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Urinary malignancies refer to a series of malignant tumors that occur in the urinary system
and mainly include kidney, bladder, and prostate cancers. Although local or systemic
radiotherapy and chemotherapy, immunotherapy, castration therapy and other methods
have been applied to treat these diseases, their high recurrence and metastasis rate
remain problems for patients. With in-depth research on the pathogenesis of urinary
malignant tumors, this work suggests that regulatory cell death (RCD) plays an important
role in their occurrence and development. These RCD pathways are stimulated by various
internal and external environmental factors and can induce cell death or permit cell survival
under the control of various signal molecules, thereby affecting tumor progression or
therapeutic efficacy. Among the previously reported RCD methods, necroptosis,
pyroptosis, ferroptosis, and neutrophil extracellular traps (NETs) have attracted
research attention. These modes transmit death signals through signal molecules,
such as cysteine-aspartic proteases (caspase) family and tumor necrosis factor-α
(TNF-α) that have a wide and profound influence on tumor proliferation or death and
even change the sensitivity of tumor cells to therapy. This review discussed the effects of
necroptosis, pyroptosis, ferroptosis, and NETs on kidney, bladder and prostate cancer
and summarized the latest research and achievements in these fields. Future directions
and possibility of improving the denouement of urinary system tumors treatment by
targeting RCD therapy were also explored.
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INTRODUCTION

Tumors of the urinary system generally include kidney, bladder and prostate cancer. In 2020, the
number of estimated new cases of urinary malignancies in the United States of America
(United States) reached 159,120 and 33,820 deaths (Siegel et al., 2020). In particular,
approximately 64,000 and 115,000 patients are diagnosed with renal cancer in the United States
and Europe, respectively. This malignancy accounts for approximately 5% of all new tumors and
causes nearly 15,000 and 49,000 deaths per year in the United States and Europe (Siegel et al., 2017).
With an estimated 81,400 new cases and 17,980 deaths in 2020 alone, bladder cancer is the 4th most
common and 8th most lethal malignancy among men in the United States (Siegel et al., 2020). With
approximately 19,1930 new cases and 33,330 deaths in 2020, prostate cancer is the most prevalent
malignancy among men in the United States and has ranked second in the mortality rate of
malignant tumors (Siegel et al., 2020). For bladder cancer, the medical expenses caused by bladder
cancer in the United States was $US4 billion in 2010, and this expenditure will reach $US5 billion in
2020 (Yeung et al., 2014). China is the biggest developing countries in the world. With economic
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development, people’s living standards have been continuously
improved, and the incidence and mortality of tumors have also
increased year by year. In 2015, the number of new cases in every
10,000 person of prostate cancer is 9.5, and this number has risen
to 12.5 in every 10,000 person in 2020 (Chen et al., 2016; Wei
et al., 2021). The incidence and mortality of prostate cancer have
risen from 60.3 thousand and 26.6 thousands in 2015 to 115.4
thousands and 51.1 thousands in 2020, respectively (Chen et al.,
2016; Wei et al., 2021). The incidence of kidney cancer and
bladder cancer in 2015 are 66.8 thousands and 80.5 thousands,
and the mortality of those two type of cancers are 23.4 thousands
and 32.9 thousands in 2015, respectively (Chen et al., 2016).
Further in-depth research on the occurrence and development of
urinary system tumors will benefit patients and save economic
resources for the entire society. Basic research on urinary system
tumors is still needed, and a substantial breakthrough is expected.

The pathways of cell death are usually divided into accidental
cell death (ACD) and regulated cell death (RCD). ACD is an
uncontrolled process triggered by accidental injurious stimuli,
such as extreme physical temperature, pressure, chemical stress,
or osmotic pressure, which exceed the adjustable ability of the cell
and thus lead to cell death. The hallmark of ACD is cell ruptured,
cellular contents leaked to the extracellular and damaged to the
intracellular environment. RCD also shows cell ruptured and cell
content leaked (Hitomi et al., 2008), such as necroptosis,
pyroptosis, ferroptosis, and neutrophil extracellular traps
(NETs). This process involves signal cascades and effector
molecules and has unique biochemical, morphological, and
immunological consequences. These characteristics can be
used by researchers as molecular markers and by clinicians to
assess the patient condition. RCD also affects tumor occurrence,
progression, death, and treatment sensitivity. Therefore, attention
has been focused on the impact of RCD on tumors and its
occurrence and extent.

In this work, four types of RCDs in urinary malignancies were
discussed to reveal their role in the occurrence and development
of urinary system tumors. Current research progress and
challenges were also summarized to encourage further research.

RCDSANDTHEMOLECULARMECHANISM

Necroptosis
In 2005, Degterev et al. discovered a special form of necrosis
regulated by a specific cell signaling pathway and can be
inhibited by necrostain-1 (Nec-1) and proposed procedural
necrosis, which can be regulated by Nec-1 (Hitomi et al., 2008).
Using small interfering RNA (siRNA) screening methods,
researchers later proved that receptor interacting serine/
threonine protein kinase 1 (RIPK1) is the target of Nec-1
and many genes regulate programmed necrosis via several
pathways (Degterev et al., 2008; Grootjans et al., 2017). In
2018, the Nomenclature Committee on Cell Death officially
defined necroptosis as programmed necrosis that requires
RIPK1, receptor interacting serine/threonine protein kinase
3 (RIPK3), and substrate mixed lineage kinase domain like
pseudokinase (MLKL). Independent from cysteine-aspartic

proteases (caspase) is another significant feature of
necroptosis (Galluzzi et al., 2018).

The Molecular Mechanism of Necroptosis
Many molecules are involved in necroptosis, and its regulation is
precise and complicated. The two current in-depth methods are
death receptors-dependent or -independent necroptosis. Tumor
necrosis factor-α (TNF-α) is an inflammation-related cytokine
with an important role in inflammation. In the absence of
pathogen infection, TNF-α can also induce necroptosis in cells
(Brault et al., 2018).

The Formation of Complex I and II
When TNF-α binds to tumor necrosis factor receptor 1 (TNFR1)
on the cell membrane, the latter changes its conformation and
recruit tumor necrosis factor receptor associated death domain
(TRADD) to form a complex with RIPK1. As scaffold proteins,
TRADD and RIPK1 continue to recruit tumor necrosis factor-
related factor 2 (TRAF2) and cellular inhibitor of apoptosis
protein 1 and 2 (cIAP1/2). At this stage, complex I containing
TRAD, RIPK1, TRAF2, and cIAP1/cIAP2 has been formed on the
cell membrane (Figure 1) (Galluzzi et al., 2017).

