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Abstract: Poly(ADP-ribosyl)ation (PARylation) is a dynamic protein post-translational mod-
ification (PTM) mediated by ADP-ribosyltransferases (ARTs), which regulates a plethora of
essential biological processes, such as DNA repair, gene expression, and signal transduction.
Among these, PAR-dependent ubiquitination (PARdU) plays a pivotal role in tagging PARy-
lated substrates for subsequent ubiquitination and degradation events through the coordi-
nated action of enzymes, including the E3 ligase RNF146 and the ADP-ribosyltransferase
tankyrase. Notably, this pathway has emerged as a key regulator of tumorigenesis, im-
mune modulation, and cell death. This review elucidates the molecular mechanisms of
the PARdU pathway, including the RNF146–tankyrase interaction, substrate specificity,
and upstream regulatory pathways. It also highlights the biological functions of PARdU
in DNA damage repair, signaling pathways, and metabolic regulation, with a focus on its
therapeutic potential in cancer treatment. Strategies targeting PARdU, such as tankyrase
and RNF146 inhibitors, synthetic lethality approaches, and immune checkpoint regula-
tion, offer promising avenues for precision oncology. These developments underscore the
potential of PARdU as a transformative therapeutic target in combating various types of
human cancer.
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1. Mechanism of Poly(ADP-Ribosyl)ation
Protein ADP-ribosylation is a reversible protein post-translational modification (PTM)

in which ADP-ribose (ADPr) units are covalently transferred from nicotinamide adenine
dinucleotide (NAD) to target molecules, releasing nicotinamide (NAM) as a byproduct [1–3].
This modification includes both mono-ADP-ribosylation (MAR) and poly-ADP-ribosylation
(PAR) events and involves the coordinated actions of “writers” (enzymes that catalyze
the modification), “erasers” (enzymes that remove it), and “readers” (proteins or domains
that recognize and mediate downstream signaling), along with essential cofactors [4,5]
(Figure 1A,B).

ADP-ribosylation is mediated primarily by the ADP-ribosyltransferase (ART) family
of enzymes, which catalyze the attachment of ADPr units to specific amino acid residues
such as serine (Ser), threonine (Thr), lysine (Lys), arginine (Arg), glutamate (Glu), aspartate
(Asp), and cysteine (Cys) within the protein substrates [6–9]. Mono-ADP-ribosylating
(MARylating) enzymes attach a single ADPr unit, while poly-ADP-ribosylating (PARylat-
ing) enzymes synthesize and attach PAR polymers. In humans, the ART family includes
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17 known enzymes [2,10], with PARP1, PARP2, and tankyrases (TNKS1/2) catalyzing
PARylation, while most others function primarily as MAR transferases [3].

Biomolecules 2025, 15, x FOR PEER REVIEW  2  of  17 
 

(MARylating) enzymes attach a single ADPr unit, while poly-ADP-ribosylating (PARy-

lating) enzymes synthesize and attach PAR polymers. In humans, the ART family includes 

17 known  enzymes  [2,10], with PARP1, PARP2,  and  tankyrases  (TNKS1/2)  catalyzing 

PARylation, while most others function primarily as MAR transferases [3]. 

Although proteins are the primary targets of ADP-ribosylation, recent studies have 

revealed its role in modifying DNA and RNA [11–14], thereby expanding its regulatory 

influence on critical biological processes such as DNA  repair  [6], gene expression  [15], 

signal  transduction  [16,17],  and  energy metabolism  [5,18]. This  review  focuses on  the 

mechanisms, functions, and therapeutic potential of PAR-dependent ubiquitination. 

 

Figure 1. The protein ADP-ribosylation reaction and its working enzymes. (A) Protein ADP-ribo-

sylation is dynamically regulated by writers (enzymes that add ADP-ribose) and erasers (enzymes 

that  remove ADP-ribose) and  recognized by readers  (proteins or domains  that bind ADP-ribose 

modifications). (B) Key writers, erasers, and readers in MARylation and PARylation. 

