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Abstract: In the last years, we have witnessed remarkable advances in targeted therapies for cancer
patients. There is a growing effort to either replace or reduce the dose of unspecific, systemic
(chemo)therapies, given the associated short- and long-term side effects, by introducing more specific
targeted therapies as single or combination agents. Due to the well-known implications of the immune
system and epigenetic landscape in modulating cancer development, both have been explored as
potential targets in several malignancies, including those affecting the genitourinary tract. As the
immune system function is also epigenetically regulated, there is rationale for combining both
strategies. However, this is still rather underexplored, namely in urological tumors. We aim to briefly
review the use of immune therapies in prostate, kidney, bladder, and testicular cancer, and further
describe studies providing supporting evidence on their combination with epigenetic-based therapies.

Keywords: bladder cancer; epigenetics; kidney cancer; prostate cancer; targeted therapies; testicular
cancer; urological cancer

1. Introduction: Focusing on Urological Cancer

Worldwide, urological cancer represents 26% and 13% of cancer incidence and mortality,
respectively [1,2], and both of these statistics have been rising as a reflection of population growth and
aging [3]. Disparities exist between more developed and developing countries, with new cancer events
being more frequent in the former [3]. Overall, urological cancer imparts an important economic
burden, which is deemed to increase, especially given the crescent influence of lifestyle factors of
modern civilization including smoking and obesity [2]. Urological cancer is also very diverse; it
includes the most common prostate, bladder, and kidney cancer, which are common in old-adults, and
testicular cancer, less common and more prevalent in young adults and adolescents. In each of these
fields, there have been improvements in patient care; however, many (and new) challenges persist, and
novel biomarkers and therapies are needed, which should target the hallmarks of cancer, including the
immune environment and epigenetic background [4].

In this review, we aim to briefly present some of these major challenges in the various urological
cancers and how targeting the immune system might help to answer some of them. Finally, we
aim to discuss how to exploit both the immune microenvironment and the epigenetic landscape in
combination, to improve patient care.
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2. Bladder Cancer

2.1. Major Clinical Challenges

Bladder cancer (BlCa) ranks as the second most common urological malignancy, after prostate
cancer, and represents the ninth most common cancer worldwide [5]. In 2018, 549,393 new cases
were diagnosed and incidence is rising. Among urological malignancies, BlCa also stands out as a
particularly mortal cancer, with 199,922 deaths in 2018 [6,7]. BlCa is also a significant economic burden,
representing a major challenge for healthcare systems [8]. Patients with papillary non-invasive BlCa
may require frequent hospital appointments for follow-up with cystoscopy, and multiple interventions
to treat recurrences, which are common in the natural history of this disease. On the other end of the
spectrum, patients with invasive or even metastatic disease often require extensive surgery and systemic
treatment (including immunotherapy), and management of morbidities caused by these treatments.

The most common type of BlCa is by far the one derived from the urothelial lining - the urothelial
carcinoma (>90% of the cases). Upper urinary tract urothelial carcinoma is less frequent (5–10% of
urothelial cancer) [9] and its biological background seems to differ from that of bladder urothelial
carcinoma. In this review, we will focus mainly on urothelial carcinoma of the urinary bladder, the
most studied. From a pathobiological point of view, bladder urothelial carcinoma comprises two
distinct subtypes: non muscle invasive BlCa (NMIBC), the most frequent (75–80% of the cases), and
muscle-invasive BlCa (MIBC), which displays an aggressive course, often culminating in metastatic
disease and death [10,11]. An integrated molecular classification of BlCa has been proposed and is
currently the focus of many research in the field [12,13]. Five subgroups of the disease have been
identified, with specific molecular aberrations, distinct prognosis, and possible targeted teatment; this
includes the luminal-infiltrated subtype (19%), with overexpression of immune-checkpoint players,
being susceptible to immunotherapy [14].

From a clinical point of view, one third of BlCa patients present with MIBC, not amenable to
treatment with transurethral resection. These might be candidates for neoadjuvant cisplatin-based
chemotherapy followed by cystectomy. The overall prognosis is poor; invasive, non-metastatic BlCa has
a cure rate of solely 50% [15], and metastatic disease shows a dismal prognosis. Many patients do not
benefit from cytotoxic therapies, do not endure them due to important toxicities or develop resistance
to cisplatin [16,17]. In this line, there is an urgent need for novel, non-invasive and cost-effective ways
to follow-up patients with NMIBC during the natural history of their disease and, simultaneously,
for novel treatment options for MIBC patients (combining surgery, systemic treatments, and targeted
therapies) which improve patient outcome.

2.2. The Connection between Genetic, Epigenetic and Immune Landscape in Bladder Cancer

The immune landscape of BlCa is very rich; several immune-cell populations reside in the urinary
bladder, and immunotherapies have the advantage of modulating them, namely activating favorable
immune populations such as CD8+ T-lymphocytes and Th1 CD4 αβ T-lymphocytes [18]. The immune
microenvironment is also linked to the molecular subtypes previously mentioned. Indeed, Ren et al.
provided a immune transcriptomic analysis of BlCa genomic subtypes, showing that several pathways
were differentially overactivated, like signatures related to T-cell activation, interleukin signaling and
Toll-like receptor signaling [19]. This shows a link between the immune landscape and the genetic
background of BlCa. The various subtypes of the disease are characterized by distinct mutations and
copy-number alterations; this includes, for instance, those involving RB1 and NFE2L2, enriched in
basal cancers, and those involving FGFR3 and the epigenetic enzyme KDM6A, which are prevalent in
luminal subtypes). Importantly, these alterations are clinically targetable [20], and there is rationale for
combining them with therapies addressing the subtype-specific immune signature of these tumors and
also targeting epigenetic enzymes found to be deregulated. BlCa is among the cancers with the highest
tumor mutational burden, reflecting genomic instability and tumor-specific neoantigens, which is
increasingly being proposed as a biomarker for predicting the efficacy of immunotherapies [21–23].
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Mutations in chromatin modifiers are found to be mutated in urothelial carcinoma in a frequency higher
than any other cancer, which, again, argues in favor of targeted therapies against these epigenetic
modifiers [24]. Overall, this stresses the need to optimally combine these agents, targeting the specific
(epi)genetic landscape of the highly unstable urothelial carcinoma together with the acompanying
specific immune signature, to achieve maximum efficacy.

2.3. Immune Therapies–Brief Overview in Bladder Cancer

Therapies based on the immune system, in the form of Bacillus-Calmette Guérin (BCG), have long
been used for treating NMIBC since the 1970s, but this intravesical therapy still shows some limitations,
related to side effects and treatment failure [25]. Since then, no other form of immunotherapy has been
explored in BlCa until recently, with the advent of immune-checkpoint inhibitors [26]. In fact, since May
2016, the Food and Drug Administration (FDA) has approved several agents targeting the programmed
death 1/programmed death-ligand 1 (PD-1/PD-L1) axis for treating platinum-refractory BlCa patients,
including Nivolumab and Pembrolizumab (targeting PD-1), and also Durvalumab, Atezolizumab, and
Avelumab (targeting PD-L1). Expression of PD-L1 in cancer cells results in anergy of T lymphocytes (by
targeting PD-1 on their surface); this way, tumor cells escape destruction by the immune system and
maintain a subverted immune-suppressive tumor microenvironment [27,28]. It has become routine,
then, for pathology departments to assess PD-L1 expression by immunohistochemistry in BlCa tissue
specimens [29,30].

Other immune-checkpoint players such as cytotoxic T lymphocyte-associated antigen (CTLA-4),
which is expressed in T lymphocytes surface and binds B7 on antigen-presenting cells (APCs)—thus
impeding the co-stimulatory signal necessary for T-cell activation—also constitutes a target for
immune-checkpoint inhibitors, like Ipilimumab. In fact, combinations of both types of inhibitors
(anti-PD-1/PD-L1 combined with anti-CTLA-4 agents) are currently undergoing clinical trials for BlCa
patients [31,32], following the success observed in melanoma patients [33].

2.4. Role of Immunoepigenetics?

The epigenetic background of BlCa has been the focus of several research works. As an
example, promoter methylation of several targets have been investigated in a liquid biopsy setting
for proper monitoring of the disease, including in urine [34–36] (for further reading refer to [37]).
Many studies have found several biomarkers informative for disease aggressiveness and patient
outcome, including microRNAs, gene promoter methylation and specific histone modifications and
chromatin alterations [38,39]. These epigenetic players were shown (in vitro and in vivo) to interact
and regulate more or less extensively several hallmarks of cancer, including epithelial-to-mesenchymal
transition (EMT), proliferation, survival, stemness, resistance to treatments, among others [40,41].
Among many examples, inhibitors of the methyltransferase EHMT2 were shown to induce apoptosis
of BlCa cells [42–44]; natural compounds such as Honokiol (derived from Magnolia officinalis) inhibited
BlCa growth by suppressing EZH2/miR143 [45]; and various histone deacetylase (HDAC) inhibitors
were shown to be effective in reducing BlCa growth [46–49], showing synergy with other classically
used therapies such as mitomycin C [50] and additionally increasing sensitivity to chemo- [51] and
radiotherapy [52,53].

A summary of most recent studies addressing combination strategies between epigenetics
and immune environment in BlCa is presented in Table 1 [54–64]. Some studies have focused
on obtaining methylation-based biomarkers with predictive value, namely concerning response to
BCG-therapy [55–57]. As previously mentioned, BCG is a commonly used therapy for NMIBC, with
the main aim to impede (or at least delay) recurrence of the disease after excision (occurring eventually
in >50% of patients), which might also mean shifting to invasive disease, with metastatic potential [56].
Two studies pursued a screening of several gene promoters known to be frequently involved in tumor
biology, and found that hypermethylation of genes such as CDKN2B (involved in cell cycle regulation),
MUS81a and MSH6 (involved in DNA repair) and THBS1 (involved in cell adhesion), associated
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with better response to BCG-therapy, and both studies acknowledge that the exact mechanisms for
explaining these findings deserve investigation in the future [55,57]. Nevertheless, they are an example
of how to bring together epigenetic phenomena and biomarkers that may predict response to immune
therapies. In a similar setting, another work uncovered that demethylated PMF1 was associated with
disease recurrence and poor outcome in these patients, being a biomarker of failure to respond to
BCG therapy [56]. PMF1 is involved in regulating intracellular polyamine content, which in turn
triggers the expression of several genes. Interestingly, it was demonstrated that high polyamine levels
led to apoptosis of macrophages populating pneumocystis pneumonia [65]. This finding seems to
wonderfully fit with the BCG therapy, since higher PMF1 expression mediated by demethylation of its
promoter would increase polyamine levels and hence trigger apoptosis of macrophages, which would
become less available to be activated by the BCG stimulus and result in treatment failure. Nonetheless,
more studies are needed to investigate these processes.

Possible targets for therapeutic vaccines are the cancer testis antigens (CTAs), which have been
shown to be expressed in various neoplasms, including BlCa. In a recent study, two CTAs, PRAME and
CT10, were found to be expressed in 15% and 21% of bladder urothelial carcinomas, and these tumors
had a poorer prognosis, with CT10-positive patients experiencing worse disease-specific survival [66].
Importantly, it has been shown that treatment with decitabine has the ability to enhance the expression
of such CTAs in BlCa cell lines, making them more available to be targeted by immune therapies [54].
This strategy might be envisaged as a combination strategy for treating BlCa patients.

Epigenetic regulation of specific types of T-cells has also been explored in BlCa. Bergman et al. [58]
showed that an assessment of CD4+-cell lineage commitment by looking at specific CpGs methylation
status could predict the outcome of BlCa patients, with demethylation of those sites (which include
FOXP3, IFNG, IL13, and IL17A) associating with lower stage and, importantly, better response
to neoadjuvant chemotherapy. Moreover, Hartana et al. [59] explored the perforin gene PRF1,
demonstrating that tissue-resident CD8-positive T cells show demethylation of this gene promoter,
correlating with its higher expression, hence with more cytotoxic ability. Finally, Ramakrishnan et al. [62]
focused on EZH2 inhibition and its effects on the immune environment. Again, a link between the
important genomic landscape and epigenetic background is taken into account. The epigenetic
modifiers KDM6A and SWI/SNF family are very frequently mutated in BlCa; they inhibit another
epigenetic player, EZH2, a histone methyltransferase, hence loss-of-function mutations ultimately
lead to EZH2 overexpression and poor prognosis. This can be explored as a therapeutic opportunity.
Indeed, when exposing BlCa cells with loss-of-function mutations of KDM6A and SWI/SNF to the
EZH2 inhibitor EPZ011989, this resulted in stimulation of NK cells signaling and in tumor cells death.
All these strategies bring together epigenetic mechanisms regulating several subtypes of immune cells,
that can be therapeutically misused to induce antitumor effects.

Non-coding RNAs are also among the epigenetic mechanisms regulating tumor progression in
BlCa. Indeed, the long non-coding RNA UCA1 was found to be overexpressed in BlCa, associating with
disease progression, and it is suggested that it may be used as a urine biomarker for BlCa diagnosis [67].
Moreover, its knockdown attenuated malignant features of BlCa both in vitro and in vivo [67] and,
importantly, concomitant knockdown of PD-1 resulted in synergistic antitumor effect mediated by a
shift in immune microenvironment, which led to increased interferon (IFN) signaling and reduced
immunosuppressive pathways, as well as also enhancement of dendritic cells (DCs) maturation [60].

Recently, Segovia et al. [63] further dissected the epigenetic regulation of immune response to
cancer. In this work it was shown that EHMT2 (or G9a) expression associated with poor outcome in
BlCa and that targeting both EHMT2 and DNA methyltransferase (DNMT) activity (inhibitor CM-272)
significantly enhances antitumor effects, that is potentiated when combining with anti-PD-L1 agent.
This effect is due to immunogenic tumor death, as a consequence of increased IFN-mediated responses
(histologically accompanied by infiltration of CD8-positive T cells and NK cells) and inhibition of
immune-suppressive signaling, turning an immunologically “cold tumor” into a “hot tumor”.
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Table 1. Immunoepigenetic-based studies in bladder cancer.

Epigenetic
Target/mechanism

Immune
Therapy/Target Major Finding Methods Sample Type and

Size Author

Methylation (decitabine)
and acetylation (TSA) 9 CTAs

The most expressed antigens are the
MAGE-A families

Expression of CTAs is induced by
decitabine

RT-PCR
WB

Cell lines
BlCa and normal

urothelium tissues
(n = 56)

Fradet Y, 2006 [54]

Methylation (25
tumor-suppressor genes)

Response to
BCG-therapy

Methylation status of several targets
predicted response to BCG-therapy and

disease recurrence in T1 G3 NMIBC
MS-MLPA 91 BlCa tissues Agundez M, 2011

[55]

PMF-1 methylation Response to
BCG-therapy

Unmethylated PMF-1 associated with
failure of BCG therapy (disease

recurrence in T1 high-risk NMIBC)
qMSP 108 BlCa tissues Alvarez-Múgica M,

2013 [56]

Methylation (57 targets) Response to
BCG-therapy

Methylation status of several targets
predicted response to BCG-therapy and
disease recurrence in high-grade NMIBC

MS-MLPA
82 BlCa and 13

normal urothelium
tissues

Husek P, 2017 [57]

DNA
methylation-derived

index

Neutrophil-to-
lymphocyte ratio

Higher methylation index associated
with disease outcome in BlCa Bioinformatics

DNA methylation
data from leukocyte

subtypes

Koestler DC, 2017
[61]

Methylation (decitabine) IL-6
Decitabine leads to NOTCH1

demethylation and expression, leading to
IL-6 release

WB
RT-qPCR

Methylation array
RNA-seq

Pyrosequencing
ELISA

FACS-sorting

Tissues (BlCa +
normal urothelium,
n = 174) + in vitro

(cell lines)

Ramakrishnan S,
2019 [64]

FOXP3, IFNG, IL13, IL17A
(methylation)

CD4+ T cells in
BlCa

↑ CD4+ T cell lineage commitment
assessed by CpG methylation associates

with better prognosis
Hypomethylation of the four targets in
CD4+ T cells associated with complete

response to CT

FACS-sorting
Pyrosequencing

5mC ELISA

BlCa tissues (n = 22),
LNs (n = 76) and

blood (n = 48)

Bergman EA, 2018
[58]
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Table 1. Cont.