Complex I can activate the nuclear factor kappa-B (NF-κB)
signaling pathway to promote cell survival and induce
inflammation (Hayden and Ghosh, 2014; Dondelinger et al.,
2016). This effect is related to the polyubiquitination of RIPK1
protein (Wong et al., 2010). The activation of NF-κB signaling
pathway can induce various genes that promote cell survival,
including anti-apoptotic genes, such as c-IAP1/2 and intracellular
FLICE inhibitory protein (cFLIP) (Dondelinger et al., 2016).
cFLIP is a homologous isoform of caspase-8 but lacks caspase
enzyme activity. After binding to caspase-8, this protein inhibits
the activation of caspase-8 and protect cells from caspase-8
mediated apoptosis (Chan, 2015). And cIAP2 can promote the
degradation of NF-κB inhibitory protein IκB, activate NF-κB, and
transduces NF-κB molecules into the nucleus to maintain cell
survival (Ting and Bertrand, 2016). In summary, complex I is a
key checkpoint for cell survival.

The ubiquitination of various components in complex I helps
its stabilization on the cell membrane and inhibit the formation of
complex II to promote cell survival (Dillon et al., 2012). However,
when this process is blocked, the components will fall off the cell
membrane and enter the cytoplasm to form complex II with two
forms. The formation of complex IIa is related to the damage of
NF-κB-dependent cell death checkpoints (Ting and Bertrand,
2016) and that complex IIb is related to the inhibition of RIPK1
polyubiquitination in complex I. RIPK1 also falls off the cell
membrane and recruits and activates FADD and caspase-8 to
cause cell apoptosis; this process is called RIPK1-dependent cell
apoptosis (Dondelinger et al., 2014) (Figure 1).

The Formation of Necrosome and the Execution of
Necroptosis
RIPK3 is an important protein that causes necroptosis and can be
hydrolyzed by caspase-8 (Chan, 2015). Its deletion can also save
embryo from death caused by FADD deletion (Chan, 2015).
Therefore, RIPK3 has an important role in necroptosis.
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Necrosome is composed of combined RIPK1 and RIPK3
(Dondelinger et al., 2014) and could phosphorylate and
activate MLKL (Kreuz et al., 2001). The specific mechanism of
MLKL in necroptosis has not been fully revealed. MLKL
phosphorylation is believed to transfer onto the cell membrane
and then directly or indirectly destroy this structure (Kreuz et al.,
2001; Blackwell et al., 2013; Cai et al., 2014; Chen et al., 2014;
Quarato et al., 2016). This protein also activates sodium and
calcium channels on the membrane, leading to cation influx and
ultimately to necroptosis (Kreuz et al., 2001; Kaiser, 2011; Cai
et al., 2014; Chen et al., 2014; Murphy et al., 2018) (Figure 1).

Pyroptosis
Pyroptosis was proposed in 2001 and used to describe a kind of
cell death mediated by caspase-1 (Cookson and Brennan, 2001).
However, researchers have preliminarily reported this process
(Wang Y. et al., 2017), and some have discovered that the
“apoptosis” caused Shigella Castellani is mediated by activating
caspase-1 in the host cell (Rathinam and Fitzgerald, 2016).
Knocking out caspase-1 can prevent this cell death (Zychlinsky
et al., 1992). Pyroptosis is not always accompanied with caspase-1
activation (Galluzzi et al., 2018) and has different morphology
and molecular mechanism compared with other pathways. Its
characteristic performance is being a type of cell death that
triggers inflammatory response. In addition to cytoskeletal
protein degradation, membrane perforation or membrane lysis,
and efflux of intracellular pro-inflammatory substances and

inflammatory responses, pyroptosis in cells is manifested by
nuclear agglutination, DNA fragmentation markers and
positive annexin V positive (Hilbi et al., 1997). Although
pyroptosis and necrosis both exhibit membrane rupture and
inflammation, the cell membrane of pyropototic cell is
gradually dissolved, the cellular contents are released slowly,
and the whole process is regulated by the program; by
contrast, the plasma membrane of necrosis cells is blast-like,
and the process is usually caused by violent and severe external
stimulus (Galluzzi et al., 2018). Apoptotic cells also have
chromatin condensation, but the DNA is fragmented, the cell
membrane remains structurally intact without leakage of cellular
contents, and the focal cells have nuclear integrity but lacked of
the DNA ladder; these phenomena are accompanied by cell
membrane rupture, leakage of cellular contents, and
inflammatory responses (Hersh et al., 1999) (Table 1).

Molecular Mechanisms of Pyroptosis
Pyroptosis was first thought to be caspase-1-dependent. With
research progress, this process was confirmed to not require
caspase-1 and is currently believed to have three main pathways.

Caspase-1 Dependent Pyroptosis
Pathogen- or damage-associated molecular patterns (PAMPs/
DAMPs) are usually secreted from pathogenic microorganisms,
directly stimulate cells, and activate NF-κB via pattern
recognition receptors (PRRs) (Takeuchi and Akira, 2010).

FIGURE 1 |Molecular mechanism of necroptosis and its regulation. Caspase-8, cysteine-aspartic proteases-8; cFLIP, cellular (Fas asscoiated deathe domain like
IL-1 converting enzyme)/caspase-8 inhibitior protein; cIAP1/2, cellular inhibitor of apoptosis protein 1 and 2; FADD, Fas-associating protein with a novel death domain;
IKKα, IκB kinase α; IKKβ, IκB kinase β; IP, inositol phosphate; MLKL, mixed lineage kinase domain like pseudokinase; NEMO, nucleart factor-κB essential modulator; NF-
κB, nuclear factor kappa-B; P, Phosphorylation; TNF-α, tumor necrosis factor-α; TAK1, transforming grow factor-beita actived kinase 1; TNFR1, tumor necrosis
factor receptor 1; TRADD, TNF receptor associated death domain; RIPK1, receptor interacting serine/threonine protein kinase 1; TRAF2, TNF receptor associated factor
2; RIPK3, receptor interacting serine/threonine protein kinase 3.
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Activated of NF-κB combines with multiple proteins to assemble
inflammasomes which includes PRRs such as nucleotide-binding
oligomeric domains (NOD)-, leucine-rich repeat domains,
(LRR)-, and pyrin domain (PYD)-containing protein 3
(NLRP3), a junctional protein such as apoptosis-associated
speck-like protein (ASC), and pro-caspase-1 (Takeuchi and
Akira, 2010). Inflammasomes could activate caspase-1 to shear
gasdemin D (GSDMD) into the N-terminal GSDMD (GSDMD-
NT) that induce cell lysis, release IL-1β and IL-18, and elevate the
extent and scale of the inflammatory response (Wilson et al.,
1994; Dinarello, 2009; Aglietti et al., 2016; Ding et al., 2016; Liu
and Lieberman, 2017). GSDMD is a common substrate for all

inflammatory caspases, is cleaved by caspase-1, caspase-4,
caspase-5 and caspase-11 and then acquired perforating
activity (Liu and Lieberman, 2017) (Figure 2).

