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Abstract: Genitourinary (GU) malignancies, including prostate, urothelial, kidney, testicular, penile,
and adrenocortical cancers, comprise a significant burden of cancers worldwide. While many practice-
changing advances have been made in the management of GU malignancies in the last decade, there
is still significant room for improvement. MicroRNAs (miRNAs) are noncoding RNAs that regulate
post-transcription gene expression and which have been implicated in multiple mechanisms of
carcinogenesis. Therefore, they have the potential to revolutionize personalized cancer therapy,
with several ongoing preclinical and clinical studies underway to investigate their efficacy. In this
review, we describe the current landscape of miRNAs as diagnostics, therapeutics, and biomarkers of
response for GU malignancies, reflecting a novel frontier in cancer treatment.
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1. Introduction

MicroRNAs (miRNAs) are a family of small noncoding RNAs (ncRNAs) that regulate
gene expression after transcription or at translation. MiRNAs range from 18 to 24 nu-
cleotides (nt) in length, averaging 22 nt in humans [1]. It is estimated that 30% of human
mRNAs are regulated by miRNAs at the 3’ untranslated region (UTR), and even more
mRNAs are regulated by miRNAs when binding to the 5UTR and the open reading frame
(ORF) region are considered [2]. The outcome of interactions between miRNAs and their
target mRNA molecules is dependent on bond complementarity and the expression levels
of each molecule [3]. A single miRNA molecule can regulate many gene targets, and each
mRNA molecule can be inhibited by different miRNAs [2]. Endogenous miRNAs support
several cell processes, including proliferation, differentiation, apoptosis, metabolism, and
DNA repair.

Changes in miRNAs can induce carcinogenesis and cancer proliferation. Both in-
creased and decreased expression of miRNAs have been implicated in many malignancies.
MiRNAs can repress mRNA translation in humans through recognition of sequences in the
3’-UTR of mRNA that can be silenced by other ncRNAs [4]. Additional studies compared
the miRNA of healthy and cancerous tissues and demonstrated that miRNAs can also
induce the overexpression of target genes [5]. Therefore, tumor suppressor miRNAs inhibit
the expression of oncogenes, whereas oncogenic miRNAs induce oncogenesis or inhibit
the expression of tumor suppressor genes [6]. Two therapeutic strategies have been devel-
oped using miRNAs: synthetic miRNA replacement therapy and pharmacologic inhibition
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of oncogenic miRNAs. Replacement therapy is used to restore the expression of tumor
suppressor miRNAs that are downregulated in cancer cells and involves treatment with
synthetically produced suppressive miRNAs to inhibit oncogene expression. Conversely,
the inhibition of oncogenic miRNAs prevents tumor growth (Figure 1) [7,8]. Disorders
involving miRNA expression in cancer cells can be due to miRNA-encoding genes being
located on sites that are fragile, sites that lack heterozygosity, or sites with minimal amplifi-
cation regions [9]. Other causes include changes in transcriptional control, epigenetics, and
miRNA biogenesis machinery.
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Figure 1. Aberrant microRNAs include oncogenic miRNAs (oncomiRs) and tumor suppressor
miRNAs (tsmiRs) which can be mutated, resulting in downregulation of the tumor suppressor gene
or upregulation of the oncogene, respectively.

Genitourinary (GU) malignancies include prostate, urothelial, kidney, testicular, penile,
and adrenal cancers, comprising a significant burden of cancers worldwide [10]. The altered
expression and function of miRNAs have been implicated in most GU malignancies [11].
Carcinogenic pathways targeted or facilitated by miRNAs in GU cancers include avoidance
of apoptosis, promotion of cell proliferation, epithelial-mesenchymal transition (EMT),
angiogenic signaling, and androgen independence [11,12]. While many practice-changing
advances have been made in the management of GU malignancies in the last decade,
significant work remains to be done.

MiRNAs are exciting biomarkers of and treatment options for GU cancers for several
reasons. These include their availability in bodily fluids, their high biological stability,
and their ability to regulate all stages of tumor development. Plasma or serum circu-
lating miRNA values are useful early diagnostic tools for differentiating cancer patients
from healthy individuals [12]. Furthermore, miRNA can help identify patients present-
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ing with more aggressive cancers, promoting personalized treatment approaches. Such
selective targeting could be the future of personalized cancer-directed treatment. In this
review, we describe how novel miRNAs can be used in the treatment of prostate, urothe-
lial, kidney, testicular, and other genitourinary cancers, both in preclinical and clinical
settings, and describe areas of ongoing research for therapeutic indications of miRNAs in
GU malignancies.

2. Prostate Cancers

Globally, prostate cancer remains the most common cancer in men [13]. It is the second
most common cancer overall in the United States (US) and will represent an estimated
14.9% of all new cancer cases and 5.8% of all cancer deaths in 2024, according to projections
made by the American Cancer Society [13]. Risk factors include advanced age, with over
75% of patients diagnosed over the age of 65, and race, with increased incidence in African
American men. Usually, prostate cancer begins in the acinar cells of the prostate, known
as prostate adenocarcinoma. Less common histologies include squamous cell carcinoma,
mesenchymal tumors, and small cell prostate cancer [14]. Prostatic adenocarcinoma growth
is typically driven by androgens. Therefore, the backbone of locally advanced or metastatic
treatment includes androgen deprivation therapy (ADT) with gonadotropin-releasing
hormone (GnRH) agonists or androgen blockade, while radical prostatectomy and radiation
therapy with ADT are used in earlier stages of the disease [15]. In recent years, the use of
theranostics, including the PSMA imaging modality, followed by treatment with Lutetium-
177, have been employed as a new way of thinking outside of the box to create novel agents
(other than chemotherapy and ADT) for the treatment of this disease [16].