Epigenetic
Target/mechanism

Immune
Therapy/Target Major Finding Methods Sample Type and

Size Author

PRF1 methylation
Tissue-resident

memory CD8+ T
cells in BlCa

These cells are epigenetically cytotoxic
and show signs of exhaustion (show ↓

methylation levels of PRF1 and ↑ PD-L1
expression)

FACS-sorting
Pyrosequencing

BlCa tissues, LNs and
blood (n = 53

patients)

Hartana CA, 2018
[59]

Knockout of lncRNA
UCA1 Knockout of PD-1

Combined UCA1 and PD-1 knockout
resulted in synergistic antitumor effect by

favoring an immunostimulatory
microenvironment

CRISPR-Cas9
FACS-sorting

RT-PCR
WB

In vitro (cell lines) +
in vivo (mouse) Zhen S, 2018 [60]

EZH2 inhibition
(EPZ011989) NK cells

BlCa cells with KDM6A and SWI/SNF
mutations are frequent and show

overactivation of EZH2
EZH2 inhibition in these cells resulted in
↑ immune signature (IFN-γ) and

activated NK signaling, resulting in
MIBC cell death

WB
RNA-sequencing

IHC

In vitro (cell lines) +
in vivo + BlCa tissues

Ramakrishnan S,
2019 [62]

EHMT2/DNMT inhibition
(CM-272, A-366,

decitabine)
Anti-PD-L1

Dual targeting of EHMT2/DNMT leads
to immunogenic cell death (conversion

into a “hot tumor”), and this is
potentiated by combining with

anti-PD-L1
↑ EHMT2 expression leads to resistance

to anti-PD-L1

RT-qPCR
WB/Dot blot

ChIP
IF/IHC

FACS-sorting
ELISA

Whole transcriptome analyses
Pyrosequencing

In vitro (cell lines) +
in vivo (mouse) +

BlCa tissues (n = 87
patients)

Segovia C, 2019 [63]

Abbreviations: 5mC—5-methylcytosine; BCG - Bacillus Calmette-Guérin; BlCa—bladder cancer; ChIP—chromatin immunoprecipitation; CT—chemotherapy; CTA—cancer testis
antigen; ELISA -enzyme-linked immunosorbent assay; FACS—fluorescence-activated cell sorting; IF—immunofluorescence; IFN-γ—interferon gamma; IHC—immunohistochemistry;
IL-6—interleukin 6; LN—lymph node; lnCRNA—long non-coding RNA; MIBC—muscle-invasive bladder cancer; MS-MLPA—methylation-sensitive multiplex ligation-dependent probe
amplification; NMIBC—non muscle-invasive bladder cancer; PD-1—programmed cell death protein 1; PD-L1—Programmed death-ligand 1; qMSP—quantitative methylation-specific PCR;
RT-(q)PCR—real-time quantitative polymerase chain reaction; TSA—trichostatin A; WB—Western Blot.
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3. Kidney Cancer

3.1. Major Clinical Challenges

Kidney cancer (KCa) is a very heterogeneous disease, with many and very distinct subtypes.
Global statistics place it as the 14th most incident cancer worldwide (403,262 new estimated cases
in 2018) and the 16th most deadly (175,098 cancer-related deaths in 2018) [7]. Five-year survival for
patients with localized disease is good (around 90%); however, another major challenge in the field
is improving outcomes of metastatic KCa patients (for which 5-year survival is much lower, around
12%) [7].

The great majority of KCa originate from the renal parenchyma – the renal cell carcinomas (RCC).
There are many subtypes of RCC (recognized by the 2016 World Health Organization classification [68]),
each with their own (patho)biology. The most frequent subtypes are the clear cell RCC (ccRCC), the
most common and most studied (65–70% of the cases); the papillary RCC (pRCC, 15–20% of the cases);
and the chromophobe RCC (chRCC, 5–10% of the cases) [68]. These entities have their own molecular
background, and thus treatment approaches should also envision this, and be as much as possible
subtype-specific [69–72]. An integrated analysis of each subtype has pinpointed, for instance, that
ccRCC was characterized by overactivation of a specific immune signature [73].

Another challenge in KCa relates to its chemo- and radioresistance. Targeted therapies against
VEGFR and the mTOR pathway have changed the paradigm of metastatic RCC [74]. However, the
challenge is that patients develop resistance to these agents over time [75,76], so novel therapies
are needed.

3.2. The Connection between Genetic, Epigenetic, and Immune Landscape in Kidney Cancer

Immune infiltration in RCC has prognostic value, with influence in patient survival [77]. Again,
the immune cell populations and their prognostic implications are subtype-specific; for instance, CD8+

T-lymphocyte infiltration associated with improved overall-survival in chRCC, while in pRCC a high
infiltration by M1 macrophages associated with better patient outcome. In ccRCC, increased populations
of regulatory T-lymphocytes resulted in poorer survival [78]. This stresses that the heterogeneity
of RCC is also extended into the immune microenvironment, in a subtype-specific way. Specific
types of immune therapies, targeting the various immune cell populations, should then be reasoned
based on this subtype-specificity. Even within the same histological subtype there is diversity in the
microenvironment, with Chevrier et al. identifying several T-cell and tumor-associated macrophage
phenotypes within ccRCC, including a specific immune signature with impact on progression-free
survival [79]. ccRCC genetic background characterization pinpoints VHL as the most frequently
deregulated gene, followed by mutations in several epigenetic modifiers, namely PBRM1 (43%),
KDM5C (18%) and SETD2 (16%). Mutations in these genes frequently interfered with specific signaling
cascades, like the cell-cycle transition or specific metabolic pathways [80]. This dependence on specific
metabolic pathways and metabolic shift in RCC is further of interest for epigenetic targeted therapies,
since epigenetic regulation of metabolism is described [81]. Furthermore, four types of ccRCC were
identified: CD8+ inflammed, CD8- inflammed, VEGF immune desert and metabolic immune desert,
characterizatized by a conjugation of specific immune signatures and genomic alterations [80], a finding
that may further guide targeted treatment for these patients. Despite the relevance of genomic
alterations and genomic instability, most recent data demonstrate that the immunogenicity of ccRCC is
not explained by mutational load; targeting DNA/histone epigenetic modifications may help increase
the efficacy of immune targeted therapies [82].

3.3. Immune Therapies – Brief Overview In Kidney Cancer

Similar to BlCa in respect to BCG, some forms of immunotherapy have been used for treating
metastatic RCC patients. Indeed, before 2005, the cytokines interferon-alpha and interleukin-2 (IL-2)
were the routinely used and available treatments for these patients [83], demonstrating that subverting
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the immune environment in KCa was an effective way of fighting this disease. Interleukin-2 (IL-2),
for instance, stimulates the cytotoxic activity of T-lymphocytes against malignant cells; however, its
non-specificity is responsible for severe side effects, and hence its use is decreasing [84].

Since then, and with the advent of immune-checkpoint inhibitors, several clinical trials have
shown and are still addressing the effect of combining agents targeting PD-L1/PD-1 with anti-VEGFR
tyrosine kinase inhibitors (TKI) [85]. The success indicated by these studies led to the recent approval
of Nivolumab, which proved better in improving overall-survival and also was better tolerated when
compared to everolimus in VEGF-refractory patients [86]. Moreover, the combination of Nivolumab
with Ipilimumab for patients with intermediate or poor risk disease was also approved, again showing
the value of combining blocking of several immune checkpoints [87,88]. Nowadays, one of the major
challenges is proper selection of the patients that will experience the maximum benefit; this assessment
depends on factors such as performance status of the patient and prognostic risk stratification, and
there is no accurate (Level I evidence) biomarker for tailoring treatment in the clinic [89]. The value
of PD-L1 immunoexpression for predicting response to therapy and as a prognostic marker is still a
matter of debate [90]. Besides checkpoint inhibitors, clinical trials using vaccine-based therapies have
been pursued, although clinical benefits are still to be reached [91].

3.4. Role of Immunoepigenetics?

Since many subtypes of RCC exist, it is also natural that their epigenetic background differs.
For example, mutations in the methyltransferase SETD2 are typical of ccRCC, but not in the other
RCC subtypes [92]. Indeed, inactivation of this histone-modifying enzyme results in increased tumor
progression and aggressiveness, and poorer patient outcome [93]. To illustrate the different epigenetic
background in the heterogeneity of RCC, a set of histone methyltransferases and demethylases is able
to accurately discriminate among the various RCC subtypes and oncocytoma, an important differential
diagnosis [94]. Also, several promoter-methylated genes involved in the various hallmarks of cancer
are found in RCC, including the ones related to angiogenesis (in which VHL is included), metabolism,
apoptosis and cell cycle, among others [95]. Agents targeting specific epigenetic aberrations have
also shown anti-neoplastic activity in RCC, including the EZH2 inhibitor GSK126, which suppressed
migration and invasion [96], and various HDAC inhibitors, alone or in combination with routinely
used agents [97–101]. Moreover, similar to BlCa, these latter inhibitors also showed the ability to
reverse resistance to currently used agents such as mTOR inhibitors [102].

A summary of most recent studies addressing combination strategies between epigenetics and
immune environment in KCa is presented in Table 2 [103–109]. Since IL-2 has been used as a form of
immunotherapy for KCa for more than one decade, several studies have explored its combination with
epigenetic drugs, including methylation- and acetylation-targeting drugs. Indeed a phase I trial [103]
disclosed that the combination of the demethylating agent decitabine and IL-2 was relatively safe
(in patients with metastatic or unresectable melanoma and KCa). However, only five patients with
KCa were enrolled, and three of them showed stable disease, which limits the clinical conclusions
to be drawn from this trial. However, Kato et al. [105] explored another epigenetic mechanism in
combination with IL-2; the use of a HDAC inhibitor (MS-275) was shown to result in a synergistic
therapeutic effect in vitro and in an in vivo mouse model. Indeed, the combination led to an enrichment
in CD4- and CD25-positive T cells and in decreasing of FoxP3-positive T regulatory cells (Tregs), and
impeded the development of lung metastases in the mouse model, prolonging survival of the animal.
Interestingly, the authors hypothesized about the synergism observed between these two agents based
on opposite (but complementary) mechanisms: IL-2 enhances activation of effector T cells (which are
reduced by MS-275), while MS-275 causes depletion of Tregs (which are potentiated by IL-2)—resulting
in the end of a net antitumor effect mediated by increased effector cells and decreased Tregs. This has
been, at least in part, confirmed for other HDAC inhibitors, such as entinostat, which downregulate
FoxP3 and hence Tregs [108], leading to a phase 1/2 trial [107]. This study enrolled metastatic 47 ccRCC
patients and showed a beneficial response with combining entinostat with IL-2 (objective response
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of 37%), showing the promises of such therapeutic approaches to metastatic ccRCC. Also, in this
case, treatment reduced the number of Tregs, and lower amounts of these cells associated with better
response to therapy.

Table 2. Immunoepigenetic-based studies in Kidney Cancer.

Epigenetic
Target/Mechanism

Immune
Therapy/Target Major Finding Methods Sample Type

and Size Author

Methylation
(decitabine) IL-2

Phase I trial: safe combination;
decitabine may increase activity of

IL-2

Pyrosequencing
DNA

microarray

Blood (n = 5
patients)

Gollob JA, 2006
[103]

Methylation
(decitabine) IFNs

Synergistic effect, overcoming
resistance to IFN-based therapy (same

effect with antisense to DNMT1)
Reactivation of CTAs after DNMT1

depletion

WB
RT-PCR

MSP

In vitro (cell
lines) + in vivo

(mouse)

Reu FJ, 2006
[104]

Acetylation
(HDAC inhibitor

MS-275)
IL-2 Synergistic antitumor effect FACS-sorting

In vitro (cell
lines) + in vivo

(mouse)

Kato Y, 2007
[105]

Acetylation (VA) IFN-alpha Combination with VA altered gene
expression (↑ expression chemokines)

Gene
expression

array
RT-qPCR

In vitro (cell
lines)

Juengel E, 2011
[106]

Acetylation
(entinostat) IL-2

Entinostat ↓ Foxp3 levels in Tregs,
enhancing antitumor effect of IL-2

(STAT3 signaling involved)

FACS-sorting
WB
IP

IHC
RT-qPCR

In vitro (cell
lines) + in vivo

(mouse)

Shen L, 2012
[108]

Acetylation
(entinostat) PD-1 (inhibitor)

Entinostat enhances the antitumor
effect of anti-PD-1 therapy (↓

immunosuppressive cell populations -
MDSCs)

FACS-sorting
WB
IP

RT-qPCR

In vitro (cell
lines) + in vivo

(mouse)

Orillion A and
Hashimoto A,

2017 [109]

Acetylation
(entinostat) IL-2

Phase 1/2 trial: objective beneficial
response with the combination in
patients with metastatic ccRCC

Entinostat ↓ the number of Tregs and
↑ APCs, associating with response

FACS-sorting
IHC

Blood (n = 47
patients) +

ccRCC tissues

Pili R, 2017
[107]

Abbreviations: ccRCC—clearcell renalcell carcinoma; DNMT1—DNAmethyltransferase1; FACS—fluorescence-activated
cell sorting; HDAC—histone deacetylase; IFN—interferon; IHC—immunohistochemistry; IL-2—interleukin-2;
IP—immunoprecipitation; MDSC—myeloid-derived suppressor cells; MSP—methylation-specific PCR;
PD-1—programmed cell death protein 1; PD-L1—Programmed death-ligand 1; RT-(q)PCR—real-time (quantitative)
polymerase chain reaction; Tregs—regulatory T cells; VA—valproic acid; WB—Western Blot.

In similarity to IL-2, IFN therapies (although less used nowadays) have also been shown to be
improved when combined with epigenetic drugs. Decitabine was shown to overcome resistance to IFN
treatment in melanoma and KCa cells, restoring apoptosis and increasing expression of IFN-related
genes by ten times, including XAF1. Moreover, it increased the expression of CTAs, further enhancing
the potential for combining with immune therapies [104]. Likewise, the HDAC inhibitor valproic acid
also potentiated IFN signaling [106], showing that multiple epigenetic mechanisms can be used to
enhance the same immune therapy approach.

More recently, Orillion A and Hashimoto A et al. [109] put in evidence that entinostat further
potentiates the antitumor effect of immune checkpoint inhibitors, namely anti-PD-1, in both lung and
renal cell carcinoma. The combination increased survival in vivo, shifting the immunosuppressive
microenvironment into a tumor-suppressive one, specifically downregulating polymorphonuclear
neutrophils and myeloid-derived suppressor cells. These results support the advantage of combining
these epigenetic drugs with immune checkpoint inhibitors.

4. Prostate Cancer

4.1. Major Clinical Challenges

Prostate cancer (PCa) is not only the most common urological malignancy, but also the 2nd most
incident (age standardized incidence rate of 29.3 per 100,000) and the 6th most deadly (age standardized
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mortality rate of 7.6 per 100,000) male cancer worldwide [110]. Furthermore, the biggest challenge is
perhaps the one related to overtreatment: there is an urgent need for accurate predictive biomarkers of
this disease, that may identify which patients will experience disease relapse, requiring more strict
follow-up and adjuvant treatments [111]. This is a result, in great part, of the wide access to serum
prostate-specific antigen (PSA) screening, responsible for detecting over 80% of PCa at localized stage,
which displays excellent outcome [112].

Most of the time, when referring to PCa, one is referring to prostate acinar adenocarcinoma, by far
the most common subtype ( >90% of the cases). Histological examination of prostatic biopsies and
of the prostatectomy specimen is of paramount importance, because it dictates patients’ prognosis
and the next interventions. Among these histological features, Gleason grading (already used for
decades, with small modifications over time) [113] and, more recently, the prognostic grade groups
proposed by the new World Health Organization classification, are good predictors of event-free
survival [11,114,115]. Still, additional markers are needed to further discriminate subgroups of patients
with a distinct outcome.

On the other end of the spectrum, there is an additional challenge: dealing with metastatic,
castration-resistant PCa (CRPC). In these patients, androgen receptor-related signalling is maintained
despite the low levels of circulating androgens [116]. This is commonly accompanied by neuroendocrine
differentiation of PCa and, more importantly, it is very hard to treat. Again, better biomarkers are
needed for predicting which patients will transit into this phenotype (and when), and the molecular
background of this disease must be better dissected, in order to find novel effective treatments, other
than androgen deprivation therapy [117–119].

4.2. The Connection between Genetic, Epigenetic and Immune Landscape in Prostate Cancer

Overall, immune therapies have been less successful in PCa when compared to other urological
malignancies; this has been attributed mainly to the overall “cold” tumor microenvironment in PCa,
with low expression of immune checkpoint proteins, low tumor mutational burden and paucity of
mutations in DNA repair genes. Also, the comonly observed deletion or mutation of PTEN contributes
to the “immune desert” of PCa, since the latter activates IFN1-related pathways [120]. However,
a recent large study of 9393 PCa samples indeed disclosed an immune-related tumor cluster, with
distinct patient outcome [121]. In this study, the proportion of different immune cell populations
was associated with distinct distant metastasis-free survival and, interestingly, PD-L2 emerged as a
promising prognostic biomarker (contrarily to PD-L1, like in BlCa and RCC) and predictive factor
(of response to radiotherapy), which may also mean it can be a promising therapeutic target [121].
Genomic aberrations in PCa do divide 74% of the disease into several groups, mostly based on
presence of specific gene fusions (ERG, ETV1/4, and FLI1) and mutations (SPOP, FOXA1 and IDH1);
however, PCa belongs overall to the low mutational burden class of tumors. The study pointed out,
however, that among the 26% of the tumors without obvious molecular aberration there was evidence
of DNA hypermethylation and mutations in epigenetic enzymes KDM6A and KMT2D [122]. Targeting
the epigenetic landscape of PCa may help liberating this immune suppressive environment (see
below), as illustrated by the influence of the methylatransferase EZH2, which inhibits T-lymphocyte
chemoatractants (CXCL9 and CXCL10) and antigen presentation, thereby contributing to the “cold”
microenvironment in CRPC with neuroendocrine differentiation [123].