Caspase-11 Dependent Pyroptosis
The released Lipopolysaccharide (LPS) of the bacteria could
activate and bind with caspase-11 to induce pyroptosis
(Viganò and Mortellaro, 2013). On the one hand, caspase-11
can directly cleave GSDMD to induce pyroptosis and promote the
assembly of NLRP3 inflammasomes, the activation of pro-
caspase-1, and the maturation of IL-1β. On the other hand,
caspase-11 can be specifically bind with LPS and then

TABLE 1 | Difference among of the five forms of cell death.

Characteristic Apoptosis Necrosis Pyroptosis Necroptosis Ferroptosis

Morphology Cell lysis × √ √ √ √
Cell swelling × √ √ √ ×
Membrance perforation × √ √ √ ×
Membrane blebbing √ × √ × ×
DNA fragmentation √ √ √ √ ×
Intact nuclear × × √ × √
Mitochondrial atrophy × × × × √

Mechanism Caspase-1 activation × × √ × ×
Caspase-3 activation √ × √ × ×
GSDMD activation × × √ × ×
RIP3 activation × × × √ ×
MLKL activation × × × √ ×

Denouement Inflammation × √ √ √ √
RCD √ × √ √ √

Caspase-1, cysteine-aspartic proteases-1; Caspase-3, cysteine-aspartic proteases-3; MLKL, mixed lineage kinase domain like pseudokinase; GSDMD, gasdemin D; RCD, regulated cell
death; RIPK3, receptor interacting serine/threonine protein kinase.

FIGURE 2 | Caspase 1-dependent pyroptosis. ASC, apoptosis-associated speck-like protein; Caspase-1, cysteine-aspartic proteases-1; DAMPs, damage-
associated molecular patterns; GSDMD, gasdemin D; IL-1β, interleukin-1β; IL-18, interleukin-18; IL-1R, interleukin-1 receptor; NLRP3, NOD-, LRR-, and pyrin domain-
containing protein-3; LPS, lipopolysaccharide; NF-κB, nuclear factor kappa-B; PAMPs, pathogen-associated molecular patterns; TLR, Toll like receptor; TNF-α, tumor
necrosis factor-α; TNFR1, tumor necrosis factor receptor.
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promote the activation of panexin-1, leads to the efflux of
intracellular ATP, promotes the activation of P2X
purinoceptor 7 (P2X7) to the open of ion channels for the
efflux of K+ and Cl−, meanwhile, Ca2+ inflow causes
membrane to rupture and inflammatory response (Takeuchi
and Akira, 2010; Swanson et al., 2019) (Figure 3).

Caspase-3 Dependent Pyroptosis
Certain apoptotic promoted drugs can transform caspase-3
dependent cell apoptosis into caspase-1 dependent pyroptosis
(Orning et al., 2018; Sarhan et al., 2018; Wang et al., 2018; Yang
et al., 2018; Tang et al., 2021). For example, when the gene of
GSDMD of HeLa cells is knocked out and GSDMD with the
caspase-3 restriction site is replaced at the same time, HeLa cells
can change from apoptotic to pyroptotic (Liu and Lieberman,
2017). When the cells were treated with chemotherapeutics, the
high expression of gasdemin E (GSDME) could also convert
apoptosis into pyroptosis (Zychlinsky et al., 1992). GSDME is a
conserved protein in the GSDM family, and caspase-3 restriction
sites exist in its N-terminal and C-terminal domains (Hilbi et al.,
1997; Wang et al., 2018; Tang et al., 2021). Once GSDME is
cleaved, its N-terminus can specifically bind to
phosphatidylinositol-4,5-bisphosphate on the cell membrane,
thus causing plasma membrane perforation and inflammatory
substances release, and eventually pyroptosis (Hersh et al., 1999;
Wang et al., 2018) (Figure 3).

Ferroptosis
In 2003, a new compound, erastin, was reported to cause the
death of cancer cells. However, this cell death is quite different
from all the kind of cell death currently known at that time. In this

process no apoptosis body is formed, DNA is destroyed, and
caspase family molecules are activation and could not be blocked
by caspase inhibitors (Dixon et al., 2012). In 2012, a concept of
iron-dependent RCD was proposed on the basis of previous
research and officially named as ferroptosis (Li et al., 2020).
The main morphological changes of ferroptosis include
mitochondrial atrophy, such as increased mitochondrial
membrane density, remarkably reduction in mitochondrial
ridges, rupture of mitochondrial membranes, intact nuclei that
are normal in size without chromatin condensation, and cell
membrane with increased density but no blebbing (Table 1)
(Dolma et al., 2003; Yagoda et al., 2007; Yang and Stockwell,
2008). In addition to these morphological characteristics,
ferroptosis also has unique biochemical features often used as
evaluated indicators to judge this process in scientific research.
The mainly distinctive features include increased the
concentration of intracellular Fe2+ and reactive oxygen species
(ROS), decreased cysteine intake, depletion of glutathione, and
increased levels of hydroxyl free radicals and lipid hydroperoxides
(LOOH) (Dolma et al., 2003; Yagoda et al., 2007). Owing to its
unique metabolic characteristics for Fe2+ and ROS, the use of iron
chelating agents (such as deferoxamine) or antioxidants could
inhibit this ferroptosis (Yang and Stockwell, 2008).