While there has been significant progress in identifying circulating tumor cells and
evaluating their role as a way to monitor disease activity, in the clinical setting, prostate
specific antigen (PSA) serves as the main diagnostic tool, yet its limited specificity has led
to many unnecessary invasive procedures [17]. MiRNAs have emerged as a promising
area of research with potential to aid in both prostate cancer diagnosis and prognostication.
Over 50 different miRNAs are involved in the development of prostate cancer through the
dysregulation of both miRNAs involved in oncogenesis and tumor suppression [18,19]. In
a genome-wide miRNA analysis by Haldrup et al. comparing serum samples from patients
with benign prostatic hyperplasia (BPH) and patients with prostate cancer, miRNA-141
(miR-141) and miR-375 were overexpressed in patients with prostate cancer, and the degree
of elevation may correlate with more advanced prostate cancer [20,21]. MiRNAs have also
been studied as markers of prostate cancer treatment response. Cheng et al. correlated
levels of miR-141, miR-200a, and miR-375 with circulating tumor cells (CTC) in patients
enrolled in a phase II study. The study included 50 patients, exploring the effects of
ADT+ cixutumumab versus ADT alone [22]. While all three miRNAs were associated
with baseline CTC, a decrease in miR-375 was also associated with a decrease in PSA
at 28 weeks, suggesting that miR-375 may be a useful biomarker for prostate cancer in
the future [22]. Mechanistically, miR-375 controls repression of the tumor suppressor
CBX7, which plays a role in epigenetic regulation [22]. Larger clinical trials are needed to
further establish new markers of treatment response, especially in patients with metastatic
castration-resistant prostate cancer (CRPC), in which the oncologist is often left to choose
between few treatment options, without guidance regarding which patients may respond
better to specific treatments. If certain miRNA signatures could predict which patients are
more likely to respond to each treatment, clinicians could develop more personalized and
effective treatment algorithms.

Distinct miRNA signatures have been found in patients with more aggressive prostate
cancer, aiding in prognostication. Walter et al. conducted the profiling of tumor cells,
comparing them to normal epithelium in 37 prostate cancer patients, and found the
upregulation of miR-143 and miR-146b and the loss of several miRNAs in the tumor
cells [23]. Later studies have found that miR-143 targets AKT to inhibit EMT, and thereby,
upregulation leads to oncogenesis (doi 10.3390/ cells12182207). MiR-146b also targets the
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PTEN/AKT/mTOR signaling pathway, thus inhibiting autophagy and promoting tumor
growth (doi 10.18632/aging.101534). Predicting which patients may present with more ag-
gressive malignancies can also aid clinicians in refining treatment algorithms, e.g., helping
them determine when to consider triplet therapy with combination ADT and chemotherapy,
and guiding discussions with patients regarding prognosis.

Given that prostate adenocarcinoma is largely driven by androgens, it is not a surprise
that several miRNAs modulate androgen receptor (AR) signaling. Mishra et al. demon-
strated that the interplay between miR-21 and AR reduces the growth-inhibitory effects of
transforming growth factor B (TGFf), in effect leading to prostate cancer progression [24].
Similarly, androgen regulation by miR-32 has been shown to reduce apoptosis. This was
seen in in vitro studies using the lymph node carcinoma of the prostate (LNCaP) cell line
that showed reduced expression of tumor suppressor B-cell translocation gene 2 (BTG2)
in cells transfected with pre-miR-32 [25]. In addition, androgen-induced miR-135 reg-
ulates prostate cancer apoptosis through suppression of the RB-associated KRAB zinc
finger (RBAK) and limits prostate cancer migration through the downregulation of matrix
metalloproteinase 11 (MMP11) [26]. This provides insight into a potential mechanism of
tumor resistance in CRPC, where androgen deprivation may paradoxically result in loss
of tumor suppression. MiRNAs regulate castration resistance through different mecha-
nisms, and these have become a target in the development of therapeutics for this disease,
which currently has limited treatment options. These mechanisms include apoptosis avoid-
ance, interference in androgen signaling, EMT, cancer stem cells, and multidrug resistance
transporters [27].

MiRNA therapeutic strategies for prostate cancer have been studied in vivo and
in vitro. The common goal is to reduce the expression of oncogenic miRNAs and restore
tumor suppressor miRNAs. One method involves silencing miRNA using anti-miRNA
oligonucleotides (AMOs) [28]. AMOs bind to complementary sequences of their target
mature miRNA and block the miRNA-guided action of RNA-induced silencing complex
(RISC) on tumor suppressor mRNA [28]. To function in vivo and in vitro, AMOs are
chemically modified, which is usually completed in the C2’ position [28]. Krutzfeldt et al.
developed AMOs to target prostate cancer, known as antagomirs [29]. Mercatelli et al.
showed that in vitro inhibition of miR-221 and miR-222 limits tumor growth in the prostate
cell line PC3 [30]. Next, they injected miR-221 and miR-222 antagomirs into PC3-derived
tumors in mice, which led to the upregulation of p27 and decreased tumor growth [30].
This suggests that miR-221 and miR-222 upregulate p27, which may be an important tumor
suppressor in prostate cancer.

MiRNA replacement therapy involves the delivery of chemically modified miRNAs
mimics to cells, where they are dysregulated, in effect restoring the function of endogenous
tumor suppressor miRNAs. These are usually chemically modified to increase their effec-
tiveness. A common modification includes 2’O-methylation [31]. Gaur et al. demonstrated
that the delivery of miR-34 into a prostate tumor mouse model led to the downregulation of
MET, Axl, and c-Myc, resulting in decreased tumor growth and apoptosis in miR-34 treated
cells compared to that noted in the controls [32]. Further, injection of miR-34 reduced
prostate cancer bone metastasis growth in an intra-femur tumor mouse model [32]. This
shows that miR-34 plays an important role in prostate cancer bone metastases and may be
a clinical target for patients with bone metastases. Similarly, Hao et al. used an aptamer
(APT)-conjugated atelocollagen (ATE) to deliver miR-15 and miR-16 in a mouse model of
human prostate bone metastasis, which led to improved survival times and demonstrated
an anti-tumor effect [33]. Moreover, the miRNA /ATE-APT complex proved to be more
efficacious and to exert a greater anti-tumor effect than the miRNA /ATE complex, thereby
demonstrating that this delivery mechanism may be more biocompatible and may exhibit
greater potential for clinical translation [33].

