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Testicular germ cell tumors (GCTs) are highly curable malignancies. Excellent survival rates in patients with

metastatic disease can be attributed to the exceptional sensitivity of GCTs to cisplatin-based chemotherapy. This

hypersensitivity is probably related to alterations in the DNA repair of cisplatin-induced DNA damage, and an

excessive apoptotic response. However, chemotherapy fails due to the development of cisplatin resistance in a

proportion of patients, who are then considered “platinum-refractory”. 

germ cell tumors  cisplatin  chemoresistance  mechanisms

1. Introduction

The molecular basis of cisplatin resistance in germ cell tumors (GCTs) appears to be multifactorial.  The

mechanisms of cisplatin resistance in general have been classified by some authors according to the sequence of

processes that follow the introduction of the drug into the human body: pre-target, on-target and post-target

mechanisms. Pre-target resistance includes alterations occurring before cisplatin binds to DNA in the cell, on-target

resistance refers to alterations directly related to DNA-cisplatin adducts, and post-target resistance involves

alterations in downstream signaling pathways of cisplatin-mediated DNA damage that lead to apoptosis .

Although the mechanisms within cancer cells are still the main subject of research, increasing evidence has

demonstrated that the tumor microenvironment and immune cells are also important in the development of cisplatin

resistance . The possible mechanisms involved in cisplatin resistance are summarized in Figure 1.
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Figure 1.  Multiple molecular mechanisms are responsible for cisplatin resistance in germ cell tumors. Cisplatin

resistance can be classified as pre-target, on-target and post-target. Pre-target resistance includes: decreased

intracellular accumulation of cisplatin (reduced uptake and increased efflux of cisplatin) and increased cisplatin

detoxification by cytoplasmic scavengers. On-target resistance refers to an increased ability to repair DNA damage

or an acquired ability to tolerate unrepaired DNA lesions. Post-target resistance involves: alterations in apoptosis

signaling pathways with a central role of p53, decreased expression of pro-apoptotic factors, and overexpression of

anti-apoptotic factors. This leads to cell cycle arrest and the inhibition of apoptosis. Other factors that contribute to

cisplatin resistance are: DNA hypermethylation, increased ALDH expression, and a tumor microenvironment with

immune cells playing an important role. Abbreviations: ABC = ATP-binding cassette transporter; AKT = protein

kinase B (PKB); ALDH1A3 = aldehyde dehydrogenase 1A3; ATM = ataxia telangiectasia mutated; ATR = ATM and

RAD3-related; BER = base excision repair; CCND1 = cyclin D1; CTR1 = copper transporter protein; FasL = Fas

ligand; GSH = glutathione; HR = homologous recombination; IGF-1R = insulin-like growth factor 1 receptor; miR-

17/106b = microRNA-17/106b; MDM2 = mouse double minute 2 homolog; MMR = mismatch repair; NER =

nucleotide excision repair; NOXA = Phorbol-12-myristate-13-acetate-induced protein 1; OCT-4 = octamer-binding

transcription factor 4; PI3K = phosphoinositide 3-kinase; PTEN = phosphatase and tensin homolog; PUMA = p53

upregulated modulator of apoptosis; TLS = translesion synthesis.

2. Pre-Target Mechanisms

Cancer cells can avoid the cytotoxic potential of cisplatin before it binds to DNA by at least two main mechanisms:

decreased intracellular accumulation of cisplatin and increased cisplatin detoxification by cytoplasmic scavengers

. Although these mechanisms appear to be an important part of cisplatin resistance in multiple malignancies, they[2]
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have not been recognized as significant sources of cisplatin resistance in GCTs. However, they may play a

contributory role in GCT chemoresistance .

The reduced uptake of cisplatin into the cells may be mediated by the downregulation of CTR1, a transmembrane

transporter for cisplatin. Studies have shown that CTR1 −/− murine embryonic fibroblasts accumulated much less

cisplatin than CTR1 +/+ cells, and were more resistant to even higher concentrations of cisplatin. Furthermore, re-

expression of CTR1 in the CTR1 −/− cells restored both cisplatin uptake and cytotoxicity . Increased efflux of

cisplatin is mostly regulated by the copper-transporting ATPases ATP7A and ATP7B. These transport proteins were

shown to be upregulated in cisplatin-resistant cancer cell lines . Studies on lung and ovarian cancer patients

reported that high expression levels of ATP7A and ATP7B was correlated with a poor response to cisplatin

treatment .