The Molecular Mechanism of Ferroptosis
Ferroptosis is mainly regulated by the metabolism of iron, lipid
and amino acid. The most influential factor is glutathione
peroxidase 4 (GPX4), a membrane lipid repair enzyme that
can convert glutathione into oxidized glutathione to limit
cytotoxic lipid peroxidation (Seiler et al., 2008; Tang and
Kroemer, 2020). The use of GPX4 inhibitors or knockdown of

FIGURE 3 | Caspase-1-independent pyroptosis. ATP, Adenosine triphosphate; Caspase-3, cysteine-aspartic proteases-3; Caspase-4, cysteine-aspartic
proteases-4; Caspase-8, cysteine-aspartic proteases-8; Caspase-11, cysteine-aspartic proteases-11; DAMPs, damage-associated molecular patterns; GSDMD,
gasdemin D; GSDME, gasdemin E; IFN-β, Interferon-β; IFNAR, interferon-α/β receptor; LPS, lipopolysaccharide; NF-κB, nuclear factor kappa-B; PAMPs, pathogen-
associated molecular patterns; P2X7, purinergic receptor; TLR, Toll like receptor.
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GPX4 can induce ferroptosis in cells, and this process can also be
rescued by iron chelating agents (Yant et al., 2003; Yang et al.,
2014; Ingold et al., 2018). (Figure 4).

Fe2+/Fe3+ participates in ROS formation and causes
ferroptosis. Intracellular ferritin can release Fe2+ through
autophagy, and nuclear receptor coactivator-4 (NCOA4) acts
as an adaptor protein to mediate this process (Yang et al., 2014).
Hence, NCOA4 regulates the sensitivity of cells to ferroptosis by
regulating intracellular iron ions. NCOA4 Overexpression can
increase the degradation of ferritin and promote the occurrence
of ferroptosis (Yang et al., 2014). Iron is a direct factor affecting
ROS production. Heme oxygenase-1 (HO-1) can catalyze the
degradation of heme to produce free iron (Rouault, 2005), and its
overexpression can accelerate ferroptosis induced by erastin
(Hentze et al., 2010).

Lipid peroxide is a member of ROS and the ultimate executor
of ferroptosis (D’Herde and Krysko, 2016). ROS, including
peroxides, superoxides, singlet oxygen and free radicals, is a
class of molecules with partially reduced oxygen and cause cell
death by damaging DNA, RNA, and lipid molecules (Doll et al.,
2019) In ferroptosis, the accumulation of lipid peroxides,
especially phospholipid peroxides, is considered to be a
landmark event (Gaschler and Stockwell, 2017). Lipid
peroxides can cause damage in many ways. On the one hand,
lipid peroxides could decompose into ROS and amplify lipid
peroxidation. On the other hand, lipid peroxides could change the
physical structure of the membrane and disrupt the metabolism
of intracellular substances (Yang et al., 2016; Kagan et al., 2017).
The main damage of lipid peroxidation is by polyunsatureated

fatty acid (PUFA) and phosphatidylethanolamines (PE) oxidative
decomposition (Yang et al., 2016; Kagan et al., 2017). PUFA and
PE are important components of biomembrane (Lin et al., 2018),
and deeply affects the proliferation, differentiation, immunity and
other biological functions of cells (Bersuker et al., 2019) (Lin et al.,
2018).

As a substrate of GPX4, glutathione (GSH) is a key factor in
anti-oxidative stress (Woo et al., 2015). Cystine/glutamate
antiporter (system Xc−, xCT), a specific transporter required
for glutamate and cysteine to enter and exit cells, is composed
of glycosylated solute carrier 3A2 (SLC3A2) and non-
glycosylated SLC7A11 through disulfide linkages (Li et al.,
2020; Reichert et al., 2020). Inhibiting the amino acid
imbalance caused by xCT can cause ferroptosis (Gao et al.,
2015). The high level of glutamate concentration out of the
cells can also inhibit xCT and then induce ferroptosis
(Maiorino et al., 2018; Li et al., 2020). GSH can be used as an
electron donor to convert toxic phospholipid peroxide into non-
toxic phosphatidyl alcohol oxidized glutathione under the action
of GPX (Bridges et al., 2011). Drugs such as RSL3 (Yagoda et al.,
2007) and hexamethylmelamine (Liu et al., 2021), or interference
with GPX4 expression (Lin et al., 2018) can induce and promote
ferroptosis. Moreover, this process can be induced by
consumption GSH that will prevent GPX4 to lose its effect
(Yant et al., 2003; Li et al., 2020).

NETs
Neutrophils are important members of non-specific immunity
and are involved in resisting and killing pathogenic

FIGURE 4 | Ferroptosis molecule and its regulation. CoQ10, Coenzyme Q10; FSP1, Ferroptosis-suppressor-protein 1; GSS, glutathione synthetase; NCOA4,
nuclear receptor coactivator-4; RBC, red blood cells; ROS, reactive oxygen species; PL, Phospholipid; PUFA, polyunsatureated fatty acid; SLC3A2, solute carrier 3A2;
SLC7A11, solute carrier 7A11; System Xc-, the cystine/glutamate antiporter system.
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microorganisms, removing necrotic tissues, and repairing the
defects (Colotta et al., 2009). These cells and their components are
involved in almost every process of tumor progression and
metastasis (Brinkmann et al., 2004). For example, neutrophils
can secrete various substances affecting the tumor
microenvironment and promote tumor metastasis and
invasion (Fuchs et al., 2007; Demers et al., 2016; Castanheira
and Kubes, 2019). NETs are a fibrous network structure released
by neutrophils under the action of stimulating factors and
composed of de-aggregated chromatin a various protein
particles (Mizuno et al., 2019). NETs were originally thought
to be a potential sterilization mechanism that can capture and
organize the spread of multiple pathogens in host defense against
infection (Mizuno et al., 2019). In addition to the loose backbone
made of DNA, the components include matrix
metalloproteinase-9 (MMP-9), neutrophil elastase (NE),
cathepsin G (CG), and myeloid peroxidase (MPO) surround
and attach (Figure 5) (Mizuno et al., 2019). NETs are formed
due to the release of intracellular substances after the death of
neutrophils. This type of death differs from apoptosis or necrosis
and is named NETosis (Wu et al., 2019). A few minutes after
neutrophils are activated by external stimuli, they began to flatten,
the nucleus lobules decrease until they disappeared, chromatin
agglomerated, the inner and outer layers of the nuclear
membrane separate from each other, and the granules in the
cytoplasm disintegrate. The nuclear membrane then divides into
small vesicles, and the nucleus and cytoplasm fuse. At this time,
the cells gradually become round and shrink in size (Table 1).
Finally, the cell membrane ruptures and releases NETs (Amulic
et al., 2017). At present, NETosis is divided into two ways
according to whether it needs to rely on nicotinamide adenine
dinucleotide phosphate (NADPH).