2. Mechanism of PARylation-Dependent Ubiquitination 

The understanding of PAR-dependent ubiquitination (PARdU) has significantly ad-

vanced  in  recent  years.  In  2009,  researchers  discovered  that  the  tankyrase  inhibitor 

XAV939 stabilizes Axin and suppresses Wnt signaling in part by blocking its degradation 

via the ubiquitin–proteasome pathway [19]. This process is largely mediated by tankyrase 

isoforms (TNKS1/2), which bind conserved domains in Axin for its PARylation, and the 

E3 ligase RNF146, which recognizes poly(ADP-ribose) (PAR) chains through its WWE do-

main to facilitate the subsequent ubiquitination and degradation of PARylated proteins 

[19–22]. 

Substrates of TNKS1/2, such as Axin1/2, rely on the conserved “tankyrase-binding 

motif” (TBM, RXXPDG) for PARdU [1,23,24]. Additional protein targets, including 3BP2 

[25] and PTEN [16], have expanded the known substrate repertoire. Moreover, proteomic 

analyses have identified hundreds of potential PARdU substrates [20,26–29], emphasizing 

PARylation’s  pivotal  role  in  ubiquitination  and  protein  degradation  and  providing  a 

deeper understanding of its regulatory mechanisms. 

2.1. Insights into RNF146 and Tankyrase Interactions 

RNF146 features an N-terminal WWE domain, which binds iso-ADP-ribose units within 

PAR chains, and a RING domain that mediates the ubiquitination process (Figure 2). Struc-

tural studies further reveal that PAR binding induces conformational changes in RNF146, 

activating  its ubiquitin  ligase  activity  [30]. This  specificity distinguishes RNF146  from 

other E3 ubiquitin ligases and highlights its potential as a therapeutic target. 

Figure 1. The protein ADP-ribosylation reaction and its working enzymes. (A) Protein ADP-
ribosylation is dynamically regulated by writers (enzymes that add ADP-ribose) and erasers (enzymes
that remove ADP-ribose) and recognized by readers (proteins or domains that bind ADP-ribose
modifications). (B) Key writers, erasers, and readers in MARylation and PARylation.

Although proteins are the primary targets of ADP-ribosylation, recent studies have
revealed its role in modifying DNA and RNA [11–14], thereby expanding its regulatory
influence on critical biological processes such as DNA repair [6], gene expression [15],
signal transduction [16,17], and energy metabolism [5,18]. This review focuses on the
mechanisms, functions, and therapeutic potential of PAR-dependent ubiquitination.

2. Mechanism of PARylation-Dependent Ubiquitination
The understanding of PAR-dependent ubiquitination (PARdU) has significantly ad-

vanced in recent years. In 2009, researchers discovered that the tankyrase inhibitor XAV939
stabilizes Axin and suppresses Wnt signaling in part by blocking its degradation via the
ubiquitin–proteasome pathway [19]. This process is largely mediated by tankyrase isoforms
(TNKS1/2), which bind conserved domains in Axin for its PARylation, and the E3 ligase
RNF146, which recognizes poly(ADP-ribose) (PAR) chains through its WWE domain to
facilitate the subsequent ubiquitination and degradation of PARylated proteins [19–22].

Substrates of TNKS1/2, such as Axin1/2, rely on the conserved “tankyrase-binding
motif” (TBM, RXXPDG) for PARdU [1,23,24]. Additional protein targets, including
3BP2 [25] and PTEN [16], have expanded the known substrate repertoire. Moreover,
proteomic analyses have identified hundreds of potential PARdU substrates [20,26–29],
emphasizing PARylation’s pivotal role in ubiquitination and protein degradation and
providing a deeper understanding of its regulatory mechanisms.