4.3. Immune Therapies—Brief Overview in Prostate Cancer

Immune therapies have been explored in PCa for quite some time, including a variety of agents,
such as cytokines (including IL-2) and viral and dendritic cell vaccines. In fact, the FDA has approved
sipuleucel-T for treating minimally symptomatic metastatic CRPC already in 2010 [124]. Several of
these strategies have employed prostate-specific (like PSA) or tumor specific antigens for directing
responses [125]; for sipuleucel-T, which is an autologous cellular immunotherapy using the antigen
presenting cell precursors from the patient, the target molecule is prostate acid phosphatase (PAP),
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and in vitro activated cells are reinfused in the patient, which resulted in a significant improvement in
overall survival in the phase 3 IMPACT clinical trial [126]. Since then, several vaccine-based therapies
have demonstrated promising results, and seem to especially benefit patients with a good prognostic
disease and low disease burden (for extended review refer to [127]). With the advent of checkpoint
inhibitors these agents were also tested in PCa [128]. These agents do not elicit a specific response
against an individual target (contrarily to therapeutic vaccines) and, until now, they have not yet
demonstrated convincing overall survival benefits in PCa patients. In a cohort of metastatic CRPC
patients progressing under docetaxel the anti-CTLA-4 Ipilimumab was shown to produce an increase
in overall survival, though, in a subgroup of patients with good prognostic features [129]. Novel
strategies (including combination of agents, such as those targeting the PD-1/PD-L1 axis) are to be
explored in the near future, and a multitude of clinical trials are underway [127].

4.4. Role of Immunoepigenetics?

The epigenetic background of PCa is very diverse [130]. Several gene promoters are consistently
found to be hypermethylated in PCa, including for instance GSTP1, which can be detected in several
bodily fluids, including plasma or urine [131–134]. Also, several microRNAs are involved in disease
progression and aggressiveness [135,136]. From a therapeutic point of view, LSD1 (a lysine histone
demethylase) has proved to be an interesting target, since its inhibitors were effective in preventing
CRPC tumor growth in vitro and in vivo [137]. EZH2, which associates with poor prognostic features
and worse patient outcome [112], is another target worth exploring. Moreover, both demethylating
agents such as azacitidine, HDAC inhibitors such as vorinostat and even novel agents such as the
pan-bromodomain inhibitor JQ1 have shown antitumor effect in prostate cancer models, including
CRPC [138–140].

A summary of most recent studies addressing combination strategies between epigenetics and
immune environment in PCa is depicted in Table 3 [108,141–152]. Some studies have focused on
epigenetic regulation of response to IFN, where both methylation and acetylation can be involved,
as demonstrated by Dunn and collaborators [141]. The authors showed that treatment with both
decitabine and trichostatin (TSA) restored JAK1 levels, which proved to be necessary for IFN cascade to
occur. Danziger et al. [147] further elaborated on this; they showed that the same epigenetic modifiers
partially restored IFN signaling but, very relevantly, they also showed that this attenuated, but did
not completely block viral infection in PCa cells. Given the known antitumor effect, the authors then
conclude that these epigenetic drugs may be considered for combination with therapeutic viruses,
since infection of cells is still possible. Moreover, because therapeutic vaccines have shown promising
results for PCa treatment, the work of Shen and collaborators [108] is valuable, since combination of
the HDAC inhibitor entinostat with the SurVaxM peptide vaccine led to increased beneficial effects in
a CRPC model, both by increasing effector cells (CD8-positive cells) and IFN signaling, but also by
inhibiting Tregs.

Like in other tumor models mentioned above, decitabine was also demonstrated to induce the
expression of CTAs in PCa, in a synergistic combination with the HDAC inhibitor panobinostat [149].
In this study, the authors created an ex vivo culture system of PCa biopsies, which further showed
inducing of CTAs, namely SSX2, in all nine cultured specimens (originating from 9 different patients).
Moreover, circulating tumor cells of two out of eleven patients with PCa disclosed the presence of SSX2
mRNA. Epigenetic drugs might then result in making PCa cells more immunogenic and amenable to
targeting by immune therapies. Similar results were obtained by Sulek et al. [152], which additionally
demonstrated that combining lenalidomide with decitabine induced dendritic cells activity and ability
to stimulate T cells.



Int. J. Mol. Sci. 2020, 21, 829 12 of 27

Table 3. Immunoepigenetic-based studies in Prostate Cancer.

Epigenetic
Target/Mechanism Immune Therapy/Target Major Finding Methods Sample Type and Size Author

Methylation and
acetylation (silencing of

JAK1 kinase)
IFN

Treatment with decitabine and TSA induced
JAK1 expression, making cells responsive to

IFN therapy

WB
IP

Northern blot
IF

In vitro (cell lines) Dunn GP, 2005 [141]

Methylation (decitabine) CXCL14 Decitabine restored CXCL14 expression and
function (chemoattractant to DC)

Affinity chromatography
IHC/ICC
RT-qPCR

MSP
Bisulfite sequencing

Tissues (total: n = 24) +
in vitro (cell lines) Song EY, 2010 [145]

Acetylation (VA) IFN-alpha
Combination with IFN-alpha enhances the
antitumor effect of VA (growth, adhesion,

migration)

RT-qPCR
WB

FACS-sorting

In vitro (cell lines) +
in vivo (mouse) Hudak L, 2012 [143]

Acetylation (vorinostat,
entinostat) T-cell mediated lysis Exposure to vorinostat or entinostat

enhances T-cell mediated death
WB

FACS-sorting In vitro (cell lines) Gameiro SR, 2016 [146]

Methylation CXCL12
Methylation of CXCL12 promoter associates

with poor outcome in PCa, including
BCR-free survival

qMSP
IHC

PCa tissues (n = 247
patients) + TCGA cohort

(n = 498 patients)

Goltz D and Holmes EE,
2016 [148]

Methylation (decitabine)
and acetylation (TSA)

IFN (through JAK1
kinase)

IFN signaling is epigenetically regulated in
PCa

Epigenetic modifiers partially restore
IFN-sensitivity and attenuate (but not

completely block) viral infection

RT-qPCR
WB
IF

FACS-sorting
DNA sequencing

In vitro (cell lines) Danziger O, 2016 [147]

Methylation (decitabine)
and acetylation
(panobinostat)

CTAs

Treatment induces expression of CTAs
(synergistically)

Expression of the CTA SSX2 in CTCs from
PCa patients

RT-qPCR
Bisulfite-sequencing

FACS-sorting

In vitro (cell lines and ex
vivo PCa culture) + blood

(n = 11 patients)
Heninger E, 2016 [149]

Methylation DEFB1 (mediator of
innate immunity)

Epigenetic regulation of DEFB1 by promoter
methylation

Bisulfite-sequencing
Pyrosequencing

RT-qPCR
IHC
WB

Tissues (n = 60 patients) +
in vitro (cell lines) Lee J, 2016 [150]

Methylation (5-AZA) CTAs, DCs
Treatment induces expression of CTAs

Combination with lenalidomide induces DC
function

Gene microarray
RT-qPCR

FACS-sorting
ELISA

WB

In vitro (cell lines) +
in vivo (mouse) Sulek JE, 2016 [152]
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Table 3. Cont.

Epigenetic
Target/Mechanism Immune Therapy/Target Major Finding Methods Sample Type and Size Author

Acetylation (entinostat) Peptide vaccine
(SurVaxM)

Entinostat ↓ Foxp3 levels in Tregs, enhancing
antitumor effect of SurVaxM in a

CRPC model
↑ antigen-specific CD8 cells + ↑ IFN

immune response

FACS-sorting
WB
IP

IHC
RT-qPCR

In vitro (cell lines) +
in vivo (mouse) Shen L, 2017 [108]

Methylation (silencing of
SERPINB1, the

endogenous inhibitor of
NE)

NE

DNA and histone methylation (DNMT- and
EZH2-mediated) silence SERPINB1 in PCa,
contributing to inflammation-induced PCa

progression

WB
RT-qPCR

ChIP
Pyrosequencing

FACS-sorting
IHC/IF

In vitro (cell lines) +
in vivo (mouse) Lerman I, 2019 [144]

PRC1 (inhibitor GW-516) CCL2; PD-1 and CTLA-4
double inhibitor

PRC1 drives metastases by inducing CCL2,
which in turn enhances recruitment of

immunosuppressive M2-like TAM and Tregs
Combined inhibition of PRC1 and

checkpoint inhibitors suppresses metastases

IHC
IF

RNA-seq
ChIP-seq

FACS-sorting
IB/WB

RT-qPCR

PCa tissues + in vitro (cell
lines) + in vivo (mouse) Su W, 2019 [151]

BET bromodomain
inhibitor (JQ1)

PD-L1, HLA-ABC,
CTLA-4

↓ PD-L1 expression, ↑MHC 1
Effect additive to anti-CTLA-4 treatment

↑ CD8/Treg ratio

RNA-seq
RT-qPCR

FACS-sorting

In vitro (cell lines) o
in vivo (mouse) Mao W, 2019 [142]

Abbreviations: 5AZA—5-azacytidine; BCR—biochemical recurrence; BET—bromodomain and extra-terminal motif; ChIP—chromatin immunoprecipitation; ChIP-seq—ChIP sequencing;
CRPC—castration-resistant prostate cancer; CTA—cancer testis antigen; CTC—circulating tumor cell; CTLA-4—cytotoxic T-lymphocyte associated antigen; DC—dendritic cells;
ELISA - enzyme-linked immunosorbent assay; FACS—fluorescence-activated cell sorting; IB—immunoblot; ICC—immunocytochemistry; IF—immunofluorescence; IFN—interferon;
IHC—immunohistochemistry; NE—neutrophil elastase; PD-1—programmed cell death protein 1; PCa—prostate cancer; PD-L1—Programmed death-ligand 1; PRC1—polycomb repressor
complex 1; qMSP—quantitative methylation-specific PCR; RNA-seq—RNA-sequencing; RT-qPCR—real-time quantitative polymerase chain reaction; TAM—tumor associated macrophage;
Treg—regulatory T cells; TSA—trichostatin A; VA—valproic acid; WB—Western Blot.
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Chemokines that attract effector and regulatory cells to the tumor are very relevant in regulating
immune response. Like for CTAs, decitabine also restored/induced the expression of the chemokine
CXCL14, which functions as a chemoattractant for dendritic cells [145]. On the other hand, Su and
coworkers [151] have focused on CCL2. In their work, they uncovered that the polycomb repressor
complex 1 (PRC1) in androgen-receptor and neuroendocrine double-negative PCa is responsible for
producing metastases, by regulating CCL2 expression. CCL2 is also involved in the recruitment of immune
cells, this time of M2-like tumor-associated macrophages and Tregs, which are immunosuppressive.
Elegantly, the authors showed that a PRC1 inhibitor (GW-516) combined with double-inhibition of PD-1
and CTLA-4 led to metastases suppression in vivo.

Recently, among the epigenetic modifiers, those targeting bromodomains have been gathering
some attention, including in PCa [153]. Mao et al. has recently demonstrated that JQ1, an inhibitor
of bromodomain and extra-terminal (BET) bromodomain family, impacts on the immune response
players, including PD-L1 downregulation, MHC1 upregulation, additive effect to anti-CTLA-4 agents
and inducing an increase in the CD8/Treg ratio, leading to immunogenicity [142].

The development of animal models allowing for the study of the relation between PCa and
inflammation have proved very useful for better understanding the underlying mechanisms and for
reaching relevant biomarkers to be validated in human patient samples [154]. For instance, Zhao et al. were
able to study and propose a regulatory axis of inflammation-associated PCa, based on a Twist1-dependent
DNMT3a recruitment to the promoter of miR-186, inducing its methylation and blocking the response of
this microRNA to inflammation (inhibiting the transcription of NF-kB/p65) [155].

Besides more conventional drugs, natural compounds have been shown to display antitumor
properties [156–158], namely concerning epigenetic regulation. As an example, the natural methanolic
extract from P. foetida leaves was shown to have antitumor effects in PCa cell lines, mechanistically
resulting in downregulation of DNMT1, HDACs and various pro-inflammatory cytokines, including
IL-6 and TNF-α. Authors believe that these compounds may, therefore, target epigenetic landscape of
tumors, but also be used for promoting immune responses [159].

5. Testicular Cancer

5.1. Major Clinical Challenges

When refering to testicular cancer one is often referring, in fact, to testicular germ cell tumors
(TGCTs), since they represent more than 95% of all testicular neoplasms. Despite not being a common
malignancy, they are the most frequent solid cancers among young adult Caucasian men and incidence
is increasing worldwide due to changes in lifestyle, which is in line with the proposed genetic and
environmental model (“genvironment”) of the disease [160–162].

TGCTs are very heterogeneous [163], reflecting a complex tumor model that closely resembles
developmental biology phenomena. Type II TGCTs (the most common) derive from a precursor lesion
named germ cell neoplasia in situ (GCNIS), which then evolves into two big categories, seminomas
(SEs) and non-seminomas (NSs), the latter being further divided into embryonal carcinoma (EC),
postpubertal-type yolk sac tumor (YST), choriocarcinoma (CH) and postpubertal-type teratoma
(TE) [162,164]. An integrated approach to TGCTs [165] has evidenced remarkable differences in
methylation profiles between SE and NS, and also confirmed the value of the miR371–373 cluster in
these tumors. One of the major challenges of TGCTs is common to other pediatric malignancies: they
do not show frequent mutations, and copy number variations are not abundant. This way, the quest
for finding disease biomarkers (for diagnostic, prognostic or even therapeutic purposes) can only be
acomplished by turning into epigenetics (since the epigenetic background of these tumors is very
rich) [166].

The overall prognosis of TGCTs is excellent, with survival rates frequently over 90%. However,
many challenges lie ahead; overtreatment of indolent disease that would be cured by orchiectomy
alone is a major problem, since these cancers afflict mainly young patients with high chances of
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becoming cancer survivors and experiencing late side effects of systemic and radiation treatments [167].
So, there is an urgent need for better biomarkers to accurately follow-up stage I disease and to
discriminate the subgroup of patients that might experience relapse, and that can benefit from adjuvant
treatment. Furthermore, a subgroup of patients develops cisplatin-resistant disease, which is very
difficult to handle and treat, being responsible for most of the deaths. More effort needs to be put into
understanding the biology of this disease phenotype and into findings novel treatment options for
these patients [168].

5.2. The Immune Landscape and Immune Therapies—Brief Overview in Testicular Germ Cell Tumors

TGCTs, namely SEs, are characterized by an often remarkable immune infiltrate; however, immune
checkpoint expression and immune therapies are still scarcely explored in these tumors. Few studies
have shown PD-L1 (but not PD-1) expression in TGCTs, both in immune cells and tumor cells.
Importantly, this has been shown to associate with prognosis, namely survival outcome of the patients,
which means that there seems to be a rationale for using immune therapies, alone or in combination, to
treat these patients [169–171]. Also, CTLA-4 was shown to be expressed in these neoplasms [172].

In this line, clinical trials were put in motion to assess the efficacy of immune checkpoint inhibitors
for treating TGCT patients; these trials were, however, unsuccessful, as there was no improvement in
survival [173–175]. However, they have been pursued in unselected populations of multiple relapsed
cisplatin-resistant patients. Also, there are preliminary results indicative of some clinical activity for
the combination of durvalumab and tremelimumab [174]. Further combinations should be explored in
the future to assess the value of these agents in treating this disease.

5.3. Role of Immunoepigenetics?

The epigenetic landscape of TGCTs is very determinant in these tumors, from their genesis to
progression, recapitulating developmental events. DNA and histone modifications in these tumors are
quite distinct, SEs being hypomethylated and more acetylated, while NSs show hypermethylation and
increased acetylation [176,177]. Given their supranumerical X-chromosome content, the expression of
XIST, triggered by demethylation of its promoter, is maintained in these tumors, contrarily to somatic
cancers [178], which may be used as a liquid biopsy marker of the disease [179]. In this field, a lot of
attention has been directed to microRNAs, since they compensate for the limitations of the classical
serum markers in diagnostic, prognostic and follow-up settings [180]. Some studies on agents targeting
histone (de)acetylation were reported, showing that trichostatin A led to increased apoptosis of EC
cells in synergy with retinoic acid [181]; moreover, the SE-like cell line TCam-2 proved to be resistant
to apoptosis and differentiation when exposed to decitabine, a demethylating agent, but sensitive to
the HDAC-inhibitor depsipeptide [182].