The Anti-Tumor Effects of NETs
Necroptosis, pyroptosis, and ferroptosis all occur on the tumor
cells and thus may eventually promote or inhibit tumor growth.
NETosis occurs on neutrophils in the tumor microenvironment
(TME) and regulates tumor growth by releasing NETs, which are

common in many types of tumors. For example, NETs are highly
common in lung cancer or osteosarcoma (Reggiani et al., 2017),
and the neutrophils have stronger ability to form and release
NETs than normal tissue (Acuff et al., 2006; Reggiani et al., 2017;
Huang, 2018). MMP-9, which is expressed by various cells, can
promote cell migration and angiogenesis (Lerman and Hammes,
2018) and is also involved in different tumor pathophysiological
processes (Najmeh et al., 2017). For example, in pancreatic cancer
or Lewis lung cancer, MMP-9 can promote tumor growth and
development, invasion, andmetastasis (Amulic and Hayes, 2011).
The NE in NETs can directly promote tumor cells proliferation
and distant metastasis (Erpenbeck and Schön, 2017). NETs can
also form a physical barrier between tumor cells and immune
cells through their special network structure to inhibit the anti-
tumor functions of other immune cells (Boone et al., 2015).

Current research on NETs conducing tumor metastasis is
quite extensive. This function is mainly accomplished in five
aspects: 1) NETs degrade the extracellular matrix. For example,
MMP-9 and CG can degrade the extracellular matrix to prepare
for tumor metastasis (Wilson et al., 2010; Park et al., 2016; Cabel
et al., 2017); 2) NETs capture circulating tumors cells (CTCs),
cells that are shed from the primary tumor site or metastasis,
entering the vasculature, and thus escape from immune attack.
CTCs has important clinical significance in tumor metastasis and
huge potential as prognostic markers of metastatic tumors (Li
et al., 2010). The 3D structure of NETs can capture CTCs,
facilitate its adhesion, and promote metastasis (Li et al., 2010).
At the same time, NETs can directly promote the adhesion of
CTCs to the vascular wall, and the breaks through the vascular
walls to reach distant organs to form new metastases (Acuff et al.,
2006; Guo et al., 2012; Kolaczkowska et al., 2015). 3) NETs
promote immune evasion. On the one hand, they can form
obstruction between immune cells and CTCs (Pieterse et al.,
2017); on the other hand, NETs and their dissolved products can
also inhibit the normal functions of immune cells in the body,
thereby assisting CTCs to evade the immune recognition (Wilson
et al., 2010; Pieterse et al., 2017). 4) NETs can destroy the integrity
of the vascular walls by adjusting the VE-cadherin and other ways
to make tumor cells spill over, thus facilitating their metastasis to
distant organs and the formation of micrometastases (Cools-
Lartigue et al., 2014; Tohme et al., 2016). 5) NETs promote
angiogenesis. Various components in NETs, such as: MMP-9
(Cools-Lartigue et al., 2013; Boone et al., 2015), CG (Cabel et al.,
2017), and NE (Cools-Lartigue et al., 2013), can induce the
expression of vascular endothelial growth factor (VEGF) to
promote tumor growth, metastasis and angiogenesis. Under
the stimulation of surgery, NETs can also stimulate Kupffer
cells to release cytokines and chemokines, such as TNF-α
(Moriai et al., 2009), IL-6 (Mcdonald et al., 2010) and CXCL-
10 (Huh et al., 2010), and consequently induce tumor metastasis
(Erpenbeck and Schön, 2017).

The use of inhibitors or degradation agents of NETs, such as
DNase, for tumor treatment has been explored. Peptidyl arginine
deminase4 (PAD4) can convert arginine to citrulline, which cause
chromatin to decoagulate. Although stimulated by LPS and TNF,
PAD4-deficient neutrophils cannot produce NETs (Zhou et al.,
2018; Holmes et al., 2019; Galkina et al., 2020). NE inhibitors can

FIGURE 5 | NETs formation. CG, cathepsin G; DNA, deoxyriboNucleic
acid; MMP-9, matrix metalloproteinase-9; MPO, myeloperoxidase; NE,
neutrophil elastase.
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also prevent the formation of NETs, handicap tumor cells to
adhere to the capillary wall of liver or lung, and reduce tumor cell
metastasis to the liver and lungs in vivo (Acuff et al., 2006).
Whether NE and PAD4 inhibitors can affect tumor proliferation
and metastasis by inhibiting the formation and release of NETs
requires further verification.

RCDS IN URINARY MALIGNANCIES

RCDs in Renal Malignancies
Renal cell carcinoma (RCC) is the most common type of kidney
cancer. Although the primary lesion can be treated in surgery,
approximately 40% of cases will recur and develop into metastatic
tumor; the 5-years survival rate is 10% (Sánchez-Gastaldo et al.,
2017).

Necroptosis has a double-faucet effect on the occurrence and
development of malignant tumors, that is, it can promote and
inhibit the biological process of malignant tumors. Most type of
tumors have low RIPK3 expression and thus can resist
necroptosis, which is conducive to tumor progression.
(Sánchez-Gastaldo et al., 2017). However, high RIPK3
expression is also associated with poor patient survival in
some type of tumors, such as ovarian (Colbert et al., 2013),
colorectal (Zhai et al., 2016) and breast cancer (Li et al., 2017).
Similar effects have also been found for MLKL expression
(Nugues et al., 2014; Höckendorf et al., 2016; Liu et al., 2016;
Zhai et al., 2016). RIPK1 and RIPK3 expression is significantly
increased in high-grade clear cell renal carcinoma (ccRCC)
in vitro compared with that in low-grade or normal cells
(Cheng et al., 2021). Patients with papillary RCC and high
miR-381-3p expression have a lower overall survival than
those with low expression levels; miR-381-3p may blocks
TNF-induced necroptosis by inhibiting the activation of
RIPK3 and MLKL (Ou et al., 2018). Treating RCC cell lines
(HK-2, ACHN, CaKi, 786-O, and OS-RC-2) with emodin can
induce RIPK1 and MLKL phosphorylation, and result to
necroptosis in vitro (Wilhelm et al., 2004). Artesunate can also
inhibit the proliferation of kidney cancer cell lines in vitro by
inducing ROS and thus increasing RIPK1-dependent necroptosis
(Sonkusre and Cameotra, 2017).