2.1. Insights into RNF146 and Tankyrase Interactions

RNF146 features an N-terminal WWE domain, which binds iso-ADP-ribose units
within PAR chains, and a RING domain that mediates the ubiquitination process (Figure 2).
Structural studies further reveal that PAR binding induces conformational changes in
RNF146, activating its ubiquitin ligase activity [30]. This specificity distinguishes RNF146
from other E3 ubiquitin ligases and highlights its potential as a therapeutic target.

The C-terminal domain of RNF146 is critical for interacting with tankyrase (TNKS1/2).
Five putative tankyrase-binding motifs (TBMs) have been identified within this domain,
and at least four are essential for RNF146–tankyrase interactions [30,31] (Figure 2). The
traditional TBM consensus sequence (RXXPDG) has been expanded to include broader
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variations such as RXX(A/G/P/V)XG or RXXX(A/G/P/V)XG [31], offering valuable
insights into tankyrase-interacting proteins and potential PARdU substrates. This enhanced
understanding provides a foundation for predicting and validating PARdU components in
various cellular processes.
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Figure 2. The protein domain features of human RNF146 E3 ubiquitin ligase. M1–M5 are puta-
tive TBMs.

2.2. Mechanism of RNF146-Mediated Ubiquitination of PARylated Substrates

Studies have revealed that RNF146 exists in cells as part of a protein complex with
tankyrase through its C-terminal domain [30]. Initially, the RING domain of RNF146
remains in an inactive state (Figure 3A). In this complex, tankyrase is responsible for
substrate selection and PARylation. Upon PARylation, the PAR groups on the substrate
bind to RNF146, thereby triggering a conformational switch that activates its E3 ligase
activity [30] (Figure 3B,C). During this process, the PARylated substrate remains tethered
within the RNF146–tankyrase complex through its interaction with tankyrase, providing
the molecular basis for substrate ubiquitination in cells.
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Figure 3. Molecular mechanism of RNF146 activation and substrate recognition in PAR-dependent
ubiquitination. (A) RNF146 forms a protein complex with tankyrase via its C-terminal domain, while
its RING domain remains in an inactive state, lacking E3 ubiquitin ligase activity. (B) Tankyrase
catalyzes the poly(ADP-ribose) (PAR) modification of the downstream protein substrate. (C) The iso-
ADP-ribose units within the PAR chain bind to the interface between the RING and WWE domains
of RNF146, thereby inducing a conformational change in the RING domain that activates its E3
ubiquitin ligase activity. (D) The E3 ubiquitin ligase activity of the RNF146 RING domain is activated,
enabling the transfer of ubiquitin to its substrate. (E) A schematic representation of the PAR chain
on the substrate, with the iso-ADP-ribose unit highlighted in blue to indicate its critical role in
RNF146 activation.
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Iso-ADPr, the smallest internal structural unit of poly(ADP-ribose) (PAR), binds be-
tween the WWE and RING domains of RNF146 [30,32] (Figure 3D,E). This binding induces
a conformational change in the RING domain, transitioning it from a catalytically inactive
to an active state. In the absence of PAR, the RING domain cannot effectively bind to the E2
enzymes. To this end, the interaction between iso-ADPr and RNF146 enables the functional
activation of the RING domain [30,32].

Since substrate PARylation and PARdU (PAR-dependent ubiquitination) are both
catalyzed by enzymes within the same protein complex, substrate specificity in PARdU is
likely governed primarily by substrate–tankyrase interactions. Maintaining the unliganded
RNF146 in an inactive state may contribute to the stability of the RNF146–tankyrase
complex, thereby regulating the steady-state activity of PARdU in cells.

