair, which may be related to CDDP-
resistance. TGCT presents a decreased DNA repair capac-
ity due to low DNA repair protein expression levels, mak-
ing these tumors typically sensitive to damaging agents as
CDDP. Generally, following CDDP exposure, TGCT cells
undergo G2 arrest, and apoptosis is induced in this phase
of the cell cycle [45]. NTERA-2P exhibited this exact be-
havior in our study, demonstrating a higher accumulation
of cells in S and G2 arrest, and a corresponding decrease
of cells in G1, after CDDP treatment. On the other hand,
NTERA-2R treated with the same CDDP doses displayed
few cell cycle changes, indicating that it probably has an
increased and effective capacity to repair DNA damage as
a mechanism of CDDP-resistance.

CDDP-resistance mechanisms have been categorized,
for organizational purposes, as pre-target, on-target, and
post-target, based on the following events after the cell’s ex-
position to the drug [46]. We verified that NTERA-2P and
NTERA-2R expressed comparable amounts of the DNA
damage sensor y7-H2AX, indicating that CDDP was caus-
ing similar DNA damage levels in both. Based on this re-
sult, we considered that pre-target mechanisms were not the
main ones responsible for NTERA-2R resistance. There is
some controversy in the literature about pre-target mech-
anisms and TGCT CDDP-resistance, but it is conceivable
that pre-target mechanisms could contribute to the resis-
tance, but additional studies dedicated to TGCTs are needed
[31].

On the other hand, on-target mechanisms have been
extensively studied on TGCTs and connected to CDDP-
resistance. These mechanisms are related to alterations that
implicate DNA adducts formed upon CDDP binding, as
DNA repair systems, or alternatively, the bypass of DNA
adducts through a system known as translesion DNA syn-
thesis (TLS) [47]. Here, we profiled the gene expres-
sion changes in both NTERA-2P and NTERA-2R using
the NanoString DNA damage and repair panel. Among
the five genes differentially expressed between NTERA-
2P and NTERA-2R, we observed an increase in MGMT
and XPC expression in NTERA-2R, which were already de-
scribed to be involved in CDDP-resistance [48—50]. More-
over, MGMT expression levels also significantly correlated
with a worst disease-free survival in TGCT cohort from
the TCGA database, demonstrating it may be a promising
biomarker of CDDP-resistance or even a therapeutic tar-
get for TGCT CDDP-resistance. Changes in the expression
of POLD4 and POLE genes may indicate the involvement
of mechanisms of TLS in our CDDP-resistance model.
We also observed that the six genes more upregulated in
NTERA-2R after CDDP treatment were also significantly
upregulated in NTERA-2P CDDP treated. However, the
most downregulated gene in NTERA-2R after CDDP treat-
ment (ALKBH?2) was exclusively observed in this cell line
and may indicate a new mechanism of TGCT CDDP ac-
quired resistance, as previously demonstrated in lung can-
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cer cells [S1]. In the analysis using STRING database and
DAVID gene ontology we observed two clusters associated
with DNA repair mechanisms and cell cycle, apoptosis, and
cellular signaling. Besides, we found several strongly con-
nected genes related to DNA repair and cell cycle regula-
tion, which led us to hypothesize whether TLS could be
related to TGCT CDDP-resistance. TLS has been associ-
ated with CDDP-resistance in other tumors with basically a
dual role, suggesting that TLS inhibition may sensitize tu-
mors to therapy as well as prevent the emergence of tumor
chemoresistance [27,52]. Besides, it has recently been ac-
knowledged that the TLS is an important mechanism that
presents a rationale to be further explored in TGCT CDDP-
resistance [31].