The delivery mechanism has proven to be an important limitation of these miRNA
therapeutic strategies, e.g., unmodified miRNAs are susceptible to quick degradation by
nucleases and are rapidly cleared. This is one of several challenges in the clinical translation



Int. J. Mol. Sci. 2024, 25, 9499

50f 20

of miRNA-based therapies. Thus, improved carriers are needed to better target the tissue of
interest and achieve a therapeutic effect [34]. Another challenge is that the introduction of
miRNAs activates the innate immune system, leading to rejection of the introduced material.
Additional challenges include creating miRNAs that are selective to their targets, as well
as mitigating toxicity and off-target effects (doi 10.3390/ijms25031469). There are also
economic challenges involved in scaling miRNAs to be viable options for cancer treatment.
MiRNAs remain a promising area in prostate cancer research, particularly in regards
to castration resistance, which currently presents limited treatment options. However,
despite the progress in miRNA research, the inconsistency of specific miRNA patterns and
the limited reproducibility of the studies have constrained their clinical translation, and
therefore, miRNA therapeutics have yet to be tested clinically in prostate cancer.

3. Urothelial Cancers

Bladder cancer is one of the top ten most common cancers globally, with 573,000 new
cases and 213,000 deaths in 2020 [35]. The vast majority of all bladder cancers consist
of urothelial carcinoma, also known as transitional cell carcinoma; however, other rare
histologies like squamous cell carcinoma, adenocarcinoma, and small cell carcinoma could
co-exist. Urothelial carcinoma can originate anywhere in the urothelial tract, including
from the lining of the bladder, urethra, ureters, and renal pelvis. While many advances
have recently been made in the treatment of urothelial cancers, significant work remains to
be done.

MicroRNAs (miRNAs) have primarily been studied as blood or urine biomarkers
for urothelial cancer, both as diagnostic and prognostic tools [11,36—41]. Similar to the
results for prostate cancer, studies have found that miRNAs can help identify patients
presenting with more aggressive bladder cancers, and thus, they may be able to predict
those patients which would benefit from adjuvant treatment or those that may demonstrate
a sufficient response to a given treatment [36-38]. MiR-145 is of specific interest in bladder
cancer as a promising biomarker; the methylation of the miR-145 core promoter results in
the methylation of ZNF154 [42]. Pretreatment cell-free DNA methylation of the miR-145
core promoter was associated with increased risk for short-term progression and poorer
survival of patients with muscle invasive bladder cancer (MIBC) after surgery and adjuvant
therapy [42]. These advances suggest that miRNA is a promising diagnostic and prognostic
tool for urothelial cancer, spurring interest in miRNA as a therapeutic target.

Various preclinical studies have identified specific miRNAs involved in carcinogenesis
and have demonstrated efficacy in in vitro and in vivo models reintroducing synthetic
versions of the miRNA. Xu et al. identified miR-100 as a direct inhibitor of human bladder
urothelial carcinogenesis by targeting mTOR [43]. They found miR-100 to be downreg-
ulated in bladder cancer tissues, and when the expression of miR-100 in bladder cancer
cells was ectopically restored, cell proliferation was suppressed, and tumorigenesis was
inhibited in vivo [43]. These studies suggest that miR-100 may be a tumor suppressor in
bladder cancer, and the reintroduction of miR-100 into tumor tissue may be a therapeutic
strategy [43]. Similarly, Uchino et al. studied miR-582-5p and -3p and found that both
are downregulated in MIBC, and transurethral injections of synthetic miR-582 suppressed
tumor growth and metastasis in their animal model [44]. The authors also identified the
target genes of miR-582, namely protein geranylgeranyltransferase type I beta subunit
(PGGT1B), leucine-rich repeat kinase 2 (LRRK2), and DIX domain containing 1 (DIXDC1),
and suggest that these two strands of miRNA are a potential therapeutic target to treat
MIBC [44]. MiR-122 represses VEGFC post-transcriptional expression which decreases
AKT and mTOR, and miR-122 was identified by Wang et al. as downregulated in bladder
cancer [45]. They found that miR-122 prevents angiogenesis, and when cells overexpressing
miR-122 were injected into bladder cancer mouse models, angiogenesis and cancer growth
were slowed [45]. They also found that cells injected with miR-122 were very sensitive
to cisplatin-induced apoptosis, suggesting that miR-122 could be used as an adjunct in
combination with cytotoxic chemotherapy to increase its efficacy [45]. Lastly, Wang et al.
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identified miR-124 to be downregulated in bladder cancer tissues, and the overexpression
of miR-124 decreased tumor growth in xenograft models by suppressing the expression of
UHRF1 through binding its 3’-UTR, an epigenetic factor [46].

A few studies have identified miRNAs involved in urothelial cancer development and
trialed investigational therapies in vitro and in vivo, demonstrating success in inhibiting
tumor growth. Drakaki et al. first found that miR-21 was upregulated fivefold in bladder
cancer tissues compared to normal tissues, and that expression was increased in advanced
relative to early stage bladder tumors, suggesting potential involvement in bladder cancer
progression (Figure 2) [47]. Next, they demonstrated that treatment with locked nucleic
acid miR-21 (LNA miR-21) reduced the ability of bladder cancer cells to form colonies
in vitro [47]. Subsequently, they treated a bladder cancer xenograph mouse model with
LNA miR-21 and were able to replicate their findings in vivo [47]. Interestingly, they found
that increased levels of miR-21 expression correlated with treatment response, suggesting
miR-21 may be a therapeutic target and a potential biomarker to monitor response [48,49].
Next, they developed an antisense oligonucleotide against miR-21, called ADM-21, and
evaluated its efficacy in vitro and in vivo [48]. They demonstrated that intravenous admin-
istration of ADM-21 into mouse xenografts reduced the tumor growth rate by 37-47% after
three cycles [48,49]. The authors identify that the target of miR-21 is PPP2R2A, a negative
regulator of the ERK pathway which promotes bladder cancer growth [49]. The authors
concluded that ADM-21 may be an effective treatment for bladder cancer, pending further
evaluation in clinical trials [48]. Heishima et al. similarly studied miR-145 and found that
miR-145 regulates interferon pathways and c-Myc expression, and that the expression of
miR-145 is downregulated in premalignant lesions of non-muscle invasive bladder can-
cer (NMIBC) (Figure 2) [50]. They created a novel miR-145-based intravesical agent and
demonstrated that treatment with synthetic miR-145 therapy inhibited the growth and
disease progression of premalignant lesions in mouse models, without significant systemic
leak or adverse effects [50].