3. Known Substrates of RNF146 and Their Biological Functions
The PAR-dependent ubiquitination (PARdU) mechanism, mediated by RNF146 and

tankyrase, plays a pivotal role in various physiological and pathological processes [5,6].
This review comprehensively summarizes the known substrates of RNF146-mediated ubiq-
uitination and the biological processes influenced by PARdU (Table 1). This mechanism
involves the targeted ubiquitination of poly(ADP-ribosyl)ated substrates, playing a pivotal
role in immune modulation, DNA repair, cell death regulation, neurodegeneration, and tu-
morigenesis. Through the precise regulation of substrate degradation, PARdU orchestrates
a wide array of cellular functions and pathophysiological responses. Below, we provide
a detailed overview of its important roles, organized into physiological and pathological
contexts, with a specific focus on its regulatory mechanisms and potential therapeutic
applications.

3.1. Physiological Functions of PARdU

In normal physiological contexts, PARdU plays an essential role in maintaining cellular
homeostasis and regulating key signaling pathways. One prominent function is the regula-
tion of epithelial lumen formation, where RNF146 facilitates the degradation of SH2BP5 and
SH3BP5L, thereby inhibiting Rab11a activation [33]. This ensures proper morphogenesis
and epithelial architecture. Additionally, PARdU stabilizes the Wnt/β-catenin signal-
ing pathway through tankyrase-mediated poly(ADP-ribosyl)ation and RNF146-driven
Axin1/2 degradation, a process critical for neurite outgrowth, synapse formation, and
energy metabolism [18,34]. Another important role of PARdU is in cell cycle regulation,
where it targets PARylated p21 for degradation [35], contributing to the progression of the
cell cycle.

Proteomic studies have expanded our understanding of PARdU by identifying a
diverse array of substrates. For instance, BLZF1 regulates gene transcription [20], while
CASC3 disrupts spliceosome function [20,36]. Other notable substrates include OTUD5 [26],
which influences de-ubiquitination processes [37], and PARP10 [26], a regulator of PARyla-
tion signaling [38]. Additionally, SARDH modulates sarcosine demethylation [26], show-
casing PARdU’s impact on metabolic pathways. Further research has identified substrates
such as Disc1, Striatin, Fat4, BCR, MERIT40, and RAD54 [25], emphasizing the complexity
and breadth of PARdU-mediated cellular regulation.

3.2. Pathological Functions of PARdU
3.2.1. Tumorigenesis and Immune Regulation

In pathological conditions, PARdU plays a significant role in tumor development and
immune modulation. Furthermore, PARdU regulates tumorigenesis by targeting Axin1/2
for degradation, influencing the Wnt/β-catenin signaling pathway [19,20,39]. Addition-
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ally, PARdU-mediated degradation of AMOT family proteins regulates the YAP/TAZ
pathway [17,40], and PTEN ubiquitination drives the activation of the PTEN-AKT sig-
naling cascade [16], which accelerates tumor progression. It suppresses innate immunity
by degrading MAVS [41] while also promoting tumor immune evasion through PARP1
degradation, which enhances STAT3 activity and upregulates PD-L1 expression [42]. In
autoinflammatory diseases, tankyrase negatively regulates the homeostasis of 3BP2, also
termed SH3 domain-binding protein 2, which functions as a signaling adaptor protein,
through RNF146-mediated ubiquitination [25,27]. Mutations in 3BP2 disrupt this regu-
lation [27,43], leading to Cherubism, an autosomal dominant disorder associated with
craniofacial abnormalities [44].