Resistance to cisplatin is associated with increased levels of cytoplasmic scavenger proteins, such as glutathione

(GSH) and metallothionein (MT), that detoxify cisplatin through conjugation, limiting the amount of reactive cisplatin

in the cell. The level of GSH appeared to be lower in GCTs compared to some other cancer types and elevated in

cisplatin-resistant GCT cell lines . Interestingly, one study showed high levels of a glutathione S-transferase, an

enzyme responsible for the conjugation between cisplatin and GSH, in resistant teratoma . Multidrug-resistance-

associated proteins (MRPs) and members of ATP-binding cassette (ABC) transporters can also mediate resistance

to cisplatin. MRPs are responsible for the removal of cisplatin-GSH conjugates in an ATP-dependent manner.

MRP2 is mostly associated with cisplatin resistance and its high expression levels correlated with poor cisplatin

response in several types of cancer .

3. On-Target Mechanisms

As mentioned before, the exceptional sensitivity of GCTs to cisplatin can be attributed to reduced capacity of repair

systems towards cisplatin-induced DNA damage. Consequently, cisplatin resistance may occur due to an

increased ability to repair DNA damage or an acquired ability to tolerate unrepaired DNA lesions.

One of the proposed mechanisms of cisplatin resistance may be an impaired shielding of DNA lesions from repair

systems. Awuah et al. demonstrated that the knockout of HMGB4, a protein that protects cisplatin-DNA adducts

from repairing through the NER system, induced resistance to cisplatin in GCT cells . Another possible

mechanism of GCT chemoresistance is the upregulation of NER pathway proteins, leading to a greater capacity to

repair cisplatin-DNA intrastrand crosslinks. The overexpression of ERCC1 and XPF increased the repair of ICLs in

GCT cell lines and rendered them more resistant to cisplatin . In addition, the expression of ERCC1 and XPF

proteins was shown to be higher in non-seminomas compared to seminomas and normal testis tissue. However,

there was no correlation between ERCC1 and XPF expression levels on the one hand and tumor size and TNM

stage on the other . High ERCC1 expression was identified in resistant GCT cell lines, as well as in patients with

resistant non-seminomas, but no significant association with overall survival was reported . Interestingly, Cierna

et al. evaluated the expression levels of NER factors in GCT patients (n = 207) and cell lines, and demonstrated

the prognostic value of XPA expression on overall survival. The research  showed that patients with low XPA
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expression had significantly better overall survival than patients with high expression (HR = 0.38, 95% CI: 0.12–

1.23,  p  = 0.0228). Increased XPA expression was correlated with poor prognostic features in GCTs: non-

seminomatous histology, high serum tumor markers, the presence of lung and non-pulmonary visceral metastases,

and poor risk group according to the IGCCCG (International Germ Cell Cancer Collaborative Group) classification.

In addition, XPA expression was higher in cisplatin-resistant GCT cell lines compared to sensitive ones .

Several studies have reported a correlation between defective MMR, microsatellite instability

(MSI), BRAF mutations and cisplatin treatment failure in GCT patients . Honecker et al. evaluated MMR

proteins, MSI and BRAF mutations in 35 cisplatin-resistant GCTs compared to 100 control GCTs. Resistant tumors

showed a higher incidence of MSI, as well as more BRAF mutations than controls (26% vs. 0% and 26% vs. 1%,

respectively; p < 0.0001). In addition, MSI and mutated were BRAF correlated with reduced expression of MLH1

(p  = 0.017 and  p  = 0.008, respectively) . The decreased expression of  MMR  genes,

especially MLH1  and MSH2, was also associated with a reduced cisplatin sensitivity of GCT cell lines . The

precise molecular mechanism in GCTs is still unclear. However, according to the accepted viewpoints, the MMR

system can detect (but not repair) cisplatin-induced DNA lesions, resulting in pro-apoptotic signals. Furthermore,

the lack of functional MMR proteins may lead to an increased level of translesional synthesis (TLS) and bypassing

of cisplatin-DNA adducts, thus avoiding apoptosis . TLS is a DNA damage tolerance mechanism that allows

DNA replication to continue beyond cisplatin adducts. This replicative bypass is mediated by a specific group of

DNA polymerases including POLH, REV1, REV3 and REV7 . From the perspective of the cancer treatment of

multiple malignancies, TLS increases the tolerance of cancer cells to cisplatin-induced DNA damage and allows

cancer cells to survive, leading to chemoresistance .