For the time being, no data on combination of immune therapies, such as checkpoint inhibitors,
and epigenetic drugs is available; this means that there is a lot to explore in this field, since there
is rationale (and need) for novel therapies, particularly to mitigate cisplatin resistance. Indeed, the
ability of demethylating agents (like decitabine) to induce immunogenicity by restoring expression
of CTAs (like mentioned above for the other tumor models) might indeed be useful for applying to
NSs, since these subtypes show increasingly more hypermethylation in a differentiation-dependent
manner, contrarily to SEs which are highly hypomethylated [183]. This is in line with the absence of
expression of CTAs in all NSs in the study by Bode et al., as opposed to their expression in a subset
of SEs (ranging from 3% to 40% depending on the specific CTA) [184]. Moreover, given the effects
on Tregs and effector T cells produced by agents like entinostat in the other tumor models, and since
TGCTs often show a rich immune infiltrate, it is fair to assume that combination of such agents with
immune therapies might result in a more robust combination.
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6. Conclusions: Future Perspectives for Immunoepigenetics in Urological Cancer

We have reviewed recent literature that provided evidence for interactions between epigenetic
regulation and the immune microenvironment, and that explored the combination of immune therapies
with epigenetic therapies, showing promising (synergistic) results in vitro and in vivo. Several
strategies were presented (Figure 1) for BlCa, KCa, and PCa, holding the promise of combining various
immune therapies, from cytokines, to immune checkpoints, to therapeutic vaccines and oncolytic
viruses, with the currently available epigenetic modifiers, mainly the well-known demethylating and
HDAC inhibitor agents, but also other specific agents targeting bromodomains or specific players
(EZH2, for instance). For TGCTs, the same combinations are expected to be attempted in the future,
especially if immune therapies consistently prove their value in future works. For these tumors,
epigenetic drugs are already being actively explored owing to their ability to modulate the rich and
characteristic epigenetic landscape of each tumor entity.

Figure 1. Immunoepigenetic therapeutic strategies for urological malignancies. Since there is
evidence that the tumor immune response is epigenetically regulated, there is rationale for combining
epigenetic modifiers with immune therapies, in order to achieve better clinical outcome. Abbreviations:
APC—antigen presenting cell; BET—bromodomain extra-terminal; CTLA-4—cytotoxic T-lymphocyte
associated antigen; DC—dendritic cell; HDAC—histone deacetylase; PD-(L)1—programmed death
(ligand) 1.

The knowledge that the immune response is epigenetically regulated should lead to efforts of
therapeutically targeting both these cancer hallmarks in combination, to achieve a better clinical
outcome, and the choice of the best therapy should reflect the molecular subtype and genomic
background of each tumor [82,185]. Several clinical trials are ongoing in various tumor models, and
will shed light on this subject, including for urological malignancies [186–188].
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Abbreviations

BlCa Bladder cancer
NMIBC Non muscle invasive bladder cancer
MIBC Muscle invasive bladder cancer
BCG Bacillus-Calmette Guérin
FDA Food and Drug Administration
PD-1 Programmed death 1
PD-L1 Programmed death-ligand 1
CTLA-4 Cytotoxic T lymphocyte-associated antigen
APC Antigen-presenting cells
EMT Epithelial-to-mesenchymal transition
HDAC Histone deacetylase
CTA Cancer testis antigen
IFN Interferon
DC Dendritic cell
DNMT DNA methyltransferase
KCa Kidney cancer
RCC Renal cell carcinoma
ccRCC Clear cell renal cell carcinoma
pRCC Papillary renal cell carcinoma
chRCC Chromophobe renal cell carcinoma
IL Interleukin
TKI Tyrosine kinase inhibitor
Treg T regulatory cell
PCa Prostate cancer
PSA Prostate-specific antigen
CRPC Castration-resistant prostate cancer
TSA Trichostatin
BET Bromodomain Extra-Terminal
TGCT Testicular germ cell tumor
SE Seminoma
NS Non-seminoma
EC Embryonal carcinoma
YST Postpubertal-type yolk sac tumor
CH Choriocarcinoma
TE Postpubertal-type teratoma

References

1. Kockelbergh, R.; Hounsome, L.; Mayer, E. The Epidemiology of urological cancer 2001–2013. J. Clin. Urol.
2017, 10, 3–8. [CrossRef]

2. Greiman, A.K.; Rosoff, J.S.; Prasad, S.M. Association of Human Development Index with global bladder,
kidney, prostate and testis cancer incidence and mortality. BJU Int. 2017, 120, 799–807. [CrossRef] [PubMed]

3. Dy, G.W.; Gore, J.L.; Forouzanfar, M.H.; Naghavi, M.; Fitzmaurice, C. Global Burden of Urologic Cancers,
1990–2013. Eur. Urol. 2017, 71, 437–446. [CrossRef] [PubMed]

4. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
[PubMed]

5. Antoni, S.; Ferlay, J.; Soerjomataram, I.; Znaor, A.; Jemal, A.; Bray, F. Bladder Cancer Incidence and Mortality:
A Global Overview and Recent Trends. Eur. Urol. 2017, 71, 96–108. [CrossRef] [PubMed]

6. Wong, M.C.S.; Fung, F.D.H.; Leung, C.; Cheung, W.W.L.; Goggins, W.B.; Ng, C.F. The global epidemiology of
bladder cancer: A joinpoint regression analysis of its incidence and mortality trends and projection. Sci. Rep.
2018, 8, 1129. [CrossRef]

7. Ferlay, J.; Ervik, M.; Lam, F.; Colombet, M.; Mery, L.; Piñeros, M.; Znaor, A.; Soerjomataram, I.; Bray, F. Global
Cancer Observatory: Cancer Tomorrow; IARC: Lyon, France, 2018.

http://dx.doi.org/10.1177/2051415816674103
http://dx.doi.org/10.1111/bju.13875
http://www.ncbi.nlm.nih.gov/pubmed/28480994
http://dx.doi.org/10.1016/j.eururo.2016.10.008
http://www.ncbi.nlm.nih.gov/pubmed/28029399
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1016/j.eururo.2016.06.010
http://www.ncbi.nlm.nih.gov/pubmed/27370177
http://dx.doi.org/10.1038/s41598-018-19199-z


Int. J. Mol. Sci. 2020, 21, 829 18 of 27

8. Leal, J.; Luengo-Fernandez, R.; Sullivan, R.; Witjes, J.A. Economic Burden of Bladder Cancer Across the
European Union. Eur. Urol. 2016, 69, 438–447. [CrossRef]

9. Margulis, V.; Shariat, S.F.; Matin, S.F.; Kamat, A.M.; Zigeuner, R.; Kikuchi, E.; Lotan, Y.; Weizer, A.; Raman, J.D.;
Wood, C.G. Outcomes of radical nephroureterectomy: A series from the Upper Tract Urothelial Carcinoma
Collaboration. Cancer 2009, 115, 1224–1233. [CrossRef]

10. Sanli, O.; Dobruch, J.; Knowles, M.A.; Burger, M.; Alemozaffar, M.; Nielsen, M.E.; Lotan, Y. Bladder cancer.
Nat. Rev. Dis. Primers 2017, 3, 17022. [CrossRef]

11. Moch, H.; Ulbright, T.; Humphrey, P.; Reuter, V. WHO Classification of Tumours of the Urinary System and Male
Genital Organs, 4th ed.; IARC: Lyon, France, 2016.

12. Sjodahl, G.; Eriksson, P.; Liedberg, F.; Hoglund, M. Molecular classification of urothelial carcinoma: Global
mRNA classification versus tumour-cell phenotype classification. J. Pathol. 2017, 242, 113–125. [CrossRef]

13. Choi, W.; Porten, S.; Kim, S.; Willis, D.; Plimack, E.R.; Hoffman-Censits, J.; Roth, B.; Cheng, T.; Tran, M.;
Lee, I.L.; et al. Identification of distinct basal and luminal subtypes of muscle-invasive bladder cancer with
different sensitivities to frontline chemotherapy. Cancer Cell 2014, 25, 152–165. [CrossRef] [PubMed]

14. Robertson, A.G.; Kim, J.; Al-Ahmadie, H.; Bellmunt, J.; Guo, G.; Cherniack, A.D.; Hinoue, T.; Laird, P.W.;
Hoadley, K.A.; Akbani, R.; et al. Comprehensive Molecular Characterization of Muscle-Invasive Bladder
Cancer. Cell 2018, 174, 1033. [CrossRef] [PubMed]

15. Raghavan, D. Chemotherapy for Invasive Bladder Cancer: Five Simple Rules Learned Over 30 Years.
Bladder Cancer 2015, 1, 3–13. [CrossRef] [PubMed]

16. Henrique, R.; Nunes, S.P.; Jeronimo, C. MSH2 Expression and Resistance to Cisplatin in Muscle-invasive
Bladder Cancer: A Mix of Progress and Challenges. Eur. Urol. 2019, 75, 251–252. [CrossRef]

17. Drayton, R.M.; Catto, J.W. Molecular mechanisms of cisplatin resistance in bladder cancer. Expert Rev.
Anticancer Ther. 2012, 12, 271–281. [CrossRef]

18. Joseph, M.; Enting, D. Immune Responses in Bladder Cancer-Role of Immune Cell Populations, Prognostic
Factors and Therapeutic Implications. Front. Oncol. 2019, 9, 1270. [CrossRef]

19. Ren, R.; Tyryshkin, K.; Graham, C.H.; Koti, M.; Siemens, D.R. Comprehensive immune transcriptomic
analysis in bladder cancer reveals subtype specific immune gene expression patterns of prognostic relevance.
Oncotarget 2017, 8, 70982–71001. [CrossRef]

20. Choi, W.; Ochoa, A.; McConkey, D.J.; Aine, M.; Hoglund, M.; Kim, W.Y.; Real, F.X.; Kiltie, A.E.; Milsom, I.;
Dyrskjot, L.; et al. Genetic Alterations in the Molecular Subtypes of Bladder Cancer: Illustration in the
Cancer Genome Atlas Dataset. Eur. Urol. 2017, 72, 354–365. [CrossRef]

21. Chan, T.A.; Yarchoan, M.; Jaffee, E.; Swanton, C.; Quezada, S.A.; Stenzinger, A.; Peters, S. Development of
tumor mutation burden as an immunotherapy biomarker: Utility for the oncology clinic. Ann. Oncol. 2019,
30, 44–56. [CrossRef]

22. Chalmers, Z.R.; Connelly, C.F.; Fabrizio, D.; Gay, L.; Ali, S.M.; Ennis, R.; Schrock, A.; Campbell, B.; Shlien, A.;
Chmielecki, J.; et al. Analysis of 100,000 human cancer genomes reveals the landscape of tumor mutational
burden. Genome Med. 2017, 9, 34. [CrossRef]

23. Chabanon, R.M.; Pedrero, M.; Lefebvre, C.; Marabelle, A.; Soria, J.C.; Postel-Vinay, S. Mutational Landscape
and Sensitivity to Immune Checkpoint Blockers. Clin. Cancer Res. 2016, 22, 4309–4321. [CrossRef]

24. Cancer Genome Atlas Research Network. Comprehensive molecular characterization of urothelial bladder
carcinoma. Nature 2014, 507, 315–322. [CrossRef] [PubMed]

25. Wang, Y.; Yang, M.; Yu, Q.; Yu, L.; Shao, S.; Wang, X. Recombinant bacillus Calmette-Guerin in urothelial
bladder cancer immunotherapy: Current strategies. Expert Rev. Anticancer Ther. 2015, 15, 85–93. [CrossRef]
[PubMed]

26. Fuge, O.; Vasdev, N.; Allchorne, P.; Green, J.S. Immunotherapy for bladder cancer. Res. Rep. Urol. 2015, 7,
65–79. [PubMed]

27. Farina, M.S.; Lundgren, K.T.; Bellmunt, J. Immunotherapy in Urothelial Cancer: Recent Results and Future
Perspectives. Drugs 2017, 77, 1077–1089. [CrossRef] [PubMed]

28. Teo, M.Y.; Rosenberg, J.E. Nivolumab for the treatment of urothelial cancers. Expert Rev. Anticancer Ther.
2018, 18, 215–221. [CrossRef]

29. Hodgson, A.; Slodkowska, E.; Jungbluth, A.; Liu, S.K.; Vesprini, D.; Enepekides, D.; Higgins, K.; Katabi, N.;
Xu, B.; Downes, M.R. PD-L1 Immunohistochemistry Assay Concordance in Urothelial Carcinoma of the
Bladder and Hypopharyngeal Squamous Cell Carcinoma. Am. J. Surg. Pathol. 2018, 42, 1059–1066. [CrossRef]

http://dx.doi.org/10.1016/j.eururo.2015.10.024
http://dx.doi.org/10.1002/cncr.24135
http://dx.doi.org/10.1038/nrdp.2017.22
http://dx.doi.org/10.1002/path.4886
http://dx.doi.org/10.1016/j.ccr.2014.01.009
http://www.ncbi.nlm.nih.gov/pubmed/24525232
http://dx.doi.org/10.1016/j.cell.2018.07.036
http://www.ncbi.nlm.nih.gov/pubmed/30096301
http://dx.doi.org/10.3233/BLC-150010
http://www.ncbi.nlm.nih.gov/pubmed/30561439
http://dx.doi.org/10.1016/j.eururo.2018.11.014
http://dx.doi.org/10.1586/era.11.201
http://dx.doi.org/10.3389/fonc.2019.01270
http://dx.doi.org/10.18632/oncotarget.20237
http://dx.doi.org/10.1016/j.eururo.2017.03.010
http://dx.doi.org/10.1093/annonc/mdy495
http://dx.doi.org/10.1186/s13073-017-0424-2
http://dx.doi.org/10.1158/1078-0432.CCR-16-0903
http://dx.doi.org/10.1038/nature12965
http://www.ncbi.nlm.nih.gov/pubmed/24476821
http://dx.doi.org/10.1586/14737140.2015.961430
http://www.ncbi.nlm.nih.gov/pubmed/25231670
http://www.ncbi.nlm.nih.gov/pubmed/26000263
http://dx.doi.org/10.1007/s40265-017-0748-7
http://www.ncbi.nlm.nih.gov/pubmed/28493171
http://dx.doi.org/10.1080/14737140.2018.1432357
http://dx.doi.org/10.1097/PAS.0000000000001084


Int. J. Mol. Sci. 2020, 21, 829 19 of 27

30. Rijnders, M.; van der Veldt, A.A.M.; Zuiverloon, T.C.M.; Grunberg, K.; Thunnissen, E.; de Wit, R.; van
Leenders, G. PD-L1 Antibody Comparison in Urothelial Carcinoma. Eur. Urol. 2019, 75, 538–540. [CrossRef]

31. Gopalakrishnan, D.; Koshkin, V.S.; Ornstein, M.C.; Papatsoris, A.; Grivas, P. Immune checkpoint inhibitors in
urothelial cancer: Recent updates and future outlook. Ther. Clin. Risk Manag. 2018, 14, 1019–1040. [CrossRef]

32. Davarpanah, N.N.; Yuno, A.; Trepel, J.B.; Apolo, A.B. Immunotherapy: A new treatment paradigm in bladder
cancer. Curr. Opin. Oncol. 2017. [CrossRef]

33. Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.J.; Rutkowski, P.; Lao, C.D.; Cowey, C.L.; Schadendorf, D.;
Wagstaff, J.; Dummer, R.; et al. Five-Year Survival with Combined Nivolumab and Ipilimumab in Advanced
Melanoma. N. Engl. J. Med. 2019, 381, 1535–1546. [CrossRef] [PubMed]

34. Van der Heijden, A.G.; Mengual, L.; Ingelmo-Torres, M.; Lozano, J.J.; van Rijt-van de Westerlo, C.C.M.;
Baixauli, M.; Geavlete, B.; Moldoveanud, C.; Ene, C.; Dinney, C.P.; et al. Urine cell-based DNA methylation
classifier for monitoring bladder cancer. Clin. Epigenetics 2018, 10, 71. [CrossRef] [PubMed]

35. Renard, I.; Joniau, S.; van Cleynenbreugel, B.; Collette, C.; Naome, C.; Vlassenbroeck, I.; Nicolas, H.; de
Leval, J.; Straub, J.; Van Criekinge, W.; et al. Identification and validation of the methylated TWIST1 and
NID2 genes through real-time methylation-specific polymerase chain reaction assays for the noninvasive
detection of primary bladder cancer in urine samples. Eur. Urol. 2010, 58, 96–104. [CrossRef] [PubMed]