Characteristics of an Ideal miRNA Biomarker in Cancer
Cancer Specificity, Oncogene Inhibition, and Tumor Suppressor Enhancement

Cancer Specificity of miRNAs Therapeutic Effect of Oncogene Inhibition Tumor Suppressor Enhancement
(Various Studies) (Various Studies) (Various Studies)

Specificity (%)

Inhibition (%)

Now R W

s & & 3
Enhancement (%)

=
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0
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Figure 2. Graphical depiction of the characteristics of an ideal miRNA biomarker in cancer.
(A) Specificity of cancer detection for miR-21, miR-34a, and miR-371, respectively. (B) Percent-
age of inhibition of oncogenes by miR-21, miR-34a, and miR-371, respectively, demonstrating the
therapeutic effect of each oncogene. (C) Percentage of enhancement of the tumor suppressor effect of
miR-34a, miR-145, and miR-16, respectively.

Lastly, Hong et al. reported the results of a first-in-human phase 1 study of a micro-
RNA based cancer therapy, MRX34, in patients with advanced solid tumors, including
patients with bladder cancer [51]. They enrolled 85 patients with various malignancies
and administered a liposomal mimic of miR-34a, a tumor suppressor involved in the
pathogenesis of several tumor types (Figure 2) [51]. A total of 3 patients exhibited partial
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responses, and 16 patients showed stable disease lasting at least four cycles, with a median
duration of response of 19 weeks (Figure 3) [51]. The toxicity profile was manageable,
but the trial closed early due to serious immune-mediated adverse effects, resulting in
the death of four patients [51]. However, the authors concluded that this study provides
a proof-of-concept for miRNA-based cancer therapy [51]. Although the authors did not
report the outcome of the patient with bladder cancer specifically, this study provides the
only clinical data thus far for miRNA as a therapeutic modality or target for bladder cancer.

Phase | Clinical Trial of miR-34a Mimic in Advanced Kidney Cancer
Patient Outcomes and Safety Profile

Trial Design Overview Clinical Outcomes
(Hong et al.) (Hong et al.)

Stable Disease

Enrollment (85 patients)

|Treatment with miR-34a Mimic‘

Partial Response

Outcomes Measured

Figure 3. Graphic depiction of the trial design and clinical outcomes from the investigation of miR-34
as a therapeutic agent (from Hong, et al.) [51].

Currently, the trial by Hong et al. provides the only completed clinical investigation of
miRNA-based cancer therapeutics [51]. As most miRNA-based therapies are still in the
preclinical stages, it will likely be several years before miRNA-based regimens are used as
standard of care cancer treatments. It is important to note the significant differences between
miRNA-based treatments and conventional cancer treatments, such as chemotherapy and
radiation therapy. Chemotherapy agents have nonspecific mechanisms that kill rapidly
dividing cells, such as inhibiting microtubules or topoisomerases, causing DNA damage by
introducing alkylated nucleotides and preventing replication, or inducing double stranded
DNA breaks at active promotor regions. lonizing radiation also results in DNA damage.
Therefore, both chemotherapy and radiation therapy result in the death of the cancer cells,
but also in significant side effects due to the damage of healthy cells that are actively
dividing at the time of administration. On the contrary, miRNA-based cancer therapies
are expected to be more specific in targeting cancer cells, as the miRNA target is an mRNA
or protein that is specifically involved in oncogenesis. Synthetic miRNA replacement
therapies could replace the tumor suppressor miRNAs that are mutated in cancer cells,
and oncogenic miRNAs could replace mutated oncogene miRNAs. These treatments
would be much more specific solely to the cancer cells that are missing these miRNAs
and therefore, would not exert the off-target effects that can cause severe adverse events
from chemotherapy and radiotherapy. Rather, we anticipate that the adverse events with
miRNA-based therapies would be immune-related adverse events, similar to the adverse
effects from cellular therapies or bispecific antibodies, given that these were the serious
adverse events reported by Hong et al. [51]. However, these adverse effects would have
to be diminished or mitigated to advance clinical investigation of miRNA-based therapy,
since immune-related adverse events were the limiting toxicity of this phase I study [51].
Given the identification of several other miRNAs involved in the oncogenesis of urothelial
cancer since this clinical trial, we anticipate that future phase 1 studies will continue
to investigate this exciting new treatment modality in urothelial cancers, which affect
hundreds of thousands of people yearly worldwide.
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4. Kidney Cancers

Kidney cancer, also known as renal cell carcinoma (RCC), is the 7th most common
neoplasm in the developed world, with 403,000 cases globally per year [52]. The most
common RCC histology is clear cell, followed by papillary, chromophobe, and unclassified
types. RCC is not a chemosensitive malignancy; therefore, treatment is typically multi-
modal, employing surgical resection and adjuvant immune checkpoint inhibitors (ICI) for
high-risk completely resected localized disease [53]. Single agents, or a combination of
ICIs with vascular endothelial growth factor tyrosine kinase inhibitors (VEGF TKIs), are
the mainstay of metastatic disease, while more recently, a hypoxia inducible factor (HIF)
inhibitor has been added to the effective therapies, along with the mammalian target of
rapamycin (mTOR) inhibitors in the third-line setting [53]. Despite the scientific progress
and the FDA approval of dozens of new treatment drugs over the past decade, metastatic
kidney cancer remains a fatal disease, and novel agents with different mechanisms of
action are needed [54]. MiRNAs are involved in multiple signaling pathways associated
with oncogenesis in RCC, and both the downregulation and upregulation of these can
promote cancer formation and progression, while some of them could be used as diagnostic
tools [55]. MiR-21 is upregulated in RCC, targeting PTEN and PDCD4, and miR-106a is
downregulated, targeting PAKS in the RAS/MAPK signaling pathway; the serum levels
of both are higher in patients with RCC compared to those of the controls, and levels
decreased after RCC resection [55,56]. Additionally, miR-342, miR-130a, and miR-30c-2
may exhibit prognostic utility in RCC, as overexpression of these has been associated with
poorer survival [55,57].