4. Post-Target Mechanisms

Alterations in signal the transduction pathways that mediate apoptosis in response to DNA damage represent an

essential factor in the cisplatin resistance of GCTs. Decreased expression or dysfunction of pro-apoptotic factors,

as well as overexpression of anti-apoptotic factors, can lead to an altered induction of apoptosis. However, the key

role of p53 mutations in GCT chemoresistance remains controversial, since mutated p53 occurs only in a subset of

refractory GCTs . Therefore, modifications of other components regulating the p53 pathway could be more

important in the cisplatin resistance of GCTs. Interestingly, di Pietro et al. reported higher expression of p53, MDM2

and p21 in the intrinsic cisplatin-resistant GCT cell lines prior to cisplatin treatment compared to the cisplatin-

sensitive GCT cell line and the cell subline with acquired cisplatin resistance. After cisplatin exposure, the levels of

p53, MDM2 and p21 increased much more in intrinsic resistant GCT cells in comparison to sensitive GCT cells.

The downregulation of p53 made cisplatin-sensitive GCT cells partially resistant to cisplatin-induced apoptosis. By

contrast, p53 downregulation sensitized the intrinsically cisplatin-resistant GCT cell lines to cisplatin-induced

apoptosis. These findings indicate that p53 transactivation and cisplatin-induced apoptosis in GCT cell lines

depend on the cellular context. p53 appears to have a proapoptotic function in cisplatin-sensitive cells and a

protective role against apoptosis in intrinsically resistant cells .
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The PDGFR/PI3K/AKT pathway may also play a particular role in the development of cisplatin resistance. The first

evidence of a dysregulation of this pathway was reported by Di Vizio et al., who showed that the tumor suppressor

gene PTEN (regulating this pathway) was extensively expressed in germ cells and GCNIS, while it was practically

absent from 56% of seminomas (18/32), 86% of embryonal carcinomas (19/22) and all teratomas (6/6) . Later

studies identified a specific role of this pathway in cisplatin resistance, in both cell lines and GCT patients. The

overactivation of AKT was observed in cisplatin-resistant cells due to increased mRNA and protein levels for

platelet-derived growth factor receptor b (PDGFRb) and PDGF-b ligand. Subsequently, the hyperactivation of the

PDGFR/PI3K/AKT pathway resulted in an increased phosphorylation of p21 (leading to its cytoplasmic

accumulation) and MDM2 (leading to the inhibition of p53-mediated apoptosis) . Furthermore, somatic

mutations in AKT1 and PIK3CA were reported exclusively in cisplatin-resistant GCTs . The upregulation of

insulin growth factor receptor-1 (IGF1R) expression and signaling has also been found to contribute to acquired

cisplatin resistance in an in vitro non-seminoma model. IGF1R was identified as highly expressed and activated in

the GCT model cell lines of non-seminoma, with the highest expression in the acquired cisplatin-resistant cell line.

In addition, the silencing of IGFR1 led to the apoptosis of resistant non-seminoma cells through their re-

sensitization to cisplatin . The deregulation of cyclin D1 (encoded by the CCND1 gene), a cell cycle regulator,

has been described as another potential cause of cisplatin resistance. The overall expression of CCND1  was

higher in cisplatin-resistant cases compared to sensitive samples (p  < 0.0001), with no significant differences

between seminomas and non-seminomas .

There is increasing evidence that the cisplatin-resistant phenotype can also be maintained (if not entirely

generated) by changes in signaling pathways not directly related to cisplatin, a so called “off-target” resistance.

This includes the role of cellular differentiation, epigenetic mechanisms, tumor microenvironment and cancer stem

cells .

5. The Role of Cellular Differentiation

Cellular differentiation is accompanied by epigenetic alterations that increase cisplatin resistance in GCT cells .