36. Padrao, N.A.; Monteiro-Reis, S.; Torres-Ferreira, J.; Antunes, L.; Leca, L.; Montezuma, D.; Ramalho-Carvalho, J.;
Dias, P.C.; Monteiro, P.; Oliveira, J.; et al. MicroRNA promoter methylation: A new tool for accurate detection of
urothelial carcinoma. Br. J. Cancer 2017, 116, 634–639. [CrossRef] [PubMed]

37. Larsen, L.K.; Lind, G.E.; Guldberg, P.; Dahl, C. DNA-Methylation-Based Detection of Urological Cancer in
Urine: Overview of Biomarkers and Considerations on Biomarker Design, Source of DNA, and Detection
Technologies. Int J. Mol. Sci. 2019, 20, 2657. [CrossRef]

38. Casadevall, D.; Kilian, A.Y.; Bellmunt, J. The prognostic role of epigenetic dysregulation in bladder cancer: A
systematic review. Cancer Treat. Rev. 2017, 61, 82–93. [CrossRef]

39. Porten, S.P. Epigenetic Alterations in Bladder Cancer. Curr. Urol. Rep. 2018, 19, 102. [CrossRef]
40. Monteiro-Reis, S.; Lobo, J.; Henrique, R.; Jeronimo, C. Epigenetic Mechanisms Influencing Epithelial to

Mesenchymal Transition in Bladder Cancer. Int. J. Mol. Sci. 2019, 20, 297. [CrossRef]
41. Chen, X.; Xie, W.; Gu, P.; Cai, Q.; Wang, B.; Xie, Y.; Dong, W.; He, W.; Zhong, G.; Lin, T.; et al. Upregulated

WDR5 promotes proliferation, self-renewal and chemoresistance in bladder cancer via mediating H3K4
trimethylation. Sci. Rep. 2015, 5, 8293. [CrossRef]

42. Cui, J.; Sun, W.; Hao, X.; Wei, M.; Su, X.; Zhang, Y.; Su, L.; Liu, X. EHMT2 inhibitor BIX-01294 induces
apoptosis through PMAIP1-USP9X-MCL1 axis in human bladder cancer cells. Cancer Cell Int. 2015, 15, 4.
[CrossRef]

43. Cao, Y.P.; Sun, J.Y.; Li, M.Q.; Dong, Y.; Zhang, Y.H.; Yan, J.; Huang, R.M.; Yan, X. Inhibition of G9a by a small
molecule inhibitor, UNC0642, induces apoptosis of human bladder cancer cells. Acta Pharmacol. Sin. 2019.
[CrossRef] [PubMed]

44. Li, F.; Zeng, J.; Gao, Y.; Guan, Z.; Ma, Z.; Shi, Q.; Du, C.; Jia, J.; Xu, S.; Wang, X.; et al. G9a Inhibition Induces
Autophagic Cell Death via AMPK/mTOR Pathway in Bladder Transitional Cell Carcinoma. PLoS ONE 2015,
10, e0138390. [CrossRef] [PubMed]

45. Zhang, Q.; Zhao, W.; Ye, C.; Zhuang, J.; Chang, C.; Li, Y.; Huang, X.; Shen, L.; Li, Y.; Cui, Y.; et al.
Honokiol inhibits bladder tumor growth by suppressing EZH2/miR-143 axis. Oncotarget 2015, 6, 37335–37348.
[CrossRef] [PubMed]

46. Canes, D.; Chiang, G.J.; Billmeyer, B.R.; Austin, C.A.; Kosakowski, M.; Rieger-Christ, K.M.; Libertino, J.A.;
Summerhayes, I.C. Histone deacetylase inhibitors upregulate plakoglobin expression in bladder carcinoma
cells and display antineoplastic activity in vitro and in vivo. Int. J. Cancer 2005, 113, 841–848. [CrossRef]
[PubMed]

47. Li, G.C.; Zhang, X.; Pan, T.J.; Chen, Z.; Ye, Z.Q. Histone deacetylase inhibitor trichostatin A inhibits the
growth of bladder cancer cells through induction of p21WAF1 and G1 cell cycle arrest. Int. J. Urol. 2006, 13,
581–586. [CrossRef]

48. Buckley, M.T.; Yoon, J.; Yee, H.; Chiriboga, L.; Liebes, L.; Ara, G.; Qian, X.; Bajorin, D.F.; Sun, T.T.; Wu, X.R.;
et al. The histone deacetylase inhibitor belinostat (PXD101) suppresses bladder cancer cell growth in vitro
and in vivo. J. Transl. Med. 2007, 5, 49. [CrossRef]

http://dx.doi.org/10.1016/j.eururo.2018.11.002
http://dx.doi.org/10.2147/TCRM.S158753
http://dx.doi.org/10.1097/CCO.0000000000000366
http://dx.doi.org/10.1056/NEJMoa1910836
http://www.ncbi.nlm.nih.gov/pubmed/31562797
http://dx.doi.org/10.1186/s13148-018-0496-x
http://www.ncbi.nlm.nih.gov/pubmed/29854012
http://dx.doi.org/10.1016/j.eururo.2009.07.041
http://www.ncbi.nlm.nih.gov/pubmed/19674832
http://dx.doi.org/10.1038/bjc.2016.454
http://www.ncbi.nlm.nih.gov/pubmed/28081549
http://dx.doi.org/10.3390/ijms20112657
http://dx.doi.org/10.1016/j.ctrv.2017.10.004
http://dx.doi.org/10.1007/s11934-018-0861-5
http://dx.doi.org/10.3390/ijms20020297
http://dx.doi.org/10.1038/srep08293
http://dx.doi.org/10.1186/s12935-014-0149-x
http://dx.doi.org/10.1038/s41401-018-0205-5
http://www.ncbi.nlm.nih.gov/pubmed/30765842
http://dx.doi.org/10.1371/journal.pone.0138390
http://www.ncbi.nlm.nih.gov/pubmed/26397365
http://dx.doi.org/10.18632/oncotarget.6135
http://www.ncbi.nlm.nih.gov/pubmed/26484567
http://dx.doi.org/10.1002/ijc.20634
http://www.ncbi.nlm.nih.gov/pubmed/15499627
http://dx.doi.org/10.1111/j.1442-2042.2006.01344.x
http://dx.doi.org/10.1186/1479-5876-5-49


Int. J. Mol. Sci. 2020, 21, 829 20 of 27

49. Byler, T.K.; Leocadio, D.; Shapiro, O.; Bratslavsky, G.; Stodgell, C.J.; Wood, R.W.; Messing, E.M.; Reeder, J.E.
Valproic acid decreases urothelial cancer cell proliferation and induces thrombospondin-1 expression.
BMC Urol. 2012, 12, 21. [CrossRef]

50. Deb, A.A.; Wilson, S.S.; Rove, K.O.; Kumar, B.; Koul, S.; Lim, D.D.; Meacham, R.B.; Koul, H.K. Potentiation of
mitomycin C tumoricidal activity for transitional cell carcinoma by histone deacetylase inhibitors in vitro.
J. Urol. 2011, 186, 2426–2433. [CrossRef]

51. Yoon, C.Y.; Park, M.J.; Lee, J.S.; Lee, S.C.; Oh, J.J.; Park, H.; Chung, C.W.; Abdullajanov, M.M.; Jeong, S.J.;
Hong, S.K.; et al. The histone deacetylase inhibitor trichostatin A synergistically resensitizes a cisplatin
resistant human bladder cancer cell line. J. Urol. 2011, 185, 1102–1111. [CrossRef]

52. Groselj, B.; Kerr, M.; Kiltie, A.E. Radiosensitisation of bladder cancer cells by panobinostat is modulated by
Ku80 expression. Radiother Oncol. 2013, 108, 429–433. [CrossRef]

53. Nicholson, J.; Jevons, S.J.; Groselj, B.; Ellermann, S.; Konietzny, R.; Kerr, M.; Kessler, B.M.; Kiltie, A.E. E3
Ligase cIAP2 Mediates Downregulation of MRE11 and Radiosensitization in Response to HDAC Inhibition
in Bladder Cancer. Cancer Res. 2017, 77, 3027–3039. [CrossRef] [PubMed]

54. Fradet, Y.; Picard, V.; Bergeron, A.; LaRue, H. Cancer-testis antigen expression in bladder cancer. Prog. Urol.
2006, 16, 421–428. [PubMed]

55. Agundez, M.; Grau, L.; Palou, J.; Algaba, F.; Villavicencio, H.; Sanchez-Carbayo, M. Evaluation of the
methylation status of tumour suppressor genes for predicting bacillus Calmette-Guerin response in patients
with T1G3 high-risk bladder tumours. Eur. Urol. 2011, 60, 131–140. [CrossRef] [PubMed]

56. Alvarez-Mugica, M.; Fernandez-Gomez, J.M.; Cebrian, V.; Fresno, F.; Escaf, S.; Sanchez-Carbayo, M.
Polyamine-modulated factor-1 methylation predicts Bacillus Calmette-Guerin response in patients with
high-grade non-muscle-invasive bladder carcinoma. Eur. Urol. 2013, 63, 364–370. [CrossRef] [PubMed]

57. Husek, P.; Pacovsky, J.; Chmelarova, M.; Podhola, M.; Brodak, M. Methylation status as a predictor of
intravesical Bacillus Calmette-Guerin (BCG) immunotherapy response of high grade non-muscle invasive
bladder tumor. Biomed. Pap. 2017, 161, 210–216. [CrossRef] [PubMed]

58. Ahlen Bergman, E.; Hartana, C.A.; Johansson, M.; Linton, L.B.; Berglund, S.; Hyllienmark, M.; Lundgren, C.;
Holmstrom, B.; Palmqvist, K.; Hansson, J.; et al. Increased CD4(+) T cell lineage commitment determined by
CpG methylation correlates with better prognosis in urinary bladder cancer patients. Clin. Epigenetics 2018,
10, 102. [CrossRef] [PubMed]

59. Hartana, C.A.; Ahlen Bergman, E.; Broome, A.; Berglund, S.; Johansson, M.; Alamdari, F.; Jakubczyk, T.;
Huge, Y.; Aljabery, F.; Palmqvist, K.; et al. Tissue-resident memory T cells are epigenetically cytotoxic with
signs of exhaustion in human urinary bladder cancer. Clin. Exp. Immunol. 2018, 194, 39–53. [CrossRef]

60. Zhen, S.; Lu, J.; Chen, W.; Zhao, L.; Li, X. Synergistic Antitumor Effect on Bladder Cancer by Rational
Combination of Programmed Cell Death 1 Blockade and CRISPR-Cas9-Mediated Long Non-Coding RNA
Urothelial Carcinoma Associated 1 Knockout. Hum. Gene Ther. 2018, 29, 1352–1363. [CrossRef]

61. Koestler, D.C.; Usset, J.; Christensen, B.C.; Marsit, C.J.; Karagas, M.R.; Kelsey, K.T.; Wiencke, J.K. DNA
Methylation-Derived Neutrophil-to-Lymphocyte Ratio: An Epigenetic Tool to Explore Cancer Inflammation
and Outcomes. Cancer Epidemiol. Biomark. Prev. 2017, 26, 328–338. [CrossRef]

62. Ramakrishnan, S.; Granger, V.; Rak, M.; Hu, Q.; Attwood, K.; Aquila, L.; Krishnan, N.; Osiecki, R.;
Azabdaftari, G.; Guru, K.; et al. Inhibition of EZH2 induces NK cell-mediated differentiation and death in
muscle-invasive bladder cancer. Cell Death Differ. 2019, 26, 2100–2114. [CrossRef]

63. Segovia, C.; San Jose-Eneriz, E.; Munera-Maravilla, E.; Martinez-Fernandez, M.; Garate, L.; Miranda, E.;
Vilas-Zornoza, A.; Lodewijk, I.; Rubio, C.; Segrelles, C.; et al. Inhibition of a G9a/DNMT network triggers
immune-mediated bladder cancer regression. Nat. Med. 2019, 25, 1073–1081. [CrossRef] [PubMed]

64. Ramakrishnan, S.; Hu, Q.; Krishnan, N.; Wang, D.; Smit, E.; Granger, V.; Rak, M.; Attwood, K.; Johnson, C.;
Morrison, C.; et al. Decitabine, a DNA-demethylating agent, promotes differentiation via NOTCH1 signaling
and alters immune-related pathways in muscle-invasive bladder cancer. Cell Death Dis. 2017, 8, 3217.
[CrossRef] [PubMed]

65. Lasbury, M.E.; Merali, S.; Durant, P.J.; Tschang, D.; Ray, C.A.; Lee, C.H. Polyamine-mediated apoptosis of
alveolar macrophages during Pneumocystis pneumonia. J. Biol. Chem. 2007, 282, 11009–11020. [CrossRef]
[PubMed]

http://dx.doi.org/10.1186/1471-2490-12-21
http://dx.doi.org/10.1016/j.juro.2011.07.107
http://dx.doi.org/10.1016/j.juro.2010.10.034
http://dx.doi.org/10.1016/j.radonc.2013.06.021
http://dx.doi.org/10.1158/0008-5472.CAN-16-3232
http://www.ncbi.nlm.nih.gov/pubmed/28363998
http://www.ncbi.nlm.nih.gov/pubmed/17069033
http://dx.doi.org/10.1016/j.eururo.2011.04.020
http://www.ncbi.nlm.nih.gov/pubmed/21514719
http://dx.doi.org/10.1016/j.eururo.2012.05.050
http://www.ncbi.nlm.nih.gov/pubmed/22682992
http://dx.doi.org/10.5507/bp.2017.008
http://www.ncbi.nlm.nih.gov/pubmed/28344356
http://dx.doi.org/10.1186/s13148-018-0536-6
http://www.ncbi.nlm.nih.gov/pubmed/30075815
http://dx.doi.org/10.1111/cei.13183
http://dx.doi.org/10.1089/hum.2018.048
http://dx.doi.org/10.1158/1055-9965.EPI-16-0461
http://dx.doi.org/10.1038/s41418-019-0278-9
http://dx.doi.org/10.1038/s41591-019-0499-y
http://www.ncbi.nlm.nih.gov/pubmed/31270502
http://dx.doi.org/10.1038/s41419-017-0024-5
http://www.ncbi.nlm.nih.gov/pubmed/29242529
http://dx.doi.org/10.1074/jbc.M611686200
http://www.ncbi.nlm.nih.gov/pubmed/17314093


Int. J. Mol. Sci. 2020, 21, 829 21 of 27

66. Hodgson, A.; Jungbluth, A.A.; Katabi, N.; Xu, B.; Downes, M.R. Evaluation of cancer testis antigen (CT10,
PRAME) and MHC I expression in high-grade urothelial carcinoma of the bladder. Virchows Arch. 2019.
[CrossRef]

67. Zhen, S.; Hua, L.; Liu, Y.H.; Sun, X.M.; Jiang, M.M.; Chen, W.; Zhao, L.; Li, X. Inhibition of long non-coding
RNA UCA1 by CRISPR/Cas9 attenuated malignant phenotypes of bladder cancer. Oncotarget 2017, 8,
9634–9646. [CrossRef]

68. Moch, H.; Cubilla, A.L.; Humphrey, P.A.; Reuter, V.E.; Ulbright, T.M. The 2016 WHO Classification of
Tumours of the Urinary System and Male Genital Organs-Part A: Renal, Penile, and Testicular Tumours.
Eur. Urol. 2016, 70, 93–105. [CrossRef]

69. Banumathy, G.; Cairns, P. Signaling pathways in renal cell carcinoma. Cancer Biol. Ther. 2010, 10, 658–664.
[CrossRef]

70. Su, D.; Singer, E.A.; Srinivasan, R. Molecular pathways in renal cell carcinoma: Recent advances in genetics
and molecular biology. Curr. Opin. Oncol. 2015, 27, 217–223. [CrossRef]

71. Brugarolas, J. Renal-cell carcinoma–molecular pathways and therapies. N. Engl. J. Med. 2007, 356, 185–187.
[CrossRef]

72. Kim, W.Y.; Kaelin, W.G., Jr. Molecular pathways in renal cell carcinoma–rationale for targeted treatment.
Semin. Oncol. 2006, 33, 588–595. [CrossRef]

73. Ricketts, C.J.; De Cubas, A.A.; Fan, H.; Smith, C.C.; Lang, M.; Reznik, E.; Bowlby, R.; Gibb, E.A.; Akbani, R.;
Beroukhim, R.; et al. The Cancer Genome Atlas Comprehensive Molecular Characterization of Renal Cell
Carcinoma. Cell Rep. 2018, 23, 3698. [CrossRef] [PubMed]