Several in vitro studies have demonstrated that miRNAs can mediate treatment resis-
tance to chemotherapy and VEGEF inhibitors in RCC. MiR-144-3p targets ARIDIA, miR-141
targets ZEB2, and miR-130b and miR-96-5p target PTEN; all promote sunitinib resistance
in RCC by over- or under-expression, thus regulating tumor suppressors and oncogenes
to promote tumor proliferation [55,58-61]. MiR-31-5p targets MLH1, miR-200C targets
HO1, and miR-195-5p targets the wnt/Beta-catenin pathway; all promote sorafenib re-
sistance through increasing tumor proliferation and decreasing apoptosis [62-68]. Simi-
larly, miR-30c, miR-451, miR-489-3p, miR-630, and miR-21 increase resistance to various
chemotherapeutics [62-68]. While chemotherapy is no longer recommended to treat RCC,
and sunitinib and sorafenib have since been replaced by newer generation VEGF TKIs
as first-line treatment options, miRNAs may modulate treatment efficacy in newer VEGF
TKIs as well, and may explain why certain patients’ tumors are more sensitive to treat-
ment compared to others [54]. Potential therapeutic mechanisms include the introduction
of a synthetic mimic of miRNAs that are downregulated in VEGF TKI resistance or the
development of an inhibitor of miRNAs that promote VEGF TKI resistance. MiR-141
induces hypoxia resistance and EMT, but Berkers et al. noted the reversal of the hypoxic
conditions promoted by the downregulation of miR-14 when miR-141 was reintroduced
in vitro, suggesting that sunitinib resistance could be reversed [59]. Similarly, Yang et al.
demonstrated that when miR-30 was injected into the RCC model, MTA-1 was repressed,
and the sensitivity of the cells to sorafenib and paclitaxel was significantly enhanced [65].

MiRNAs have also been implicated in predicting sensitivity to ICL. Chen et al. demon-
strated that treatment with miR-381 increased the sensitivity of RCC cells to 5-fluorouracil
(5-FU) in vitro; although 5-FU is not recommended for treatment of RCC, this data may
be useful if replicated in other cancer types in which 5-FU remains the standard of care,
and they suggest that miRNA plays a pivotal role in modulating the cytotoxic effects
of chemotherapy [69]. ICI has revolutionized the treatment of RCC, and Ivanova et al.
described that the exosomal miRNA expression profiles of patients with RCC significantly
differed before and after treatment with ICI, suggesting that this miRNA signature can
be used as a predictor of ICI therapy effectiveness [54,70]. The authors evaluated the
expression of miR-144, miR-146a, miR-149, miR-126, and miR-155 in 35 patients with RCC
treated with ICI and found that miR-146a levels were significantly increased after treatment,
but were lower in patients with a higher grade of immune-related adverse effects [70].
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MiR-126 levels were significantly reduced after therapy, and the sensitivity and specificity
of the combination of miR-146a and miR-126 for predicting ICI response were 64.3% and
78.9%, respectively, providing preliminary data that miRNAs can be powerful predictors of
the effectiveness of ICI [70]. The first-line treatment of metastatic RCC is currently VEGF
TKI/ICI combination therapy or dual ICI therapy; a prognostic biomarker for determining
which patients may benefit from up-front doublet ICI therapy versus TKI could transform
RCC treatment and promote more personalized cancer care [53].

MiRNAs also regulate RCC growth and activity by modulating signaling pathways
involved in cancer progression; the reintroduction or inhibition of various miRNAs has
been tested in vivo and in vitro. Zhao et al. demonstrated that miR-187 targets B7-H3 to
inhibit cell growth and migration, and miR-187 was downregulated in the tumor tissue and
plasma of clear cell RCC patients [71]. Lower miR-187 expression levels were associated
with higher tumor grade and stage [71]. Additionally, when RCC cells were treated with
the miR-187 expression vector, in vitro proliferation was suppressed, and in vivo tumor
growth was inhibited, suggesting that synthetic miR-187 could be administered as a tumor
suppressor, or that miR-187-based gene therapy may be developed as a treatment of
RCC [71]. In a similar experiment, Kalantzakos et al. found that the downregulation of
miR-155-5p increased levels of the tumor suppressor Jade-1 and decreased the rate of tumor
implantation and proliferation in a mouse xenograft model, and that the knockout of miR-
155-5p decreased the rate of tumor implantation [72]. Liang et al. found that miRNA-21
promoted proliferation and differentiation and decreased the apoptosis of RCC cells by
targeting the mTOR pathway [73]. Next, they treated human RCC cell lines with either
a miR-21 mimic, an mTOR inhibitor, or both, and evaluated the activity of caspase 3, an
apoptotic protein. The mTOR inhibitor increased caspase 3 activity, whereas the miRNA-21
mimic inhibited caspase 3 activity, suggesting that an mTOR inhibitor may downregulate
and inhibit the oncogenic effects of miR-21 [73]. Everolimus and temsirolimus are mTOR
inhibitors approved to treat metastatic RCC, and their therapeutic effects may include the
downregulation of miR-21 [53].

Another potential therapeutic target mediated by miRNAs includes epigenetic modifi-
cation and the tumor microenvironment of RCC. MiRNAs regulate the tumor microenvi-
ronment in RCC by mediating the interactions between the cancer cells, the extracellular
matrix, the signaling molecules, and various immune and non-immune cells [74]. As
research continues, miRNAs in the RCC tumor microenvironment offer another potential
therapeutic target. Additionally, miRNAs are involved in epigenetic modifications that
promote carcinogenesis, and Schiffgen et al. demonstrated that treatment of RCC cell
lines with inhibitors of DNA-methyltransferase and histone-deacetylase promoted the
effects of multiple miRNAs [75]. Specifically, histone acetylation at the miR-9-1 promoter
region was considerably increased when treated with a combination of epigenetic regu-
lators, resulting in tumor suppression mediated by miR-9-1 [75]. In a similar study, Wu
et al. reported the downregulation of miR-492 in RCC tissues due to hypermethylation
of the miR-492 promoter [76]. When treated with DNA demethylating agents or histone
deacetylase inhibitors, miR-492 was significantly upregulated in RCC cells, inhibiting cell
proliferation and invasion [76]. The authors conclude that miR-492 may be a promising
therapeutic target, specifically through epigenetic regulation [76]. MicroRNAs are involved
in RCC disease progression and present a powerful therapeutic target. While data is thus
far limited to the preclinical setting, evidence is building to suggest that clinical studies
should be conducted to evaluate miRNAs as a new treatment option for RCC.