Liver X receptor (LXR) is a member of the nuclear receptor
superfamily mainly expressed in kidney (Wang Y. et al., 2017;
Tan et al., 2020) and is one of the regulators of prostate (Katarina
et al., 2017), breast (Hong and Tontonoz, 2008) and other types of
cancer. In RCC, LXR-α can promote the metastasis by inhibiting
NLRP3-inflammasome depended pyroptosis (Bobin-Dubigeon
et al., 2017). Ursolic acid is a natural compound (Wang K.
et al., 2019) that can up-regulate NLRP3 in RCC, then activate
caspase-1, and eventually cause pyroptosis and inhibit tumor
growth (Goodwin et al., 2008). On the contrary, resveratrol is a
natural polyphenol compound that is widely present in crops
such as peanuts and has anti-inflammatory effects (Chen Y.-M.
et al., 2020). This compound substantially down-regulates NLRP3
while inhibiting RCC proliferation in vitro and can be blocked by
NLRP3 inhibitors (Straif, 2009). Arsenic induces RCC by
promoting AIM2-inflammasome and increasing the release of

IL-1β and IL-18 to cause pyroptosis (Peng et al., 2020). These
seemingly contradictory results also suggest that pyroptosis has a
dual role in RCC.

The occurrence and development of tumors are often
accompanied by redox imbalances and increased demand for
iron ions. These phenomena suggest that tumor cells may have a
higher sensitivity to ferroptosis (Weigand et al., 2020). In ccRCC,
the research on ferroptosis is quite extensive. Low NCOA4
expression is related to the high TNM stage of ccRCC (Zou
et al., 2019). Despite being a result of bio-information analysis
based on TCGA and GEO databases, this finding points out
potential research directions for follow-up clinical research.
Therefore, other researchers have successively proposed
prognostic survival models based on ferroptotic genes to
clinically predict the survival and risk of patients with ccRCC
(Markowitsch et al., 2020; Wu et al., 2020). The prognostic
characteristics of ferroptotic genes, such as NCOA4 and
SLC7A11, were found to be independent prognostic factors for
patients with ccRCC. Subsequent studies showed that ccRCC
depends on GPX4 to reduce lipid peroxides (Chang et al., 2021)
and extremely sensitive to the lack of glutamine and cystine. If the
synthesis of GSH is inhibited, then ferroptosis can be induced in
ccRCC to limit tumor growth (Mou et al., 2021). In addition,
ferroptosis may also be a potential target to resolve drug
resistance in RCC. Artesunate can inhibit the growth of
sunitinib-resistant RCC by inducing ferroptosis (Miess et al.,
2018). A high ferroptotic score indicates poor ccRCC prognosis
but high sensitivity to chemotherapy drugs such as vinorelbine
(Bai et al., 2021).

CTCs are a main factor that cause RCC metastasis. The grid-
like structure of NETs and the tissue factor (TF) can form tangles
with CTCs. Therefore, the scores of NETs and TF were identified
as independent risk factors for patients of RCC (Guan et al.,
2015). Inhibiting MMP-9 can also suppress RCC proliferation
and metastasis in vitro (Guan et al., 2015; Mego et al., 2019).
Conversely, promoting MMP-9 can enhance the proliferation
and migration of tumor (Mego et al., 2019). MMP-9 is also a
necessary substance in ccRCC to promote angiogenesis (Guo
et al., 2019).

RCDs in Bladder Malignancies
Bladder cancer is the 4th most common and 8th most lethal
malignancy among men in the United States (Siegel et al., 2020).
ABT-737 is an inhibitor of Bcl-2 and inhibits its biological activity
by competitively binding Bcl-2 (Wang et al., 2021). In bladder
cancer, ABT-737 can directly induce MLKL-mediated
necroptosis by upregulating RIPK3 expression without
requiring RIPK1 (Haigis and Sinclair, 2010). However, only a
few studies were conducted on necroptosis in bladder cancer.
Hence, many unknown mechanisms remain in this area of
research and must be explored.

High GSDMD expression promotes the proliferation of
bladder cancer cells and is related to the reduced in overall
survival (Poli et al., 2020). This phenomenon may be related
to the inflammatory environment caused by severe pyroptosis
and provides suitable conditions for the proliferation of bladder
cancer. However, NLRP3, NLRP4, and NLRP9 were significantly
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increased in the urine and tumor tissue samples of patients with
bladder cancer compared with those in healthy people (Poli et al.,
2020). Different inflammasomes (NLRP1, NLRP2, NLRP3,
NLRP4, NLRP5, NLRP6, NLRP7, NLRP12 and AIM2)
determine the difference of pathological features in bladder
cancer (Tian et al., 2020). Therefore, studies on pyroptosis in
bladder cancer may require individualized research plans and
evaluation indicators. These individualized differences can
further help physicians to accurately determine patient prognosis.

Quinazolinyl-arylurea derivative named 7j was obtained by
modifying the chemical structure of sorafenib (Ceballos et al.,
2011). 7j can cause bladder cancer cells death by regulating the
xCT/GPX4/ROS pathway in vitro and exhibits suitable affinity for
GPX4 (Ceballos et al., 2011). MiRNA-27a down-regulation can
targetedly promote SLC7A11 and regulate GSH biosynthesis,
thus enhancing the resistance of bladder cancer cells to
cisplatin in vitro (Qin et al., 2021).

BCG perfusion has been used a treatment of bladder cancer
(Saluja and Gilling, 2017) and still occupies an important position
in anti-bladder cancer therapeutics (Gontero et al., 2010; Lin
et al., 2015). BCG was recently discovered to possible inhibit the
proliferation of bladder cancer by inducing the NETs production.
The mechanism may be related to tumor damage and the
enhancement of T cells and monocyte-macrophages in TME
by NETs (Gontero et al., 2010; Lin et al., 2015). Studies on
whether NETs can directly inhibit tumor growth are currently
lacking. Hence, their potential anti-tumor effects as a part of
innate immunity remain to be discovered. Nevertheless, NETs or
the associated components remain to be poor prognostic factors
in bladder cancer. For example, NETs can promote bladder
cancer resist to radiotherapy (Wu et al., 2018); MMP-9 is
significantly expressed in high-grade bladder cancer compare
with that in low-grade ones (Shinde-Jadhav et al., 2021). The high
expression of MMP-9 can promote the metastasis of bladder
cancer has been confirmed, and there is evidence that the process
is associated with MMP-9 promoted epithelial-mesenchymal
transition (EMT) in bladder cancer (Ashrafizadeh et al., 2020a;
Mirzaei et al., 2021a; Mirzaei et al., 2021b). NE can promote the
proliferation and invasion of bladder cancer and other malignant
behaviors in vitro (Yang and Sun, 2004). Balancing the anti-
tumor effect and tumor-promoting effect of NETs in bladder
cancer is clinically significant and challenging task.