74. Sanchez-Gastaldo, A.; Kempf, E.; Gonzalez Del Alba, A.; Duran, I. Systemic treatment of renal cell cancer: A
comprehensive review. Cancer Treat. Rev. 2017, 60, 77–89. [CrossRef] [PubMed]

75. Bamias, A.; Escudier, B.; Sternberg, C.N.; Zagouri, F.; Dellis, A.; Djavan, B.; Tzannis, K.; Kontovinis, L.;
Stravodimos, K.; Papatsoris, A.; et al. Current Clinical Practice Guidelines for the Treatment of Renal Cell
Carcinoma: A Systematic Review and Critical Evaluation. Oncologist 2017, 22, 667–679. [CrossRef] [PubMed]

76. Duran, I.; Lambea, J.; Maroto, P.; Gonzalez-Larriba, J.L.; Flores, L.; Granados-Principal, S.; Graupera, M.;
Saez, B.; Vivancos, A.; Casanovas, O. Resistance to Targeted Therapies in Renal Cancer: The Importance of
Changing the Mechanism of Action. Target. Oncol. 2017, 12, 19–35. [CrossRef] [PubMed]

77. Ghatalia, P.; Gordetsky, J.; Kuo, F.; Dulaimi, E.; Cai, K.Q.; Devarajan, K.; Bae, S.; Naik, G.; Chan, T.A.;
Uzzo, R.; et al. Prognostic impact of immune gene expression signature and tumor infiltrating immune cells
in localized clear cell renal cell carcinoma. J. Immunother Cancer 2019, 7, 139. [CrossRef] [PubMed]

78. Zhang, S.; Zhang, E.; Long, J.; Hu, Z.; Peng, J.; Liu, L.; Tang, F.; Li, L.; Ouyang, Y.; Zeng, Z. Immune infiltration
in renal cell carcinoma. Cancer Sci. 2019, 110, 1564–1572. [CrossRef]

79. Chevrier, S.; Levine, J.H.; Zanotelli, V.R.T.; Silina, K.; Schulz, D.; Bacac, M.; Ries, C.H.; Ailles, L.; Jewett, M.A.S.;
Moch, H.; et al. An Immune Atlas of Clear Cell Renal Cell Carcinoma. Cell 2017, 169, 736.e18–749.e18.
[CrossRef]

80. Clark, D.J.; Dhanasekaran, S.M.; Petralia, F.; Pan, J.; Song, X.; Hu, Y.; da Veiga Leprevost, F.; Reva, B.; Lih, T.M.;
Chang, H.Y.; et al. Integrated Proteogenomic Characterization of Clear Cell Renal Cell Carcinoma. Cell 2019,
179, 964.e31–983.e31. [CrossRef]

81. Lameirinhas, A.; Miranda-Goncalves, V.; Henrique, R.; Jeronimo, C. The Complex Interplay between
Metabolic Reprogramming and Epigenetic Alterations in Renal Cell Carcinoma. Genes 2019, 10, 264.
[CrossRef]

82. Ali, M.A.; Matboli, M.; Tarek, M.; Reda, M.; Kamal, K.M.; Nouh, M.; Ashry, A.M.; El-Bab, A.F.; Mesalam, H.A.;
Shafei, A.E.; et al. Epigenetic regulation of immune checkpoints: Another target for cancer immunotherapy?
Immunotherapy 2017, 9, 99–108. [CrossRef]

83. Atzpodien, J.; Kirchner, H.; Jonas, U.; Bergmann, L.; Schott, H.; Heynemann, H.; Fornara, P.; Loening, S.A.;
Roigas, J.; Muller, S.C.; et al. Interleukin-2- and interferon alfa-2a-based immunochemotherapy in advanced
renal cell carcinoma: A Prospectively Randomized Trial of the German Cooperative Renal Carcinoma
Chemoimmunotherapy Group (DGCIN). J. Clin. Oncol. 2004, 22, 1188–1194. [PubMed]

84. Dutcher, J.P.; Schwartzentruber, D.J.; Kaufman, H.L.; Agarwala, S.S.; Tarhini, A.A.; Lowder, J.N.; Atkins, M.B.
High dose interleukin-2 (Aldesleukin) - expert consensus on best management practices-2014. J. Immunother
Cancer 2014, 2, 26. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00428-019-02661-2
http://dx.doi.org/10.18632/oncotarget.14176
http://dx.doi.org/10.1016/j.eururo.2016.02.029
http://dx.doi.org/10.4161/cbt.10.7.13247
http://dx.doi.org/10.1097/CCO.0000000000000186
http://dx.doi.org/10.1056/NEJMe068263
http://dx.doi.org/10.1053/j.seminoncol.2006.06.001
http://dx.doi.org/10.1016/j.celrep.2018.06.032
http://www.ncbi.nlm.nih.gov/pubmed/29925010
http://dx.doi.org/10.1016/j.ctrv.2017.08.010
http://www.ncbi.nlm.nih.gov/pubmed/28898679
http://dx.doi.org/10.1634/theoncologist.2016-0435
http://www.ncbi.nlm.nih.gov/pubmed/28592625
http://dx.doi.org/10.1007/s11523-016-0463-4
http://www.ncbi.nlm.nih.gov/pubmed/27844272
http://dx.doi.org/10.1186/s40425-019-0621-1
http://www.ncbi.nlm.nih.gov/pubmed/31138299
http://dx.doi.org/10.1111/cas.13996
http://dx.doi.org/10.1016/j.cell.2017.04.016
http://dx.doi.org/10.1016/j.cell.2019.10.007
http://dx.doi.org/10.3390/genes10040264
http://dx.doi.org/10.2217/imt-2016-0111
http://www.ncbi.nlm.nih.gov/pubmed/14981107
http://dx.doi.org/10.1186/s40425-014-0026-0
http://www.ncbi.nlm.nih.gov/pubmed/31546315


Int. J. Mol. Sci. 2020, 21, 829 22 of 27

85. Santoni, M.; Massari, F.; Di Nunno, V.; Conti, A.; Cimadamore, A.; Scarpelli, M.; Montironi, R.; Cheng, L.;
Battelli, N.; Lopez-Beltran, A. Immunotherapy in renal cell carcinoma: Latest evidence and clinical
implications. Drugs Context. 2018, 7, 212528. [CrossRef] [PubMed]

86. Cella, D.; Grunwald, V.; Nathan, P.; Doan, J.; Dastani, H.; Taylor, F.; Bennett, B.; DeRosa, M.; Berry, S.;
Broglio, K.; et al. Quality of life in patients with advanced renal cell carcinoma given nivolumab versus
everolimus in CheckMate 025: A randomised, open-label, phase 3 trial. Lancet Oncol. 2016, 17, 994–1003.
[CrossRef]

87. Calvo, E.; Porta, C.; Grunwald, V.; Escudier, B. The Current and Evolving Landscape of First-Line Treatments
for Advanced Renal Cell Carcinoma. Oncologist 2019, 24, 338–348. [CrossRef]

88. Motzer, R.J.; Tannir, N.M.; McDermott, D.F.; Aren Frontera, O.; Melichar, B.; Choueiri, T.K.; Plimack, E.R.;
Barthelemy, P.; Porta, C.; George, S.; et al. Nivolumab plus Ipilimumab versus Sunitinib in Advanced
Renal-Cell Carcinoma. N. Engl. J. Med. 2018, 378, 1277–1290. [CrossRef]

89. McKay, R.R.; Bosse, D.; Choueiri, T.K. Evolving Systemic Treatment Landscape for Patients With Advanced
Renal Cell Carcinoma. J. Clin. Oncol. 2018, JCO2018790253. [CrossRef]

90. Iacovelli, R.; Nole, F.; Verri, E.; Renne, G.; Paglino, C.; Santoni, M.; Cossu Rocca, M.; Giglione, P.; Aurilio, G.;
Cullura, D.; et al. Prognostic Role of PD-L1 Expression in Renal Cell Carcinoma. A Systematic Review and
Meta-Analysis. Target. Oncol. 2016, 11, 143–148. [CrossRef]

91. Rini, B.I.; Stenzl, A.; Zdrojowy, R.; Kogan, M.; Shkolnik, M.; Oudard, S.; Weikert, S.; Bracarda, S.; Crabb, S.J.;
Bedke, J.; et al. IMA901, a multipeptide cancer vaccine, plus sunitinib versus sunitinib alone, as first-line
therapy for advanced or metastatic renal cell carcinoma (IMPRINT): A multicentre, open-label, randomised,
controlled, phase 3 trial. Lancet Oncol. 2016, 17, 1599–1611. [CrossRef]

92. Dalgliesh, G.L.; Furge, K.; Greenman, C.; Chen, L.; Bignell, G.; Butler, A.; Davies, H.; Edkins, S.; Hardy, C.;
Latimer, C.; et al. Systematic sequencing of renal carcinoma reveals inactivation of histone modifying genes.
Nature 2010, 463, 360–363. [CrossRef]

93. Liu, W.; Fu, Q.; An, H.; Chang, Y.; Zhang, W.; Zhu, Y.; Xu, L.; Xu, J. Decreased Expression of SETD2 Predicts
Unfavorable Prognosis in Patients With Nonmetastatic Clear-Cell Renal Cell Carcinoma. Medicine 2015, 94,
e2004. [CrossRef]

94. Ferreira, M.J.; Pires-Luis, A.S.; Vieira-Coimbra, M.; Costa-Pinheiro, P.; Antunes, L.; Dias, P.C.; Lobo, F.;
Oliveira, J.; Goncalves, C.S.; Costa, B.M.; et al. SETDB2 and RIOX2 are differentially expressed among
renal cell tumor subtypes, associating with prognosis and metastization. Epigenetics 2017, 12, 1057–1064.
[CrossRef] [PubMed]

95. Joosten, S.C.; Smits, K.M.; Aarts, M.J.; Melotte, V.; Koch, A.; Tjan-Heijnen, V.C.; van Engeland, M. Epigenetics
in renal cell cancer: Mechanisms and clinical applications. Nat. Rev. Urol. 2018, 15, 430–451. [CrossRef]
[PubMed]

96. Nam, H.Y.; Chandrashekar, D.S.; Kundu, A.; Shelar, S.; Kho, E.Y.; Sonpavde, G.; Naik, G.; Ghatalia, P.;
Livi, C.B.; Varambally, S.; et al. Integrative Epigenetic and Gene Expression Analysis of Renal Tumor
Progression to Metastasis. Mol. Cancer Res. 2019, 17, 84–96. [CrossRef]

97. Touma, S.E.; Goldberg, J.S.; Moench, P.; Guo, X.; Tickoo, S.K.; Gudas, L.J.; Nanus, D.M. Retinoic acid and
the histone deacetylase inhibitor trichostatin a inhibit the proliferation of human renal cell carcinoma in a
xenograft tumor model. Clin. Cancer Res. 2005, 11, 3558–3566. [CrossRef]

98. Jones, J.; Juengel, E.; Mickuckyte, A.; Hudak, L.; Wedel, S.; Jonas, D.; Blaheta, R.A. The histone deacetylase
inhibitor valproic acid alters growth properties of renal cell carcinoma in vitro and in vivo. J. Cell Mol. Med.
2009, 13, 2376–2385. [CrossRef]

99. Mahalingam, D.; Medina, E.C.; Esquivel, J.A., 2nd; Espitia, C.M.; Smith, S.; Oberheu, K.; Swords, R.;
Kelly, K.R.; Mita, M.M.; Mita, A.C.; et al. Vorinostat enhances the activity of temsirolimus in renal cell
carcinoma through suppression of survivin levels. Clin. Cancer Res. 2010, 16, 141–153. [CrossRef]

100. Kim, M.J.; Kim, D.E.; Jeong, I.G.; Choi, J.; Jang, S.; Lee, J.H.; Ro, S.; Hwang, J.J.; Kim, C.S. HDAC inhibitors
synergize antiproliferative effect of sorafenib in renal cell carcinoma cells. Anticancer Res. 2012, 32, 3161–3168.

101. Sato, A.; Asano, T.; Isono, M.; Ito, K.; Asano, T. Panobinostat synergizes with bortezomib to induce
endoplasmic reticulum stress and ubiquitinated protein accumulation in renal cancer cells. BMC Urol. 2014,
14, 71. [CrossRef]

http://dx.doi.org/10.7573/dic.212528
http://www.ncbi.nlm.nih.gov/pubmed/29899754
http://dx.doi.org/10.1016/S1470-2045(16)30125-5
http://dx.doi.org/10.1634/theoncologist.2018-0267
http://dx.doi.org/10.1056/NEJMoa1712126
http://dx.doi.org/10.1200/JCO.2018.79.0253
http://dx.doi.org/10.1007/s11523-015-0392-7
http://dx.doi.org/10.1016/S1470-2045(16)30408-9
http://dx.doi.org/10.1038/nature08672
http://dx.doi.org/10.1097/MD.0000000000002004
http://dx.doi.org/10.1080/15592294.2017.1385685
http://www.ncbi.nlm.nih.gov/pubmed/29099276
http://dx.doi.org/10.1038/s41585-018-0023-z
http://www.ncbi.nlm.nih.gov/pubmed/29867106
http://dx.doi.org/10.1158/1541-7786.MCR-17-0636
http://dx.doi.org/10.1158/1078-0432.CCR-04-1155
http://dx.doi.org/10.1111/j.1582-4934.2008.00436.x
http://dx.doi.org/10.1158/1078-0432.CCR-09-1385
http://dx.doi.org/10.1186/1471-2490-14-71


Int. J. Mol. Sci. 2020, 21, 829 23 of 27

102. Juengel, E.; Dauselt, A.; Makarevic, J.; Wiesner, C.; Tsaur, I.; Bartsch, G.; Haferkamp, A.; Blaheta, R.A.
Acetylation of histone H3 prevents resistance development caused by chronic mTOR inhibition in renal cell
carcinoma cells. Cancer Lett. 2012, 324, 83–90. [CrossRef]

103. Gollob, J.A.; Sciambi, C.J.; Peterson, B.L.; Richmond, T.; Thoreson, M.; Moran, K.; Dressman, H.K.; Jelinek, J.;
Issa, J.P. Phase I trial of sequential low-dose 5-aza-2′-deoxycytidine plus high-dose intravenous bolus
interleukin-2 in patients with melanoma or renal cell carcinoma. Clin. Cancer Res. 2006, 12, 4619–4627.
[CrossRef] [PubMed]

104. Reu, F.J.; Bae, S.I.; Cherkassky, L.; Leaman, D.W.; Lindner, D.; Beaulieu, N.; MacLeod, A.R.; Borden, E.C.
Overcoming resistance to interferon-induced apoptosis of renal carcinoma and melanoma cells by DNA
demethylation. J. Clin. Oncol. 2006, 24, 3771–3779. [CrossRef]

105. Kato, Y.; Yoshimura, K.; Shin, T.; Verheul, H.; Hammers, H.; Sanni, T.B.; Salumbides, B.C.; Van Erp, K.;
Schulick, R.; Pili, R. Synergistic in vivo antitumor effect of the histone deacetylase inhibitor MS-275 in
combination with interleukin 2 in a murine model of renal cell carcinoma. Clin. Cancer Res. 2007, 13,
4538–4546. [CrossRef]

106. Juengel, E.; Bhasin, M.; Libermann, T.; Barth, S.; Michaelis, M.; Cinatl, J., Jr.; Jones, J.; Hudak, L.; Jonas, D.;
Blaheta, R.A. Alterations of the gene expression profile in renal cell carcinoma after treatment with the
histone deacetylase-inhibitor valproic acid and interferon-alpha. World J. Urol. 2011, 29, 779–786. [CrossRef]
[PubMed]

107. Pili, R.; Quinn, D.I.; Hammers, H.J.; Monk, P.; George, S.; Dorff, T.B.; Olencki, T.; Shen, L.; Orillion, A.;
Lamonica, D.; et al. Immunomodulation by Entinostat in Renal Cell Carcinoma Patients Receiving High-Dose
Interleukin 2: A Multicenter, Single-Arm, Phase I/II Trial (NCI-CTEP#7870). Clin. Cancer Res. 2017, 23,
7199–7208.