5. Testicular Cancers

Testicular cancer is the most common malignancy among men aged 15 to 45 years
old [77]. When diagnosed early, testicular cancer is curable in over 90% of cases, with
more than 95% of patients surviving beyond 5 years [78]. Testicular cancers can be broadly
divided into germ cell tumors (GCTs) and non-germ cell tumors (NGCTs). GCTs make
up approximately 95% of testicular cancers and can be further subdivided into semino-
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mas and nonseminomatous tumors, including embryonal carcinoma, choriocarcinoma,
yolk sac tumors, and teratomas. In 2022, there were approximately 72,000 new cases and
9000 deaths due to testicular cancer worldwide [79]. Although testicular cancer is con-
sidered one of the most curable malignancies, the incidence has been increasing globally,
emphasizing the importance of ongoing research, as patients with refractory disease experi-
ence short survival.

Various pre-clinical studies have demonstrated promising results for the use of miR-
NAs in the early diagnosis and therefore, the management, of GCTs. While the serum
tumor markers alpha fetoprotein (AFP), beta-human chorionic gonadotropin (3-hCG),
and lactate dehydrogenase (LDH) are widely utilized in testicular cancer, miRNAs are
under investigation as promising markers for diagnosis, prognosis, therapeutic monitoring,
and surveillance. Due to their contribution to oncogenesis through mechanisms such as
angiogenesis, metabolism, immune activation, and tumor invasion, miRNAs are thought to
serve as useful biomarkers that may be more sensitive and specific than AFP, 3-hCG, and
LDH [80]. Biomarkers that have been of particular interest in testicular cancers include, but
are not limited to, miR-371-3p (miR-371), miR-302, miR-367, and miR-320.

MiR-371 is the most studied of the miRNAs associated with TGCTs, although its target
in TGCTs is not well-described. MiR-371 is elevated in both seminomas and nonsemino-
matous GCTs but is not expressed in teratomas [81]. Peripherally circulating miR-371 was
first documented by Murray et al. in both adult and pediatric patients [82]. Their studies
revealed that miR-371 was elevated in patients with GCTs and not in healthy controls,
and variation in the level of miR-371 across GCT subtypes was observed (Figure 2) [82].
They also demonstrated the feasibility of measuring serial serum miR-371 levels, as well
as close correlation of those levels with treatment response [81,82]. Several studies have
also demonstrated a positive correlation between the size of GCT primary lesions and
the level of miR-371; the sensitivity was the greatest for nonseminomatous lesions com-
pared to that for pure seminomas [82-85]. Belge et al. conducted a study of 258 patients
with clinical stage I GCT, assessing miR-371 as a marker for detecting relapse [86]. All
patients with disease relapse exhibited elevations of miR-371, and the study described
the following characteristics of miR-371 to predict GCT relapse: area under the receiver
operating characteristics curve of 0.993, sensitivity of 100%, specificity of 96.3%, positive
predictive value of 83%, and negative predictive value of 100% [86]. In a comprehensive
review, Nestler et al. summarized these findings and suggested five key applications of
miR-371: (1) enhanced diagnostic workup with the potential of sparing surgical exposure in
selected small neoplasms, (2) early detection of relapses, (3) enhanced diagnostic workup of
retroperitoneal lymphadenopathies, potentially avoiding diagnostic surgery or advanced
imaging techniques, (4) identification of chemotherapy non-responders, and (5) assistance
with management decisions in post-chemotherapy residual disease [81].

Unlike miR-371, the miR-302 cluster is mainly found in teratomas [87]. MiR-302
suppresses AKT1 expression, promoting the pluripotent factor OCT4 [87]. This miRNA also
interacts with cell cycle promoters and inhibitors and regulates processes such as histone
methylation and other signaling cascades [87,88]. Das et al. demonstrated an increase
in serum miR-302 in patients with GCT in contrast to low expression in patients with
colon, stomach, and liver carcinomas [89]. MiR-302 levels also decreased when exposed to
cisplatin [89]. The miR-367 cluster differs slightly in sequence from the miR-302 cluster but
has similar mRNA targets [89]. A study by Syring et al. demonstrated that miR-367 was
significantly increased in patients with GCT compared to healthy patients, was lower in
early-stage tumors compared to advanced tumors, was higher in seminomas compared to
nonseminomatous tumors, and decreased or became undetectable after orchiectomy [90].
MiR-320 is a novel miRNA first reported in 2017 as a suppressor of gliomas, and it has
since been implicated in various cell signaling pathways that impact testicular cancer
development [91-93].

As is the case in RCC, miRNAs also play a role in enhancing or inhibiting chemother-
apy resistance in GCTs. For example, miR-302 induces apoptosis and enhances sensitivity
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to cisplatin through p21 downregulation [94]. MiR-383, miR-106b-5p, and miR-514a-3p
also inhibit cisplatin resistance [94]. Conversely, miR-512-3p, miR-515, miR-517, miR-518,
miR-525, miR-99a, miR-100, and miR-145 promote cisplatin resistance [94].

There are currently no completed clinical trials investigating miRNAs in testicular
cancer, but several are ongoing, primarily investigating miR-371 (Table 1). These trials com-
prise the majority of the current clinical trials investigating miRNA (Table 1). NCT05529251
is studying the use of miR-371 as a biomarker of response to determine its appropriateness
for the de-escalation of treatment in stage Ila/IIb seminomas through correlation between
miR-371 and fluorodeoxyglucose positron emission tomography results [95]. NCT06060873
and NCT04435756 are evaluating the accuracy of miR-371 in detecting active and relapsed
disease in GCT [96,97]. NCT04914026 aims to assess the sensitivity and specificity of
miR-371 in identifying viable GCT cells at the time of diagnosis and at the time of surgery
and to evaluate miR-371 as a biomarker to monitor chemotherapy effectiveness and for
early detection of recurrence [98]. Finally, NCT06133699 is evaluating the role of primary
endoscopic sentinel lymph node biopsy in progression-free survival in patients with stage
I-1II GCTs without adjuvant treatment, along with assessing the miRNA expression profiles
and prognostic values of miRNA as noninvasive markers in clinical practice [99].

Table 1. Ongoing clinical trials involving miRNAs in GU malignancies at the time of publication.