3.2.2. Parkinson’s Disease and PARthanatos

Neurodegenerative diseases, particularly Parkinson’s disease (PD), are another major
area where PARdU exhibits regulatory functions [45]. Poly(ADP-ribose)-dependent cell
death (PARthanatos) is characterized by the excessive synthesis of poly(ADP-ribose) (PAR)
by PARP1 and is closely associated with neurodegenerative diseases and acute injuries such
as stroke, MPTP-induced mitochondrial dysfunction, and NMDA-induced neuronal excito-
toxicity [46–48]. Recently, PARthanatos has gained attention as a key focus in the study of
progressive neurodegenerative diseases including Parkinson’s disease (PD) [48]. Notably,
studies in PD mouse models have shown that PARthanatos is likely a primary driver of
selective dopaminergic neuron loss during their gradual degeneration [49]. In PD, PAR
is primarily synthesized by PARP1, although TNKS1/2-derived PAR may also contribute
to neuronal PARthanatos. Furthermore, as we mentioned before, PAR synthesized by
PARP1 and TNKS1/2 can mediate substrate ubiquitination through PAR-dependent ubiq-
uitination (PARdU). This suggests that PARdU signaling could be a potential regulator of
dopaminergic neuron loss in PD. To this end, studies have revealed that Crocetin, through
interaction with the PD-related protein HK-I, inhibits RNF146-mediated degradation of
PARylated HK-I, thereby preventing mitochondrial dysfunction and DNA damage during
the later stages of PARthanatos and helping cells resist irreversible death [50]. Additionally,
in SH-SY5Y cells, chlorogenic acid activates the Akt1-CREB-RNF146 signaling pathway,
promoting RNF146 transcription [51]. RNF146, by binding PAR rather than relying on
its E3 ubiquitin ligase activity, suppresses PARP1 activity, enhancing cell survival against
6-OHDA and α-synuclein aggregation [51]. In mice, chlorogenic acid similarly activates
the Akt1-CREB-RNF146 signaling pathway in the brain, providing RNF146-dependent
neuroprotection [51]. However, in post-mortem brain samples of PD patients, this pathway
was found to be dysregulated [51]. These findings indicate that PARdU signaling plays an
important regulatory role in PD pathogenesis. However, further investigation is needed to
further elucidate its precise mechanisms and to develop PARdU-dependent therapeutic
strategies for PD.

3.2.3. DNA Damage Repair and Cell Death

PARdU also plays a pivotal role in DNA damage repair by targeting key proteins
for degradation, including 53BP1 [52], CtIP [53], and BRD7 [54], which are essential for
effective DNA damage responses and chemotherapy efficacy. In addition, it regulates cell
death pathways, such as necroptosis via RIPK1 ubiquitination [55,56], oxidant-induced cell
death through PARP1 degradation [57], and PARthanatos by targeting PARylated HK-I [50].
These functions underline PARdU’s significance in maintaining cellular integrity under
stress conditions.
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3.2.4. Other Cellular Functions

Other notable functions include the regulation of cartilage matrix synthesis via SOX9
PARylation [58], which impacts osteoarthritis progression, and the degradation of p65 [59],
which supports the efficacy of PARP inhibitors in BRCA wild-type cancer cells. Finally,
PARdU-mediated degradation of PARP1 alleviates macrophage inflammation [60].

The majority of reported PARdU substrates undergo poly(ADP-ribosyl)ation mediated
by tankyrase (TNKS1/2). However, the poly(ADP-ribosyl)ation of substrates such as
p65, BRD7, PARP1, and CtIP is catalyzed by PARP1, suggesting that among the known
PARylation writers (TNKS1/2, PARP1/2), only PARP2 has not yet been exactly reported to
assemble the PARdU machinery to facilitate the PARdU process. However, the substrate-
specific recognition mechanisms of TNKS1/2 and PARP1 remain to be elucidated and
warrant further investigation.

By systematically analyzing PARdU substrates and their associated functions, we
will gain a deeper understanding of their roles in physiological and pathological contexts,
thereby providing a robust foundation for developing PARdU-based therapeutic strategies
(Figure 4).
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Table 1. Summary of known PARdU substrates and their functions.

PARylation
Enzyme Substrate Regulation Biological Pathway Reference

Tankyrase

SH3BP5 Degradation Regulates epithelial lumen
formation [33]

SH3BP5L Degradation Regulates epithelial lumen
formation [33]

3BP2 Degradation Cherubism disease [25,27,43]
AXIN1/2 Degradation Regulates neurite outgrowth [34]

AXIN1/2 Degradation Regulates bone dynamics and
energy metabolism [18]
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Table 1. Cont.