RCDs in Prostate Malignancies
Prostate cancer is the most prevalent malignancy among men in
the United States, ranking the 2nd in the mortality rate of
malignant tumors (Siegel et al., 2020).

RIPK3 expression is significantly decreased in prostate cancer
compared with that in normal tissues, and its overexpression
significantly inhibits the proliferation and invasion of prostate
cancer in vitro and in vivo. For example, RIPK3 inhibits prostate
cancer progression by activating MLKL through phosphorylation
and necroptosis activation (Zhao et al., 2020). In advanced
prostate cancer, RIPK3 is significantly suppressed at a rate
proportional to tumor size and prostate-specific antigen (PSA)
(Lu et al., 2020). Sirtuin (SIRT) family is consisted of seven
members (SIRT1-7) (Michan and Sinclair, 2007; Chauhan et al.,

2017). Although they all share a conserved catalytic core
structural domain, their different enzymatic activities and
cellular localization result in diverse functions; the members
are involved in various biological behaviors including cellular
metabolism, DNA repair, tumor development, and cellular
senescence (Marmorstein, 2004). In prostate cancer, SIRT-3
and SIRT-6 can protect prostate cancer cells from necroptosis
and reduce the overall survival (Fu et al., 2020). Sorafenib is a 2nd
generation tyrosine kinase inhibitor (TKI) that targets Raf
kinases, including Raf-1 and b-Raf, VEGFR-2 and -3, PDGFR-
β, Flt-3, and c-KIT (Kharaziha et al., 2015). In the Atg5-deficient
prostate cancer cell line DU-145, sorafenib could mediate
necroptosis by inducing the RIPK1/RIPK3/MLKL pathway,
and this process can be blocked by the RIPK1 inhibitor Nec-1
(Heidaryan et al., 2020). Even in androgen-dependent prostate
cancer, necroptosis can be induced in LNCaP cells through
activation of RIPK1 by Ophiopogonin D′ (OPD′); the use of
either Nec-1 or necrosulfonamide, a kind of MLKL inhibitor, can
inhibit necroptosis induced by OPD′ (Wang J. et al., 2017). In
summary, necroptosis shows promise as a new target for the
treatment of prostate cancer. Therefore, some investigators have
developed a novel bio-selenium nanoparticle in prostate cancer
that can cause necroptosis by inducing TNF-α activation of
RIPK1 (Al-Lamki et al., 2016).

Prostate cancer and its paracancerous tissues usually
infiltrated a large number of inflammatory cells. The
inflammatory microenvironment may be an important factor
for promoting tumor cells growth (Khan et al., 2016). On the one
hand, it recruits the inflammatory cells and releases the factors to
promote tumor growth. On the other hand, it activates TGF-β
and inhibits the expression of caspase-1 and the maturation and
release of IL-1β (Khan et al., 2016). NLRP12 has similar functions
to TGF-β and can also promote the occurrence and development
of prostate cancer by regulating caspase-1 and its downstream IL-
1β and IL-18 (Karan et al., 2017). Caspase-3 could be activated by
chemotherapeutic or targeted drugs and cutting GSDME in the
prostate cancer tissues to cause pyroptosis provide anti-tumor
effects (Hersh et al., 1999). Therefore, caspase-3 could become a
target in prostate cancer treatment.

The beta-oxidation of fatty acids is the most important energy
metabolism pathway in prostate cancer (Liu, 2006; Balaban et al.,
2019). DECR1 can cause PUFA depletion in prostate cancer by
encoding the rate-limiting enzyme of PUFA oxidation, thus
protecting prostate cancer from ferroptosis. Targeting to
DECR1 can cause PUFA to accumulate in cells, enhanced
oxidative stress and lipids peroxidation, and finally induce
ferroptosis (Nassar et al., 2020; Yang et al., 2021). Erastin and
RSL3, showing a good ability to induce ferroptosis in prostate
cancer in vitro and suppress this malignancy (Yang et al., 2021;
Ghoochani A et al., 2021). Erastin can down-regulate the
androgen receptor (AR) in castration-resistant prostate cancer
(CRPC) and thus have potential anti-CRPC effects (Ghoochani
et al., 2021). As a great clinical challenge, CRPC is expected to be
treated by ferroptosis. Some researchers synthesized a hybrid AR
antagonist (ITC-ARi) containing isothiocyanate, which can
down-regulate AR and enhance the sensitivity of CRPC cells
to ferroptosis inducers such as erasitin (Yang et al., 2021).
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Flubendazole is a broad-spectrum antiparasitic drug (Ceballos
et al., 2009; Mackenzie and Geary, 2011; Zhou et al., 2020) that
can induce the P53 expression in CRPC cells, inhibit SLC7A11
transcription, and down-regulating GPX4 to promote ferroptosis
(Chen J.-N. et al., 2020). In summary, prostate cancer cells are
highly sensitive to ferroptosis due to their unique androgen
dependence and energy metabolism characteristics. So,
ferroptosis may have a good therapeutic potential. In-depth
basic research and clinical cohort analysis with large sample
size are still needed to evaluate the effectiveness of this treatment.

NETs components possibly cause the proliferation and
migration of prostate cancer cells. For example, NE can
promote the proliferation of prostate cancer in vitro
(Nakazawa et al., 2012; Lerman et al., 2019). The risk of
venous thromboembolism (VTE) in prostate cancer is
significantly high (Nakazawa et al., 2012; Lerman et al., 2019),
and NETs can mediate the formation of clots in patients with
malignancies through various ways. NETs are also found in
human and animal thrombosis. The knocked down the PAD4
gene in mice indicated that NETs are a component of venous
thrombosis involved in the formation and maintenance of
thrombus (Longstaff et al., 2013; Martinod et al., 2013; Ording
et al., 2015). Some researchers believe that this is because
microparticles (MPs) can combine with TF, CG and other
substances on the surface of NETs to promote blood clotting
and form thrombus (Thomas et al., 2015).