Clinical Trial

Number Study Type miRNA Malignancy Brief Description
Investigating the
correlation between
Interventional Seminoma, stage miR-371 as a biomarker
NCT05529251 hase II ” miR-371a-3p Ia /IIi:) & using positron emission
P tomography (PET)
scanning as a tool for
de-escalating treatment.
Investigating miR-371 as a
Active germ cell biomarker for optimal
NCT06060873  Observational miR-371 tu;gnor timing of retroperitoneal
lymph node dissection
(RPLND).
Early-stage Investigating the positive
NCT04435756  Observational ~ miR-371 testicular predictive value of
seminoma and miR-371 as a marker of
nonseminoma disease relapse.

Investigating the
sensitivity and specificity
of miR-371 as a biomarker

at orchiectomy and
during treatment and

All testicular

NCT04914026  Observational miR-371a-5p
germ cell tumors

surveillance.

MIRNA - Gemmeell

NCT06133699  Interventional  expression tumors, stage P Pt
rofiles IA/IIA prognostic tool

P throughout treatment.

MiRNA . - .
NCT05660889  Observational  expression Adrenpcortlcal In\./estlgat.mg .mlRNAS as

. carcinoma diagnostic biomarkers.

profiles

MiRNA Pediatric Investigating miRNA
NCT01528956  Observational  expression adrenocortical expression in tumor cells

profiles tumors compared to normal cells.
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6. Other Genitourinary Cancers
6.1. Penile Cancers

There were 36,068 new cases of penile cancers worldwide in 2020, and penile cancers
may represent up to 10% of cancers in males in developing countries [100,101]. Approxi-
mately 95% of these are classified as penile squamous cell carcinoma (PSCC) [102]. PSCC is
characterized by the uncontrolled proliferation of epithelial squamous cells and is often as-
sociated with human papillomavirus (HPV) [102]. Treatment options include organ-sparing
approaches like topical therapy, wide local excision, laser therapy, and Mohs surgery for
early-stage lesions [103]. Locally advanced stages may require perioperative chemotherapy,
with local control consisting of either partial or total penectomy, radiotherapy, or even
chemoradiotherapy, while for metastatic disease, systemic treatment is the only option.
Those treatments include chemotherapy in the first-line setting, immunotherapy in subse-
quent lines, and epidermal growth factor receptor (EGFR) inhibitors in tumors with EGFR
mutations [103]. Lymph node involvement is a key prognostic factor in PSCC; a pooled
analysis of 217 patients with PSCC in two or fewer lymph nodes showed a 5-year survival
rate of 77% compared with 25% in patients with greater nodal involvement [104].

Compared with other GU malignancies, there is little information about the use
of miRNAs as effective biomarkers in penile cancer. Thus far, limited preclinical data
highlight the potential of miRNA as a diagnostic and prognostic biomarker in penile
cancer, but further studies are needed to validate these findings. Zhang et al. identified
56 differentially present miRNAs in penile cancer versus non-cancer tissues via next-
generation sequencing [105]. Shortly after, Hartz et al. found that lower levels of miR-1,
miR-101, and miR-204 can discriminate between patients with metastatic and localized
PSCC [106]. Kuasne et al. performed an integrated analysis of mRNA and miRNA from
samples in patients with PSCC and non-neoplastic tissues and found miR-31-5p, miR-223-
3p, and miR-224-5p to be favorable biomarkers, as their overexpression was associated
with metastasis [107]. A similar analysis performed by Marchi et al. identified that miR-31,
miR-34a, and miR-130b overexpression is associated with metastasis, suggesting that these
are promising biomarkers [108]. Furthermore, the upregulation of miR-223-3p and miR-107
in PSCC is associated with lymph node metastases and poorer prognosis, respectively [109].
Additionally, Murta et al. found that miR-744-5p and miR-421 were overexpressed in tissue
samples of patients with metastatic PSCC, and a high expression of miR-421 was associated
with lower overall survival [110].

Other studies have shown that miRNAs may be helpful in identifying HPV-dependent
tumors. For instance, Ayoubian et al. performed a microarray between HPV-positive and
HPV-negative PSCC samples and found 876 differentially present miRNAs [111]. From
these, miR-99a-5p, miR-181d-5p, and miR-211-5p discriminated between tumor versus
control tissue, and miR-137 and miR-328-3p differentiated metastatic from non-metastatic
disease [111]. Additionally, Barzon et al. found that levels of miR-218 were higher in PSCC
cases with high-risk HPV infection versus cases without high-risk HPV infection [112]. As
research progresses, the identification of miRNAs as potential biomarkers highlights their
relevance in clinical practice.

Evidence suggests that miRNAs could serve not only as diagnostic and prognostic
tools, but also as novel therapeutic targets. For example, Furuya et al. revealed disruptions
in the dynamics of mRNA-miRNA pairs during the development of PSCC [113]. These
pairs represent key points in the regulatory network that have undergone alterations during
tumor development [113]. Identifying specific dysregulated miRNA-mRNA pairs associ-
ated with penile carcinogenesis highlights potential targets for therapeutic intervention.
MiR-145-5p expression is downregulated, correlating with the upregulation of its target
mRNAs, including MMP1 and MCM2, in patients with lymph node involvement. MMPI
and MCM2 are known contributors to cancer progression [113]. Targeting these dysregu-
lated pairs could help restore normal regulatory mechanisms and impede tumor growth
and progression. Similarly, Silva et al. studied the genomic landscape of HPV-positive
penile cancer by analyzing copy number alterations and miRNA-mRNA interactions [114].
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The enrichment pathways of mapped miRNAs revealed their involvement in the EGFR
and cyclooxygenase-2 (COX-2) signaling pathways, both of which are implicated in tu-
mor progression. The study indicates EGFR and COX2 as potential therapeutic targets in
HPV-positive PSCC [114]. The exploration of miRNA-based therapeutic avenues and the
identification of key molecular targets among these miRNAs offer promising potential for
developing personalized and more effective treatment strategies for patients with PSCC.

6.2. Adrenocortical Tumors

Adrenocortical tumors (ACT) arise from the cortex of the adrenal gland and encompass
benign adrenocortical adenomas (ACA) and malignant adrenocortical carcinomas (ACC).
Globally, the estimated incidence of ACC approximates one case per million individuals
annually; however, data on its epidemiology remain limited. Although rare, ACC is
characterized by its poor prognosis, with 20-50% of patients presenting with advanced or
metastatic disease, and overall survival is typically less than one year [115]. The treatment
of early-stage ACC comprises open adrenalectomy, followed by administration of adjuvant
mitotane; advanced stages may require aggressive surgical approaches [116]. Systemic
therapy includes mitotane, either alone or in combination with chemotherapy such as
carboplatin or cisplatin with etoposide [116]. For metastatic or refractory ACC, options
include targeted therapies and immunotherapy for tumors with microsatellite instability or
with high mutational burden [116].