Chemoresistance is associated with more differentiated histologic subtypes of GCTs, such as teratoma. Therefore,

a differentiation-inducing agent all-trans retinoic acid (ATRA) has been used to study the role of differentiation in

the chemoresistance of GCT cell lines . Gutekunst et al. demonstrated that the short-term differentiation

of embryonal carcinoma cells by ATRA led to the downregulation of NOXA and PUMA, thus inhibiting apoptosis

and causing a loss of cisplatin hypersensitivity . The differentiation is accompanied by loss of Oct-4 expression,

which has also been associated with increased resistance to cisplatin, especially due to the downregulation

of NOXA and PUMA, as well as the downregulation of miR-17/-106b family members that potentiate activation of

p21 . Other events, such as hypoxia and cisplatin treatment, can also induce the downregulation of Oct-4

and negatively affect cisplatin sensitivity . Interestingly, cisplatin treatment selectively depleted Oct4-positive

cancer stem cells in a mouse model of metastatic GCT . Taylor-Weiner et al. described the loss of pluripotency

markers NANOG and Oct-4 in tumors obtained from cisplatin-resistant metastases . Furthermore, in mouse
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models of cisplatin-sensitive and -resistant non-seminomatous GCTs, xenografts derived from cisplatin-resistant

cell lines exhibited cell areas with embryonal carcinoma morphology, but no Oct-4 expression .

However, choriocarcinomas and yolk sac tumors, which both lack Oct-4 expression, still respond to cisplatin-based

treatment. In addition, one of the first large immunohistochemical analyses of GCTs did not observe a correlation

between the expression of Oct-4 and the treatment response . The depletion of Oct-4 has also been shown not

to alter the transactivation of p53 target genes, despite a significant decrease in cisplatin sensitivity. Therefore, it

has been suggested that Oct-4 does not directly modulate p53 activity but provides a cellular environment that

increases p53 proapoptotic activity by maintaining higher levels of NOXA. This indicates that NOXA levels are a

central determinant of cisplatin response in GCTs, not the Oct-4 expression . As already mentioned, mature

teratomas, as the most differentiated subtype of GCT, that are resistant to cisplatin-based chemotherapy highly

express p21 and lack Oct-4 expression. By contrast, seminomas and embryonal carcinomas that are

predominantly sensitive to cisplatin hardly express p21. The expression of NOXA was also reduced in teratomas

compared to seminomas and embryonal carcinomas . The localization of p21 in teratomas was found to be

primarily nuclear. However, cisplatin-resistant embryonal carcinoma cells showed high cytoplasmic p21 expression.

Interestingly, the re-localization of p21 to the nucleus sensitized embryonal carcinoma cell lines to cisplatin .

Increasing evidence suggests that the WNT/βcatenin (WNTβ) pathway is involved in the pathogenesis and

progression of GCTs. Alterations in the WNTβ pathway may contribute to cisplatin resistance . The WNTβ

pathway is typically activated in the early stages of embryogenesis. It also regulates the differentiation of

pluripotent cells . Furthermore, it has been associated with the process of carcinogenesis and epithelial–

mesenchymal transition . The translational study evaluated the clinical significance of βcatenin in GCTs and

found βcatenin expression in specimens from 213 of 247 patients (86.2%). The expression in seminomas was

lower compared to all subtypes of non-seminomas (all p < 0.0001). A higher expression was associated with high

tumor markers (p = 0.035), primary mediastinal non-seminoma (p = 0.035) and intermediate/poor risk disease (p =

0.033) . Another study reported increased expression levels of βcatenin  and CCND1  in two of four cisplatin-

resistant GCT cell lines and decreased levels in one embryonal carcinoma cell line. The WNT signaling inhibitor

PRI-724 was not significantly effective in cell lines with increased βcatenin  and CCND1  expression. However, it

showed a higher pro-apoptotic effect in the cell line with decreased expression of βcatenin and CCND1, probably

through the strong activation of caspase-3/7. These findings strongly suggest that the WNT/βcatenin signaling

pathway is deregulated in cisplatin-resistant GCTs .