RCDS IN ANTI-TUMOR AGENTS

With the improvement of research on RCD, RCD regulated drugs
in tumor therapy have been gaining attention.

Chemotherapy is the longest use and the widest coverage in
tumor therapy. The main mechanism is to inhibit cell
proliferation and promote cell death. In the past, most of the
chemotherapeutic drugs used to promote cell apoptosis to limit
the development of tumors. However, accumulated evidence
shows that promoting necroptosis or ferroptosis maybe
achieve better therapeutic effecacy. Artemisinin (ART) is used
to treat malaria and has been approved by the FDA for the
treatment of cancer. ART and its derivatives induce ferroptosis by
promoting degradation of ferritin in lysosomal, down-regulating
the expression of GPX4 and inducing the production of lipid
peroxide (Ou et al., 2017; Chen et al., 2019).

With the understanding of cancer molecular biology continues
advance, drug development has shifted towards agents that target
specific molecular alternations in tumors. These molecular
targeted therapies have achieved varying degrees of success.
Sorafenib can not only induce necroptosis in prostate cancer,
but also has been reported to induce ferroptosis in liver cancer
(Wilhelm et al., 2004; Longstaff et al., 2013; Louandre et al., 2013;
Dixon et al., 2014). A novel type of chalcone was discovered by
inducing caspase-3 and then activating GSDME to induce
pyroptosis for the treatment of CRPC. Inducing cancer cells to
produce pyroptosis can effectively inhibit tumor growth, but the
inflammatory microenvironment can cause tumor cell
proliferation. Therefore, maximizing pyroptosis in prostate

cancer while limited the scale and scope of inflammation
could be a focal point in future. For example, a drug which
targets and activates NLRP3 can suppress IL-1β and IL-18 while
causing prostate cancer pyroptosis and then limiting the scale and
scope of inflammation (Dixon et al., 2012; Li et al., 2020).

RCD can also play an important role in immunotherapy. For
example: interferon-gamma (IFNγ) released by CD8+ T cells can
down-regulate the expression of SLC3A2 and SLC7A1 in tumor
cells, inhibiting the uptake of cystine, limiting tumor
development and improving patient prognosis. T cells
promote tumor ferroptosis is a new mechanism of tumor
immunotherapy, and combining it with immune checkpoints
may become a new strategy for anti-tumor therapy (Wang W.
et al., 2019).

Inhibiting tumor growth by inducing RCD will surely become
a new opportunity for drug design in the future. However, there
are many obstacles to the use of these agents in clinical treatment.
For example: agents that induce pyroptosis will inevitably cause
the release of inflammatory factors, and the followed cytokine
storm may endanger the lives of patients. Secondly, targeting
tumor cells is also a obstacle that must be solved before clinical
application. Nano-vehicles agents may be a solution.

Nano-vehicles are being used to the development of anti-
tumor agents because of they have advantages in stability,
degradability, targeted delivery, high bioavailability and less
side effects. In prostate cancer, nano-vehicles drugs have been
widely studied and used (Ashrafizadeh et al., 2020b; Hussain
et al., 2021). Nano-vehicles agents to induce ferroptosis in tumor
cells is a fresh and potential direction of new drug design. PUFA
can effectively prevent tumors through ferroptosis. However, the
therapeutic effects of these lipids on tumors are not optimistic
once tumors are formed. A kind of nanoparticles constructed
with low-density lipoprotein (LDL) and PUFA can directly
inhibit the growth of transplanted tumors in mice. PEGylated
single-atom Fe-containing nanocatalysts (PSAF NCs) is designed
by nanoparticulate drug delivery systems (nano-DDS) which
containing iron atoms and polyethylene glycol (PEG). It can
disperse iron atoms into carbon nano-materials, and catalyzes
specifically the Fenton reaction. According to the good ability of
degradation and biocompatibility of the nanomaterial, it has great
potential to be used in clinical anti-tumor therapy (Sawada et al.,
2012; Ou et al., 2017; Huo et al., 2019).

CONCLUSION

Cell death is the process by which living cells stop functioning and
can happen in many ways for different reasons. Cells may die due
to cellular stress and metabolic destruction, pathogen invasion, or
damage to physiological tissues during development. With
further research, the regulation mechanism of RCD and its
mode of action in tumors have been clearly explained.

RCD is not only a pathological phenomenon, but also should
be used in the evaluation and treatment of malignancies. Tumor
is currently the most serious disease endangering people’s health,
and the economic and medical burden it brings is huge for every
country. However, there are few drugs for the treatment in
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tumors through RCD at present, and the research mainly focuses
on the areas of ferroptosis and necroptosis, while drugs for the
treatment of tumors through NETs are very rare. It has great
potential to treat malignant tumors through the interaction
between NETs and TME (Chernyak et al., 2021). BCG therapy
in bladder cancer is a good example. Therefore we hope more
attention to be payed in this area.

This work reviewed the mechanism of necroptosis, pyroptosis,
ferroptosis, and NETs and the relationship between the
occurrence and regulation in urinary malignancies. Many
components of RCD pathways can serve as key biomarkers
and potential therapeutic targets. These key protein targets in
cell death pathways provide broad prospects for translational
research and the treatment of various malignant tumors.

RCD is a developing concept. Not only are the molecular
mechanisms of these death modes poorly understood, but new
RCD modes are constantly being proposed. PANoptosis (Py-,
Ap-, Necr-optosis) is a unique inflammatory RCD mode that
regulated by PANoptosome. Early studies found that
pyroptosis can cleave other caspase and PARP1 through
caspase-1, and apoptotic caspase-8 is very important for
NLRP3-dependent inflammasomes. Because this mode of
RCD has the complex characteristics of pyroptosis,
apoptosis and necroptosis, it is named PANoptosis (Karki

et al., 2020; Place et al., 2021). There are few studies in
PANoptosis and tumors, but a study have reported that
IRF1-dependent PANoptosis activation can prevent
colorectal tumors in mouse, suggesting that PANoptosis
plays a broader role in cancer (Karki et al., 2020; Place
et al., 2021). This shows that research on RCD will
definitely improve the prognosis of clinical patients.
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