108. Shen, L.; Ciesielski, M.; Ramakrishnan, S.; Miles, K.M.; Ellis, L.; Sotomayor, P.; Shrikant, P.; Fenstermaker, R.;
Pili, R. Class I histone deacetylase inhibitor entinostat suppresses regulatory T cells and enhances
immunotherapies in renal and prostate cancer models. PLoS ONE 2012, 7, e30815. [CrossRef] [PubMed]

109. Orillion, A.; Hashimoto, A.; Damayanti, N.; Shen, L.; Adelaiye-Ogala, R.; Arisa, S.; Chintala, S.; Ordentlich, P.;
Kao, C.; Elzey, B.; et al. Entinostat Neutralizes Myeloid-Derived Suppressor Cells and Enhances the
Antitumor Effect of PD-1 Inhibition in Murine Models of Lung and Renal Cell Carcinoma. Clin. Cancer Res.
2017, 23, 5187–5201. [CrossRef] [PubMed]

110. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]

111. Terada, N.; Akamatsu, S.; Kobayashi, T.; Inoue, T.; Ogawa, O.; Antonarakis, E.S. Prognostic and predictive
biomarkers in prostate cancer: Latest evidence and clinical implications. Ther. Adv. Med. Oncol 2017, 9,
565–573. [CrossRef]

112. Lobo, J.; Rodrigues, A.; Antunes, L.; Graca, I.; Ramalho-Carvalho, J.; Vieira, F.Q.; Martins, A.T.; Oliveira, J.;
Jeronimo, C.; Henrique, R. High immunoexpression of Ki67, EZH2, and SMYD3 in diagnostic prostate
biopsies independently predicts outcome in patients with prostate cancer. Urol. Oncol. 2018, 36, 161.
[CrossRef]

113. Gleason, D.F. Classification of prostatic carcinomas. Cancer Chemother. Rep. 1966, 50, 125–128. [PubMed]
114. Epstein, J.I.; Zelefsky, M.J.; Sjoberg, D.D.; Nelson, J.B.; Egevad, L.; Magi-Galluzzi, C.; Vickers, A.J.; Parwani, A.V.;

Reuter, V.E.; Fine, S.W.; et al. A Contemporary Prostate Cancer Grading System: A Validated Alternative to the
Gleason Score. Eur. Urol. 2016, 69, 428–435. [CrossRef] [PubMed]

115. Berney, D.M.; Beltran, L.; Fisher, G.; North, B.V.; Greenberg, D.; Moller, H.; Soosay, G.; Scardino, P.; Cuzick, J.
Validation of a contemporary prostate cancer grading system using prostate cancer death as outcome.
Br J. Cancer 2016, 114, 1078–1083. [CrossRef] [PubMed]

116. Ramalingam, S.; Ramamurthy, V.P.; Njar, V.C.O. Dissecting major signaling pathways in prostate cancer
development and progression: Mechanisms and novel therapeutic targets. J. Steroid Biochem. Mol. Biol. 2017,
166, 16–27. [CrossRef]

117. McCarty, M.F. Targeting multiple signaling pathways as a strategy for managing prostate cancer: Multifocal
signal modulation therapy. Integr. Cancer Ther. 2004, 3, 349–380. [CrossRef]

118. Huang, Y.; Jiang, X.; Liang, X.; Jiang, G. Molecular and cellular mechanisms of castration resistant prostate
cancer. Oncol Lett. 2018, 15, 6063–6076. [CrossRef]

http://dx.doi.org/10.1016/j.canlet.2012.05.003
http://dx.doi.org/10.1158/1078-0432.CCR-06-0883
http://www.ncbi.nlm.nih.gov/pubmed/16899610
http://dx.doi.org/10.1200/JCO.2005.03.4074
http://dx.doi.org/10.1158/1078-0432.CCR-07-0014
http://dx.doi.org/10.1007/s00345-010-0582-y
http://www.ncbi.nlm.nih.gov/pubmed/20640575
http://dx.doi.org/10.1371/journal.pone.0030815
http://www.ncbi.nlm.nih.gov/pubmed/22303460
http://dx.doi.org/10.1158/1078-0432.CCR-17-0741
http://www.ncbi.nlm.nih.gov/pubmed/28698201
http://dx.doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://dx.doi.org/10.1177/1758834017719215
http://dx.doi.org/10.1016/j.urolonc.2017.10.028
http://www.ncbi.nlm.nih.gov/pubmed/5948714
http://dx.doi.org/10.1016/j.eururo.2015.06.046
http://www.ncbi.nlm.nih.gov/pubmed/26166626
http://dx.doi.org/10.1038/bjc.2016.86
http://www.ncbi.nlm.nih.gov/pubmed/27100731
http://dx.doi.org/10.1016/j.jsbmb.2016.07.006
http://dx.doi.org/10.1177/1534735404270757
http://dx.doi.org/10.3892/ol.2018.8123


Int. J. Mol. Sci. 2020, 21, 829 24 of 27

119. Karantanos, T.; Evans, C.P.; Tombal, B.; Thompson, T.C.; Montironi, R.; Isaacs, W.B. Understanding the
mechanisms of androgen deprivation resistance in prostate cancer at the molecular level. Eur. Urol. 2015, 67,
470–479. [CrossRef]

120. Vitkin, N.; Nersesian, S.; Siemens, D.R.; Koti, M. The Tumor Immune Contexture of Prostate Cancer.
Front. Immunol 2019, 10, 603. [CrossRef]

121. Zhao, S.G.; Lehrer, J.; Chang, S.L.; Das, R.; Erho, N.; Liu, Y.; Sjostrom, M.; Den, R.B.; Freedland, S.J.; Klein, E.A.;
et al. The Immune Landscape of Prostate Cancer and Nomination of PD-L2 as a Potential Therapeutic Target.
J. Natl. Cancer Inst. 2019, 111, 301–310. [CrossRef]

122. Cancer Genome Atlas Research, N. The Molecular Taxonomy of Primary Prostate Cancer. Cell 2015, 163,
1011–1025.

123. Davies, A.H.; Zoubeidi, A.; Selth, L.A. The epigenetic and transcriptional landscape of neuroendocrine
prostate cancer. Endocr. Relat. Cancer 2019, 27, R35–R50. [CrossRef]

124. Wei, X.X.; Fong, L.; Small, E.J. Prostate Cancer Immunotherapy with Sipuleucel-T: Current Standards and
Future Directions. Expert Rev. Vaccines 2015, 14, 1529–1541. [CrossRef]

125. Risk, M.; Corman, J.M. The role of immunotherapy in prostate cancer: An overview of current approaches in
development. Rev. Urol. 2009, 11, 16–27.

126. Kantoff, P.W.; Higano, C.S.; Shore, N.D.; Berger, E.R.; Small, E.J.; Penson, D.F.; Redfern, C.H.; Ferrari, A.C.;
Dreicer, R.; Sims, R.B.; et al. Sipuleucel-T immunotherapy for castration-resistant prostate cancer. N. Engl.
J. Med. 2010, 363, 411–422. [CrossRef]

127. Cordes, L.M.; Gulley, J.L.; Madan, R.A. The evolving role of immunotherapy in prostate cancer. Curr. Opin.
Oncol. 2016, 28, 232–240. [CrossRef]

128. Schepisi, G.; Farolfi, A.; Conteduca, V.; Martignano, F.; De Lisi, D.; Ravaglia, G.; Rossi, L.; Menna, C.;
Bellia, S.R.; Barone, D.; et al. Immunotherapy for Prostate Cancer: Where We Are Headed. Int. J. Mol. Sci.
2017, 18, 2627. [CrossRef]

129. Kwon, E.D.; Drake, C.G.; Scher, H.I.; Fizazi, K.; Bossi, A.; van den Eertwegh, A.J.; Krainer, M.; Houede, N.;
Santos, R.; Mahammedi, H.; et al. Ipilimumab versus placebo after radiotherapy in patients with metastatic
castration-resistant prostate cancer that had progressed after docetaxel chemotherapy (CA184–043): A
multicentre, randomised, double-blind, phase 3 trial. Lancet Oncol. 2014, 15, 700–712. [CrossRef]

130. Baumgart, S.J.; Haendler, B. Exploiting Epigenetic Alterations in Prostate Cancer. Int. J. Mol. Sci. 2017,
18, 1017. [CrossRef]

131. Henrique, R.; Jeronimo, C. Molecular detection of prostate cancer: A role for GSTP1 hypermethylation.
Eur. Urol. 2004, 46, 660–669. [CrossRef]

132. Bakavicius, A.; Daniunaite, K.; Zukauskaite, K.; Barisiene, M.; Jarmalaite, S.; Jankevicius, F. Urinary DNA
methylation biomarkers for prediction of prostate cancer upgrading and upstaging. Clin. Epigenetics 2019,
11, 115. [CrossRef]

133. O’Reilly, E.; Tuzova, A.V.; Walsh, A.L.; Russell, N.M.; O’Brien, O.; Kelly, S.; Dhomhnallain, O.N.; DeBarra, L.;
Dale, C.M.; Brugman, R.; et al. epiCaPture: A Urine DNA Methylation Test for Early Detection of Aggressive
Prostate Cancer. JCO Precis. Oncol. 2019, 2019. [CrossRef]

134. Dumache, R.; Puiu, M.; Motoc, M.; Vernic, C.; Dumitrascu, V. Prostate cancer molecular detection in
plasma samples by glutathione S-transferase P1 (GSTP1) methylation analysis. Clin. Lab. 2014, 60, 847–852.
[CrossRef] [PubMed]

135. Bidarra, D.; Constancio, V.; Barros-Silva, D.; Ramalho-Carvalho, J.; Moreira-Barbosa, C.; Antunes, L.;
Mauricio, J.; Oliveira, J.; Henrique, R.; Jeronimo, C. Circulating MicroRNAs as Biomarkers for Prostate
Cancer Detection and Metastasis Development Prediction. Front. Oncol. 2019, 9, 900. [CrossRef] [PubMed]

136. Kanwal, R.; Plaga, A.R.; Liu, X.; Shukla, G.C.; Gupta, S. MicroRNAs in prostate cancer: Functional role as
biomarkers. Cancer Lett. 2017, 407, 9–20. [CrossRef]

137. Gupta, S.; Weston, A.; Bearrs, J.; Thode, T.; Neiss, A.; Soldi, R.; Sharma, S. Reversible lysine-specific
demethylase 1 antagonist HCI-2509 inhibits growth and decreases c-MYC in castration- and docetaxel-resistant
prostate cancer cells. Prostate Cancer Prostatic. Dis. 2016, 19, 349–357. [CrossRef]

138. Festuccia, C.; Gravina, G.L.; D’Alessandro, A.M.; Muzi, P.; Millimaggi, D.; Dolo, V.; Ricevuto, E.; Vicentini, C.;
Bologna, M. Azacitidine improves antitumor effects of docetaxel and cisplatin in aggressive prostate cancer
models. Endocr. Relat. Cancer 2009, 16, 401–413. [CrossRef]

http://dx.doi.org/10.1016/j.eururo.2014.09.049
http://dx.doi.org/10.3389/fimmu.2019.00603
http://dx.doi.org/10.1093/jnci/djy141
http://dx.doi.org/10.1530/ERC-19-0420
http://dx.doi.org/10.1586/14760584.2015.1099437
http://dx.doi.org/10.1056/NEJMoa1001294
http://dx.doi.org/10.1097/CCO.0000000000000281
http://dx.doi.org/10.3390/ijms18122627
http://dx.doi.org/10.1016/S1470-2045(14)70189-5
http://dx.doi.org/10.3390/ijms18051017
http://dx.doi.org/10.1016/j.eururo.2004.06.014
http://dx.doi.org/10.1186/s13148-019-0716-z
http://dx.doi.org/10.1200/PO.18.00134
http://dx.doi.org/10.7754/Clin.Lab.2013.130701
http://www.ncbi.nlm.nih.gov/pubmed/24839830
http://dx.doi.org/10.3389/fonc.2019.00900
http://www.ncbi.nlm.nih.gov/pubmed/31572685
http://dx.doi.org/10.1016/j.canlet.2017.08.011
http://dx.doi.org/10.1038/pcan.2016.21
http://dx.doi.org/10.1677/ERC-08-0130


Int. J. Mol. Sci. 2020, 21, 829 25 of 27

139. Park, S.E.; Kim, H.G.; Kim, D.E.; Jung, Y.J.; Kim, Y.; Jeong, S.Y.; Choi, E.K.; Hwang, J.J.; Kim, C.S. Combination
treatment with docetaxel and histone deacetylase inhibitors downregulates androgen receptor signaling in
castration-resistant prostate cancer. Investig. New Drugs 2018, 36, 195–205. [CrossRef]

140. Urbanucci, A.; Barfeld, S.J.; Kytola, V.; Itkonen, H.M.; Coleman, I.M.; Vodak, D.; Sjoblom, L.; Sheng, X.;
Tolonen, T.; Minner, S.; et al. Androgen Receptor Deregulation Drives Bromodomain-Mediated Chromatin
Alterations in Prostate Cancer. Cell Rep. 2017, 19, 2045–2059. [CrossRef]

141. Dunn, G.P.; Sheehan, K.C.; Old, L.J.; Schreiber, R.D. IFN unresponsiveness in LNCaP cells due to the lack of
JAK1 gene expression. Cancer Res. 2005, 65, 3447–3453. [CrossRef]

142. Mao, W.; Ghasemzadeh, A.; Freeman, Z.T.; Obradovic, A.; Chaimowitz, M.G.; Nirschl, T.R.; McKiernan, E.;
Yegnasubramanian, S.; Drake, C.G. Immunogenicity of prostate cancer is augmented by BET bromodomain
inhibition. J. Immunother. Cancer 2019, 7, 277. [CrossRef]

143. Hudak, L.; Tezeeh, P.; Wedel, S.; Makarevic, J.; Juengel, E.; Tsaur, I.; Bartsch, G.; Wiesner, C.; Haferkamp, A.;
Blaheta, R.A. Low dosed interferon alpha augments the anti-tumor potential of histone deacetylase inhibition
on prostate cancer cell growth and invasion. Prostate 2012, 72, 1719–1735. [CrossRef] [PubMed]

144. Lerman, I.; Ma, X.; Seger, C.; Maolake, A.; Garcia-Hernandez, M.L.; Rangel-Moreno, J.; Ackerman, J.; Nastiuk, K.L.;
Susiarjo, M.; Hammes, S.R. Epigenetic Suppression of SERPINB1 Promotes Inflammation-Mediated Prostate
Cancer Progression. Mol. Cancer Res. 2019, 17, 845–859. [CrossRef] [PubMed]

145. Song, E.Y.; Shurin, M.R.; Tourkova, I.L.; Gutkin, D.W.; Shurin, G.V. Epigenetic mechanisms of promigratory
chemokine CXCL14 regulation in human prostate cancer cells. Cancer Res. 2010, 70, 4394–4401. [CrossRef]
[PubMed]

146. Gameiro, S.R.; Malamas, A.S.; Tsang, K.Y.; Ferrone, S.; Hodge, J.W. Inhibitors of histone deacetylase 1 reverse
the immune evasion phenotype to enhance T-cell mediated lysis of prostate and breast carcinoma cells.
Oncotarget 2016, 7, 7390–7402. [CrossRef]

147. Danziger, O.; Shai, B.; Sabo, Y.; Bacharach, E.; Ehrlich, M. Combined genetic and epigenetic interferences
with interferon signaling expose prostate cancer cells to viral infection. Oncotarget 2016, 7, 52115–52134.
[CrossRef]

148. Goltz, D.; Holmes, E.E.; Gevensleben, H.; Sailer, V.; Dietrich, J.; Jung, M.; Rohler, M.; Meller, S.; Ellinger, J.;
Kristiansen, G.; et al. CXCL12 promoter methylation and PD-L1 expression as prognostic biomarkers in
prostate cancer patients. Oncotarget 2016, 7, 53309–53320. [CrossRef]

149. Heninger, E.; Krueger, T.E.; Thiede, S.M.; Sperger, J.M.; Byers, B.L.; Kircher, M.R.; Kosoff, D.; Yang, B.;
Jarrard, D.F.; McNeel, D.G.; et al. Inducible expression of cancer-testis antigens in human prostate cancer.
Oncotarget 2016, 7, 84359–84374. [CrossRef]

150. Lee, J.; Han, J.H.; Jang, A.; Kim, J.W.; Hong, S.A.; Myung, S.C. DNA Methylation-Mediated Downregulation
of DEFB1 in Prostate Cancer Cells. PLoS ONE 2016, 11, e0166664. [CrossRef]

151. Su, W.; Han, H.H.; Wang, Y.; Zhang, B.; Zhou, B.; Cheng, Y.; Rumandla, A.; Gurrapu, S.; Chakraborty, G.;
Su, J.; et al. The Polycomb Repressor Complex 1 Drives Double-Negative Prostate Cancer Metastasis by
Coordinating Stemness and Immune Suppression. Cancer Cell 2019, 36, 139–155. [CrossRef]

152. Sulek, J.E.; Robinson, S.P.; Petrossian, A.A.; Zhou, S.; Goliadze, E.; Manjili, M.H.; Toor, A.; Guruli, G. Role
of Epigenetic Modification and Immunomodulation in a Murine Prostate Cancer Model. Prostate 2017, 77,
361–373. [CrossRef]

153. Jang, M.K.; Mochizuki, K.; Zhou, M.; Jeong, H.S.; Brady, J.N.; Ozato, K. The bromodomain protein Brd4 is
a positive regulatory component of P-TEFb and stimulates RNA polymerase II-dependent transcription.
Mol. Cell 2005, 19, 523–534. [CrossRef] [PubMed]