6. The Role of Epigenetic Mechanisms

DNA methylation as one of the main epigenetic mechanisms is closely associated with the process of tumor

differentiation and seems to play a key role in the cisplatin resistance of GCTs . Significant differences

in the global DNA methylation pattern of GCTs were observed. Seminomas, which are more undifferentiated

tumors that less frequently show cisplatin resistance, are hypomethylated. By contrast, more differentiated non-

seminomas show a higher degree of DNA methylation. Embryonal carcinoma with an intermediate level of DNA

methylation is also sensitive to cisplatin, but more often shows acquired cisplatin resistance. The highest level of
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DNA methylation is typical for teratoma, choriocarcinoma and yolk sac tumor, which correlates with cisplatin

resistance. However, the hypermethylation of DNA was found in one case of relapsed seminoma after platinum-

based chemotherapy. In addition, the demethylation of resistant seminoma cell lines resulted in an increased

expression of the cell pluripotency markers NANOG and Oct-4 and a decreased resistance to cisplatin in vitro .

Different methylation profiles of several specific gene promoters have been reported in cisplatin-sensitive and -

resistant GCTs. Promoter hypermethylation of the RASSF1A  and HIC1  genes was observed in resistant non-

seminomas, while sensitive non-seminomas showed hypermethylation of MGMT  and RARB  . Martinelli et al.

showed the association of CALCA hypermethylation with non-seminomas (90.5%, 19/21; p < 0.026) and cisplatin-

refractory disease (47.4%, 09/19; p = 0.005). Furthermore, promoter methylation of the MGMT and CALCA genes

correlated with a poor clinical outcome in GCT patients . A growing number of studies have analyzed

demethylating agents, their mechanism of action and its effects on GCT cell lines as well as patients. DNA

methylation inhibitors are detailed in the section “Treatment approaches to overcome cisplatin resistance in germ

cell tumors”.

MicroRNAs (miRNAs) are short single-stranded non-coding RNAs that modulate gene expression at the post-

transcriptional level, causing inhibition of mRNA translation or its degradation. They regulate multiple biological

processes and have also been linked to carcinogenesis and cancer progression, as well as chemotherapy

resistance . A study examining almost all known human micro-RNAs reported that 72 of 738 (9.8%)

microRNAs were differentially expressed between cisplatin-sensitive and -resistant GCT cell lines. In addition, the

miR-371-373 cluster appeared to be involved in cisplatin resistance in GCTs in vitro, since increased levels were

found in two out of three resistant cell lines compared to sensitive ones. A possible mechanism might be the

inhibition of the p53 pathway. The upregulation of the micro-RNA species hsa-miR-512-3p/-515/-517/-518/-525 and

the downregulation of hsa-miR-99a/-100/-145 were also associated with the cisplatin-resistant phenotype in GCTs

.

7. The Role of Tumor Microenvironment

The chemoresistance of GCTs is a complex and multifactorial phenomenon that appears to be closely related to

the tumor microenvironment (TME) . In general, the TME factors affecting cisplatin resistance include: physical

components, such as high cell density, fluidic shear stress and extracellular matrix (ECM), which interfere with the

delivery and efficacy of cisplatin, and a biological component consisting of biochemical consequences of tumor

growth (hypoxia and acidity) and noncancerous cells (e.g., stromal cells, tumor-associated fibroblasts and immune

cells) . In addition, GCTs are infiltrated by immune cells that modulate the TME in a variety of ways, including

through the secretion of cytokines. The interaction between tumor-infiltrating immune cells and cancer cells creates

favorable conditions for tumor survival and growth . A study by Siska et al. has shown that seminomas were

associated with increased T cell infiltration, as well as PD-L1 expression and PD-1/PD-L1 interaction, but

decreased regulatory T cells (Tregs) compared with non-seminomas. However, the advanced disease stage had

different immune cell infiltration, irrespective of histological subtype. The T cell and natural killer (NK) cell

populations responsible for anti-tumor immunity were decreased, while regulatory T cells (Tregs), neutrophils, mast
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cells and macrophages, with potentially pro-tumor immune activity, were significantly increased . An intensive

crosstalk between the TME and DNA damage and repair pathways has also been reported . A recent study

evaluated the interaction between the immune TME and endogenous DNA damage levels in GCTs by the co-

cultivation of peripheral blood mononuclear cells (PBMCs) from healthy donors and GCT cell lines. PBMCs co-

cultivated with cisplatin-resistant cell lines showed significantly higher DNA damage levels than PBMCs co-

cultivated with sensitive cell lines. In addition, endogenous DNA damage levels above the cut-off value were

associated with increased numbers of NK-cells, Tregs and CD16-positive dendritic cells . Cancer cells are able

to suppress anti-tumor immunity through PD-1/PD-L1 signaling in the TME. PD-L1 expression in specimens from

140 patients with GCTs was significantly higher in comparison with normal testicular tissue (p  < 0.0001).