Diagnosis of ACC is currently aided by hormonal, molecular, and genetic markers.
However, these biomarkers often lack specificity and sensitivity, suffer from inter-individual
variability, and can be invasive to measure. Additionally, their prognostic value is limited.
miRNAs hold promise as biomarkers because of their tissue-specific expression and sus-
ceptibility to dysregulation in ACC. MiRNAs play roles in the initiation, proliferation, and
progression of ACC and its targets. A study by Tombdl et al., the first to identify the miRNA
expression profile of ACC, identified the upregulation of miR-503, miR-210, and miR-184,
and the downregulation of miR-511, miR-214, and miR-375 in ACC samples compared
to the levels in ACA samples [117]. MiR-503 exhibited the highest overexpression, and
miR-511 displayed the most significant downregulation [117]. Similarly, Soon et al. stud-
ied a larger cohort and found reduced levels of miR-195 and miR-335 in ACC compared
to ACA, with significant downregulation of miR-7 in both ACA and ACC compared to
levels in the healthy adrenal tissue [118]. The distinct expression patterns of these miR-
NAs suggest their potential use as diagnostic tools to differentiate benign from malignant
adrenal tumors.

Additionally, miRNAs have been evaluated as prognostic tools. Chabre et al. found
that low levels of miR-195 were highly predictive and prognostic of aggressive ACC [119].
In another study, Patterson et al. found that patients with lower postoperative miR-483-5p
levels after ACC resection showed significantly longer recurrence-free and overall survival
rates compared to those with higher miR-483-5p levels [120]. Neither study identified the
targets of these miRNAs [119,120].

Preclinical studies have identified potential miRNA-based therapeutic avenues in
ACC. MiRNAs contribute to chemoresistance in ACC. Kwok et al. found downregulation
of miR-341 in patients with metastatic ACC resistant to traditional therapies like doxoru-
bicin, mitotane, and radiotherapy [121]. The authors identified the target of miR-431 as
zinc finger E-box binding homeobox 1, and miR-431 reverses EMT when doxorubicin
is administered [121]. Restoring miR-431 function in vitro sensitized ACC cells to these
treatments, suggesting that miR-431 exhibits significant potential as a therapeutic agent to
enhance the efficacy of chemotherapy in patients with resistant disease [121]. Bortoletto
and Parchem explored the interplay between oncogenic Kirsten rat sarcoma viral oncogene
homolog (KRAS) mutations and miRNA regulatory pathways in ACC [122]. KRAS muta-
tions can hijack the miRNA biogenesis and processing machinery, leading to widespread
miRNA misregulation that promotes ACC progression [122]. The researchers utilized RNA
sequencing data from ACC samples to analyze miRNA expression patterns and examined
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how KRAS modulates key components of the miRNA machinery, such as RNase II/III
Dicer enzymes and AGO2 [122]. Through biochemical assays and cellular models, they
demonstrated that concurrent targeting of mutant KRAS and miRNA regulatory compo-
nents could synergistically inhibit ACC cell growth and enhance chemosensitivity [122].
This approach suggests a novel and promising strategy for treating KRAS-driven ACCs.

A review by Igaz et al. describes both direct and indirect targeting of miRNAs in
ACC [123]. Direct targeting involves using miRNA mimics to restore the function of down-
regulated tumor-suppressor miRNAs or employing antagomirs to inhibit upregulated
oncogenic miRNAs [123]. Specifically, in ACC, miR-195 and miR-497 are underexpressed
and act as tumor suppressors by targeting genes involved in cell cycle regulation and
angiogenesis [123]. Indirect targeting includes modulating downstream pathways affected
by miRNAs, such as the mTOR/Raptor and Notch signaling pathways, which are influ-
enced by miRNAs like miR-99a and miR-100 in childhood ACC [123]. Igaz et al. utilized
high-throughput screening and bioinformatics analysis to identify key miRNAs and their
target pathways [123]. Experimental models, including ACC cell lines and animal studies,
were used to validate the therapeutic potential of these approaches [123]. Despite the chal-
lenges of tissue-specific delivery and potential off-target effects, the findings underscore
the promise of miRNA-based therapies in the treatment of ACC.

Two ongoing trials are exploring miRNA biomarkers and genetic factors in ACC
(Table 1). NCT05660889 is investigating the use of adrenal vein sampling to identify
biomarkers in ACC [124]. This study aims to improve diagnostic accuracy by analyz-
ing blood samples for potential miRNAs and other biomarkers to better understand the
molecular mechanisms underlying ACC [124]. NCT01528956 evaluated the genetic and
molecular basis of these adrenal tumors through DNA methylation analysis, RNA analysis,
and gene expression profiling to identify key genetic changes and potential therapeutic
targets, including the involvement of miRNAs [125]. Trial enrollment has been completed,
but the results are still pending. These studies highlight efforts to understand the role of
miRNAs in ACC, and hopefully, additional studies investigating miRNAs as therapeutic
agents are on the horizon.

7. Conclusions

MiRNAs regulate post-transcription gene expression through several mechanisms and
are heavily implicated in the carcinogenesis of GU malignancies. Many preclinical studies
have demonstrated the utility of miRNAs as biomarkers or diagnostic tools, and in vitro
and in vivo studies have evaluated synthetic miRNAs to promote tumor suppression or
inhibit oncogenesis. Clinical studies are ongoing, mostly to evaluate miRNAs as biomarkers,
although some trials using miRNAs as therapeutic agents are in process. It is evident that
not all cancers are equal, and as we move toward an era of personalized medicine, we
strive to create individualized cancer treatment plans that best suit each patient. MiRNAs
can play a crucial role in predicting which patients will respond to specific therapeutic
agents, with the potential to truly revolutionize cancer care. With several studies in the
pipeline, miRNAs are an exciting new frontier under investigation in GU malignancies,
and miRNAs may be the preferred diagnostic, prognostic, and therapeutic agents in the
coming years.
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