154. Mimeault, M.; Batra, S.K. Development of animal models underlining mechanistic connections between
prostate inflammation and cancer. World J. Clin. Oncol. 2013, 4, 4–13. [CrossRef] [PubMed]

155. Zhao, X.; Deng, R.; Wang, Y.; Zhang, H.; Dou, J.; Li, L.; Du, Y.; Chen, R.; Cheng, J.; Yu, J. Twist1/Dnmt3a
and miR186 establish a regulatory circuit that controls inflammation-associated prostate cancer progression.
Oncogenesis 2017, 6, e315. [CrossRef] [PubMed]

156. Pejin, B.; Jovanovic, K.K.; Mojovic, M.; Savic, A.G. New and highly potent antitumor natural products from
marine-derived fungi: Covering the period from 2003 to 2012. Curr. Top. Med. Chem. 2013, 13, 2745–2766.
[CrossRef] [PubMed]

157. Pejin, B.; Kojic, V.; Bogdanovic, G. An insight into the cytotoxic activity of phytol at in vitro conditions.
Nat. Prod. Res. 2014, 28, 2053–2056. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s10637-017-0529-x
http://dx.doi.org/10.1016/j.celrep.2017.05.049
http://dx.doi.org/10.1158/0008-5472.CAN-04-4316
http://dx.doi.org/10.1186/s40425-019-0758-y
http://dx.doi.org/10.1002/pros.22525
http://www.ncbi.nlm.nih.gov/pubmed/22473339
http://dx.doi.org/10.1158/1541-7786.MCR-18-0638
http://www.ncbi.nlm.nih.gov/pubmed/30610107
http://dx.doi.org/10.1158/0008-5472.CAN-10-0427
http://www.ncbi.nlm.nih.gov/pubmed/20460540
http://dx.doi.org/10.18632/oncotarget.7180
http://dx.doi.org/10.18632/oncotarget.10313
http://dx.doi.org/10.18632/oncotarget.10786
http://dx.doi.org/10.18632/oncotarget.12711
http://dx.doi.org/10.1371/journal.pone.0166664
http://dx.doi.org/10.1016/j.ccell.2019.06.009
http://dx.doi.org/10.1002/pros.23275
http://dx.doi.org/10.1016/j.molcel.2005.06.027
http://www.ncbi.nlm.nih.gov/pubmed/16109376
http://dx.doi.org/10.5306/wjco.v4.i1.4
http://www.ncbi.nlm.nih.gov/pubmed/23539141
http://dx.doi.org/10.1038/oncsis.2017.16
http://www.ncbi.nlm.nih.gov/pubmed/28394356
http://dx.doi.org/10.2174/15680266113136660197
http://www.ncbi.nlm.nih.gov/pubmed/24083789
http://dx.doi.org/10.1080/14786419.2014.921686
http://www.ncbi.nlm.nih.gov/pubmed/24896297


Int. J. Mol. Sci. 2020, 21, 829 26 of 27

158. Pejin, B.; Iodice, C.; Tommonaro, G.; Bogdanovic, G.; Kojic, V.; De Rosa, S. Further in vitro evaluation of
cytotoxicity of the marine natural product derivative 4′-leucine-avarone. Nat. Prod. Res. 2014, 28, 347–350.
[CrossRef]

159. Pradhan, N.; Parbin, S.; Kausar, C.; Kar, S.; Mawatwal, S.; Das, L.; Deb, M.; Sengupta, D.; Dhiman, R.;
Patra, S.K. Paederia foetida induces anticancer activity by modulating chromatin modification enzymes and
altering pro-inflammatory cytokine gene expression in human prostate cancer cells. Food Chem. Toxicol. 2019,
130, 161–173. [CrossRef]

160. Van Der Zwan, Y.G.; Stoop, H.; Rossello, F.; White, S.J.; Looijenga, L.H. Role of epigenetics in the etiology of
germ cell cancer. Int J. Dev. Biol 2013, 57, 299–308. [CrossRef]

161. Rijlaarsdam, M.A.; Looijenga, L.H. An oncofetal and developmental perspective on testicular germ cell
cancer. Semin. Cancer Biol. 2014, 29, 59–74. [CrossRef]

162. Lobo, J.; Gillis, A.J.M.; Jeronimo, C.; Henrique, R.; Looijenga, L.H.J. Human Germ Cell Tumors are
Developmental Cancers: Impact of Epigenetics on Pathobiology and Clinic. Int. J. Mol. Sci. 2019, 20, 258.
[CrossRef]

163. Lobo, J.; Costa, A.L.; Vilela-Salgueiro, B.; Rodrigues, A.; Guimaraes, R.; Cantante, M.; Lopes, P.; Antunes, L.;
Jeronimo, C.; Henrique, R. Testicular germ cell tumors: Revisiting a series in light of the new WHO
classification and AJCC staging systems, focusing on challenges for pathologists. Hum. Pathol. 2018, 82,
113–124. [CrossRef] [PubMed]

164. Oosterhuis, J.W.; Looijenga, L.H.J. Human germ cell tumours from a developmental perspective. Nat. Rev.
Cancer 2019, 19, 522–537. [CrossRef] [PubMed]

165. Shen, H.; Shih, J.; Hollern, D.P.; Wang, L.; Bowlby, R.; Tickoo, S.K.; Thorsson, V.; Mungall, A.J.; Newton, Y.;
Hegde, A.M.; et al. Integrated Molecular Characterization of Testicular Germ Cell Tumors. Cell Rep. 2018, 23,
3392–3406. [CrossRef] [PubMed]

166. Costa, A.L.; Lobo, J.; Jeronimo, C.; Henrique, R. The epigenetics of testicular germ cell tumors: Looking for
novel disease biomarkers. Epigenomics 2017, 9, 155–169. [CrossRef]

167. Robison, L.L.; Hudson, M.M. Survivors of childhood and adolescent cancer: Life-long risks and
responsibilities. Nat. Rev. Cancer 2014, 14, 61–70. [CrossRef]

168. Bakardjieva-Mihaylova, V.; Skvarova Kramarzova, K.; Slamova, M.; Svaton, M.; Rejlova, K.; Zaliova, M.;
Dobiasova, A.; Fiser, K.; Stuchly, J.; Grega, M.; et al. Molecular Basis of Cisplatin Resistance in Testicular
Germ Cell Tumors. Cancers (Basel) 2019, 11, 1316. [CrossRef]

169. Cierna, Z.; Mego, M.; Miskovska, V.; Machalekova, K.; Chovanec, M.; Svetlovska, D.; Hainova, K.;
Rejlekova, K.; Macak, D.; Spanik, S.; et al. Prognostic value of programmed-death-1 receptor (PD-1) and its
ligand 1 (PD-L1) in testicular germ cell tumors. Ann. Oncol. 2016, 27, 300–305. [CrossRef]

170. Chovanec, M.; Cierna, Z.; Miskovska, V.; Machalekova, K.; Svetlovska, D.; Kalavska, K.; Rejlekova, K.;
Spanik, S.; Kajo, K.; Babal, P.; et al. Prognostic role of programmed-death ligand 1 (PD-L1) expressing tumor
infiltrating lymphocytes in testicular germ cell tumors. Oncotarget 2017, 8, 21794–21805. [CrossRef]

171. Fankhauser, C.D.; Curioni-Fontecedro, A.; Allmann, V.; Beyer, J.; Tischler, V.; Sulser, T.; Moch, H.; Bode, P.K.
Frequent PD-L1 expression in testicular germ cell tumors. Br. J. Cancer 2015, 113, 411–413. [CrossRef]

172. Lobo, J.; Rodrigues, A.; Guimaraes, R.; Cantante, M.; Lopes, P.; Mauricio, J.; Oliveira, J.; Jeronimo, C.;
Henrique, R. Detailed Characterization of Immune Cell Infiltrate and Expression of Immune Checkpoint
Molecules PD-L1/CTLA-4 and MMR Proteins in Testicular Germ Cell Tumors Disclose Novel Disease
Biomarkers. Cancers 2019, 11, 1535. [CrossRef]

173. Adra, N.; Einhorn, L.H.; Althouse, S.K.; Ammakkanavar, N.R.; Musapatika, D.; Albany, C.; Vaughn, D.;
Hanna, N.H. Phase II trial of pembrolizumab in patients with platinum refractory germ-cell tumors: A
Hoosier Cancer Research Network Study GU14–206. Ann. Oncol. 2018, 29, 209–214. [CrossRef] [PubMed]

174. Necchi, A.; Giannatempo, P.; Raggi, D.; Mariani, L.; Colecchia, M.; Fare, E.; Monopoli, F.; Calareso, G.;
Ali, S.M.; Ross, J.S.; et al. An Open-label Randomized Phase 2 study of Durvalumab Alone or in Combination
with Tremelimumab in Patients with Advanced Germ Cell Tumors (APACHE): Results from the First Planned
Interim Analysis. Eur. Urol. 2019, 75, 201–203. [CrossRef] [PubMed]

175. Mego, M.; Svetlovska, D.; Chovanec, M.; Reckova, M.; Rejlekova, K.; Obertova, J.; Palacka, P.; Sycova-Mila, Z.;
De Giorgi, U.; Mardiak, J. Phase II study of avelumab in multiple relapsed/refractory germ cell cancer.
Investig. New Drugs 2019, 37, 748–754. [CrossRef]

http://dx.doi.org/10.1080/14786419.2013.863201
http://dx.doi.org/10.1016/j.fct.2019.05.016
http://dx.doi.org/10.1387/ijdb.130017ll
http://dx.doi.org/10.1016/j.semcancer.2014.07.003
http://dx.doi.org/10.3390/ijms20020258
http://dx.doi.org/10.1016/j.humpath.2018.07.016
http://www.ncbi.nlm.nih.gov/pubmed/30041024
http://dx.doi.org/10.1038/s41568-019-0178-9
http://www.ncbi.nlm.nih.gov/pubmed/31413324
http://dx.doi.org/10.1016/j.celrep.2018.05.039
http://www.ncbi.nlm.nih.gov/pubmed/29898407
http://dx.doi.org/10.2217/epi-2016-0081
http://dx.doi.org/10.1038/nrc3634
http://dx.doi.org/10.3390/cancers11091316
http://dx.doi.org/10.1093/annonc/mdv574
http://dx.doi.org/10.18632/oncotarget.15585
http://dx.doi.org/10.1038/bjc.2015.244
http://dx.doi.org/10.3390/cancers11101535
http://dx.doi.org/10.1093/annonc/mdx680
http://www.ncbi.nlm.nih.gov/pubmed/29045540
http://dx.doi.org/10.1016/j.eururo.2018.09.010
http://www.ncbi.nlm.nih.gov/pubmed/30243800
http://dx.doi.org/10.1007/s10637-019-00805-4


Int. J. Mol. Sci. 2020, 21, 829 27 of 27

176. Lobo, J.; Henrique, R.; Jeronimo, C. The Role of DNA/Histone Modifying Enzymes and Chromatin Remodeling
Complexes in Testicular Germ Cell Tumors. Cancers 2018, 11, 6. [CrossRef]

177. Killian, J.K.; Dorssers, L.C.; Trabert, B.; Gillis, A.J.; Cook, M.B.; Wang, Y.; Waterfall, J.J.; Stevenson, H.;
Smith, W.I., Jr.; Noyes, N.; et al. Imprints and DPPA3 are bypassed during pluripotency- and
differentiation-coupled methylation reprogramming in testicular germ cell tumors. Genome. Res. 2016, 26,
1490–1504. [CrossRef] [PubMed]

178. Lobo, J.; Nunes, S.P.; Gillis, A.J.M.; Barros-Silva, D.; Miranda-Goncalves, V.; Berg, A.V.D.; Cantante, M.;
Guimaraes, R.; Henrique, R.; Jeronimo, C.; et al. XIST-Promoter Demethylation as Tissue Biomarker for
Testicular Germ Cell Tumors and Spermatogenesis Quality. Cancers (Basel) 2019, 11, 1385. [CrossRef]

179. Kawakami, T.; Okamoto, K.; Ogawa, O.; Okada, Y. XIST unmethylated DNA fragments in male-derived
plasma as a tumour marker for testicular cancer. Lancet 2004, 363, 40–42. [CrossRef]

180. Chovanec, M.; Kalavska, K.; Mego, M.; Cheng, L. Liquid biopsy in germ cell tumors: Biology and clinical
management. Expert Rev. Mol. Diagn. 2019, 3, 1–8. [CrossRef]

181. Minucci, S.; Horn, V.; Bhattacharyya, N.; Russanova, V.; Ogryzko, V.V.; Gabriele, L.; Howard, B.H.; Ozato, K.
A histone deacetylase inhibitor potentiates retinoid receptor action in embryonal carcinoma cells. Proc. Natl.
Acad. Sci. USA 1997, 94, 11295–11300. [CrossRef]

182. Nettersheim, D.; Gillis, A.; Biermann, K.; Looijenga, L.H.; Schorle, H. The seminoma cell line TCam-2 is
sensitive to HDAC inhibitor depsipeptide but tolerates various other chemotherapeutic drugs and loss of
NANOG expression. Genes Chromosomes Cancer 2011, 50, 1033–1042. [CrossRef]

183. Oing, C.; Skowron, M.A.; Bokemeyer, C.; Nettersheim, D. Epigenetic treatment combinations to effectively
target cisplatin-resistant germ cell tumors: Past, present, and future considerations. Andrology 2019, 7,
487–497. [CrossRef]

184. Bode, P.K.; Thielken, A.; Brandt, S.; Barghorn, A.; Lohe, B.; Knuth, A.; Moch, H. Cancer testis antigen
expression in testicular germ cell tumorigenesis. Mod. Pathol. 2014, 27, 899–905. [CrossRef]

185. Dunn, J.; Rao, S. Epigenetics and immunotherapy: The current state of play. Mol. Immunol. 2017, 87, 227–239.
[CrossRef] [PubMed]

186. Gallagher, S.J.; Shklovskaya, E.; Hersey, P. Epigenetic modulation in cancer immunotherapy. Curr. Opin.
Pharmacol. 2017, 35, 48–56. [CrossRef] [PubMed]

187. Gatla, H.R.; Muniraj, N.; Thevkar, P.; Yavvari, S.; Sukhavasi, S.; Makena, M.R. Regulation of Chemokines and
Cytokines by Histone Deacetylases and an Update on Histone Decetylase Inhibitors in Human Diseases.
Int. J. Mol. Sci. 2019, 20, 1110. [CrossRef]

188. Banik, D.; Moufarrij, S.; Villagra, A. Immunoepigenetics Combination Therapies: An Overview of the Role
of HDACs in Cancer Immunotherapy. Int. J. Mol. Sci. 2019, 20, 2241. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/cancers11010006
http://dx.doi.org/10.1101/gr.201293.115
http://www.ncbi.nlm.nih.gov/pubmed/27803193
http://dx.doi.org/10.3390/cancers11091385
http://dx.doi.org/10.1016/S0140-6736(03)15170-7
http://dx.doi.org/10.1080/14737159.2019.1685383
http://dx.doi.org/10.1073/pnas.94.21.11295
http://dx.doi.org/10.1002/gcc.20918
http://dx.doi.org/10.1111/andr.12611
http://dx.doi.org/10.1038/modpathol.2013.183
http://dx.doi.org/10.1016/j.molimm.2017.04.012
http://www.ncbi.nlm.nih.gov/pubmed/28511092
http://dx.doi.org/10.1016/j.coph.2017.05.006
http://www.ncbi.nlm.nih.gov/pubmed/28609681
http://dx.doi.org/10.3390/ijms20051110
http://dx.doi.org/10.3390/ijms20092241
http://www.ncbi.nlm.nih.gov/pubmed/31067680
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction: Focusing on Urological Cancer 
	Bladder Cancer 
	Major Clinical Challenges 
	The Connection between Genetic, Epigenetic and Immune Landscape in Bladder Cancer 
	Immune Therapies–Brief Overview in Bladder Cancer 
	Role of Immunoepigenetics? 

	Kidney Cancer 
	Major Clinical Challenges 
	The Connection between Genetic, Epigenetic, and Immune Landscape in Kidney Cancer 
	Immune Therapies – Brief Overview In Kidney Cancer 
	Role of Immunoepigenetics? 

	Prostate Cancer 
	Major Clinical Challenges 
	The Connection between Genetic, Epigenetic and Immune Landscape in Prostate Cancer 
	Immune Therapies—Brief Overview in Prostate Cancer 
	Role of Immunoepigenetics? 

	Testicular Cancer 
	Major Clinical Challenges 
	The Immune Landscape and Immune Therapies—Brief Overview in Testicular Germ Cell Tumors 
	Role of Immunoepigenetics? 

	Conclusions: Future Perspectives for Immunoepigenetics in Urological Cancer 
	References