TLS inhibitors may be an alternative to overcome
CDDP-resistance, and the targets can be diverse. The most
obvious target though, is the replication sliding clamp Pro-
liferative Cell Nuclear Antigen (PCNA), which is consid-
ered the primary regulator of TLS and one of the critical
non-oncogenic mediators supporting cancer development
[53,54]. In this study, we have chosen three putative TLS
inhibitors and one proteasome inhibitor, to evaluate their
capacity to inhibit cell proliferation of TGCT cells. (1)
PCNA-I1 binds to PCNA and has been shown to reduce
the chromatin-associated PCNA in cells, and inhibits the
growth of many types of tumors [55]. (2) T2AA is an in-
hibitor of the PCNA/PIP-box interaction [35] and can in-
hibit the growth of cancer cells through the induction of
early apoptosis [56]. (3) ML-323 is an effective inhibitor
of'the USP1-UAF1 deubiquitinase complex, responsible for
deubiquitinating PCNA [57,58]. ML-323 has been shown
to potentiate CDDP cytotoxicity in non-small cell lung can-
cer and osteosarcoma cells and may be an alternative for
overcoming CDDP-resistance [57]. (4) MG-132 is a pep-
tide aldehyde, which effectively blocks the proteolytic ac-
tivity of the 26S proteasome complex and has been demon-
strated to prevent TLS in human cancer cells but not in nor-
mal cells [59]. However, the exact mechanism by which
MG-132 inhibits TLS remains to be elucidated. Here, we
demonstrated that the four TLS inhibitors’ present the ca-
pacity to reduce TGCT proliferation, even of NTERA-2R
cell line. MG-132 exhibited the highest cytotoxic potential,
with ICgq values for two different embryonal carcinoma
cell lines (NTERA-2P and NTERA-2R) and one teratocar-
cinoma cell line (577MF) in the low nanomolar range.

We further explored the MG-132 potential by testing
a combination treatment with CDDP to evaluate its capac-
ity to improve CDDP-based therapy. We found that MG-
132 enhanced CDDP activity in TGCT, triggering changes
in cell cycle distribution and increased cell death through
apoptosis, corroborating studies in ovarian carcinoma and
osteosarcoma [60,61].

This is the first pre-clinical study reporting the effec-
tiveness of MG-132 in TGCT treatment, focusing on its
potential to overcome CDDP-resistance alone or in com-
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bination with CDDP. It is worth mentioning that most of
our results were obtained in the NTERA-2 cell line, which
is a major limitation in our research. TGCTs are classi-
fied into two histological groups, including seminoma and
NSGCTs, which includes embryonal carcinoma [5,6]. It
has been known that seminomas are highly sensitive to
DNA-damaging agents, whereas non-seminomas includ-
ing embryonal carcinoma and yolk sac tumor, often ap-
pear in the metastatic setting resistant to cisplatin, which
reflects differences in cell biology [62,63]. Thus, because
NTERA-2 cell line is an embryonal carcinoma, the results
reported here represent only this histological subtype. An-
other drawback of our study is that we did not develop other
TGCT CDDP-resistant cell lines, which may limit our con-
clusions of MG-132 effectivity in TGCT CDDP resistance.
In order to overcome this limitation, we evaluated the ef-
fects of MG-132 on the 577MF TGCT cell line, which was
5.5-fold more resistant to CDDP than NTERA-2P. Besides,
577MF has a different histology (teratocarcinoma), indicat-
ing MG-132 potential in histologies other than embryonal
carcinoma. Even so, given the complexity and variability
of TGCT, the role of MG-132 as a potential new drug to
treat CDDP-resistant TGCT should be further evaluated in
other cell lines to confirm our findings.

In future studies, we plan to explore in more detail
whether and how these drugs may be involved in TGCT
CDDP-resistance, assess its potential in TGCT cell lines
from different histologies to broadly cover TGCT complex-
ity, and use an in vivo TGCT model to evaluate their effec-
tiveness and assess their toxicity profile. These may reveal
the most appropriate approach to clinical applications and
whether a specific biomarker will be necessary for this new
therapy.

5. Conclusions

In this study, we demonstrated for the first time the
potential of MG-132 used alone or in combination with
CDDP to treat CDDP-resistant TGCTs. We developed a
CDDP-resistance in vitro model and profiled the differen-
tially expressed genes that may be related to the resistance
phenotype. We showed the possibility of using new drugs to
overcome TGCT CDDP-resistance and found that MG-132
displayed a potent cytotoxic activity against TGCT cells.
Moreover, when used in combination with CDDP, MG-132
reduced cell viability and induced apoptosis and changes
in cell cycle phases distribution. These results indicate
that MG-132 is a potential treatment strategy to overcome
TGCT treatment failure.
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