Choriocarcinomas expressed the highest level of PD-L1, with declining positivity in embryonal carcinoma,

teratoma, yolk sac tumor and seminoma. Furthermore, PD-L1 expression was associated with the poor prognostic

features of GCTs . The expression of PD-L1 was also evaluated in the tumor-infiltrating lymphocytes (TILs) of

tumor samples from 240 patients with GCTs. PD-L1 expressing TILs were more frequently found in seminomas

(95.9% of patients) and embryonal carcinomas (91%) compared to yolk sac tumors (60%), choriocarcinomas

(54.5%) or teratomas (35.7%) (all p < 0.05). In addition, patients with high infiltration of PD-L1-positive TILs had

significantly better progression-free survival (PFS) (HR = 0.17, 95% CI 0.09–0.31, p = 0.0006) and overall survival

(OS) (HR = 0.08, 95% CI 0.04–0.16, p = 0.001) in contrast to patients with lower infiltration of TILs . All these

findings suggest a potential major role for the TME, especially immune cells, in progression, cisplatin sensitivity

and resistance of GCTs.

8. The Role of Cancer Stem Cells

Cancer stem cells (CSCs) represent a subpopulation of tumor cells with cancer initiation ability, clonal long-term

repopulation potential and self-renewal capability. CSCs are considered to be an origin of cancer and they can

switch between stem and non-stem cell state. In addition, CSCs are resistant to conventional chemotherapy and

radiation therapy . Their identification is based on the expression of specific cell surface markers. CSCs

have the characteristics of normal stem cells and differentiated cancer cells, and therefore they share both

stemness-associated and tissue-specific markers. CD24, CD26, CD44, CD133, CD166, Ep-CAM (also called

CD326 or epithelial-specific antigen) and aldehyde dehydrogenase (ALDH) are examples of CSC-specific surface

markers .

ALDH is a NAD(P)-dependent enzyme involved in cellular detoxification and resistance to chemotherapeutic

agents by oxidation of cellular aldehydes. In particular, ALDH1 family members (ALDH1A1, ALDH1A2, and

ALDH1A3) are responsible for the increased self-renewal, survival and proliferation of CSCs . A high expression

of ALDH1 has been associated with chemoresistance and metastasis formation, and it has even been correlated

with a poor clinical prognosis in several cancer types . The ALDH1A3 marker was significantly

overexpressed in all histological subtypes of GCTs compared to normal testicular tissue. In addition, high ALDH1A3

expression and increased ALDH activity were detected in cisplatin-resistant embryonal carcinoma cell lines.
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However, no association was found between ALDH1A3 expression in tumor cells and tumor primary, IGCCCG risk

group, number of metastatic sites or S-stage .

9. Summary

The molecular mechanisms responsible for cisplatin resistance in GCTs can be classified as pre-target, on-target

and post-target. Pre-target mechanisms include decreased intracellular accumulation of cisplatin - reduced

cisplatin uptake by CTR1 and increased efflux of cisplatin by ABC transporters - and increased cisplatin

detoxification by cytoplasmic scavengers, such as GSH. On-target mechanisms are mediated by an increased

ability to repair DNA damage or an acquired ability to tolerate unrepaired DNA lesions. Post-target mechanisms

involve changes in apoptosis signaling pathways, with important roles for p53, MDM2, p21 and other proteins.

These processes lead to cell cycle arrest and the inhibition of apoptosis, resulting in chemoresistance. Other “off-

target” factors of cisplatin resistance include cellular differentiation, epigenetic mechanisms (especially DNA

hypermethylation), cancer stem cells and a tumor micro-environment with a key role for immune cells.
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