PARylation
Enzyme Substrate Regulation Biological Pathway Reference

Tankyrase

AXIN1/2 Degradation Wnt pathway [19,20,39]
RNF146 Degradation E3 ligase [20,27]

p21 Degradation Cell cycle [35]
LKB1 Block activation Inhibits LKB1-AMPK signaling [61]
PTEN Degradation Promotes tumor growth [16]
FADD Degradation Inhibits TNF-induced cell death [55]

OTUD5 Degradation De-ubiquitination [26]
PARP10 Degradation PARylation [26]
SARDH Degradation Sarcosine demethylation [26]

AMOT/L1/L2 Degradation Regulates YAP oncogenic activity [17]
Motins Degradation Regulates YAP/TAZ pathway [40]
MAVS Degradation Inhibits innate antiviral response [41]
53BP1 Degradation DNA damage [52]
BLZF1 Degradation Transcription factor [20]
SOX9 Degradation Regulates osteoarthritic cartilage [58]

CASC3 Degradation Spliceosome [20,26]
TNKS1 RIPK1 Degradation Block necroptosis [56]

PARP1

p65 Degradation Directs to combine bortezomib with
niraparib for thyroid cancer [59]

BRD7 Degradation DNA-damaging chemotherapeutic [54]
PARP1 Degradation Regulates PD-L1 expression [42]
PAPR1 Degradation Inhibits oxidant-induced cell death [57]

CtIP Degradation Homologous recombination repair [53]

Undefined
PARP1 Degradation Ameliorates macrophage inflammation [60]
HK-I Degradation Regulates PARthanatos [50]

4. Targeting the PARdU Pathway for Cancer Therapy
Targeting the PARdU pathway represents a promising approach for cancer therapy,

particularly in malignancies driven by dysregulated components such as TNKS1/2 and
RNF146. Tankyrase inhibitors (e.g., XAV939, IWR-1, G007-LK) have shown potential by
stabilizing substrates like Axin1/2 and suppressing hyperactive Wnt/β-catenin signal-
ing [19,62], frequently observed in colorectal cancer and hepatocellular carcinoma [63–66].
However, the diverse substrates of tankyrase present challenges, necessitating the develop-
ment of substrate-selective inhibitors to minimize off-target effects. Alternatively, directly
targeting RNF146, the E3 ligase central to the PARdU pathway, offers another strategy. This
can be achieved by inhibiting its WWE domain, which binds PAR, or its RING domain,
which mediates ubiquitination. Although selective RNF146 inhibitors are currently lacking,
efforts should focus on developing small molecules or peptides that disrupt WWE-PAR
interactions or inhibit RING activity [67].

4.1. Regulating RNF146 to Enhance Therapeutic Strategies

Understanding the upstream regulatory signals of RNF146 is crucial for effectively
targeting the PARdU pathway and identifying novel strategies for cancer therapy. Here, we
summarize the currently known mechanisms regulating RNF146 expression and activity
(Table 2).

In HCC, RNF146 is identified as a novel HIF1α/2α target gene that is transcriptionally
activated under hypoxic conditions. It promotes PTEN ubiquitination and degradation,
thereby activating the AKT/mTOR signaling pathway, which drives HCC proliferation,
clonogenicity, and glycolysis. Due to its critical role in HCC progression, RNF146 is con-
sidered a promising therapeutic target for anti-HCC strategies [68]. Additionally, Akt1,
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activated by chlorogenic acid, promotes CREB-dependent transcriptional activation of
RNF146, which inhibits PARP1 by sequestering PAR rather than through its E3 ligase
activity. This RNF146-mediated mechanism protects dopaminergic neurons from 6-OHDA
toxicity and α-synuclein aggregation, highlighting its critical neuroprotective role in Parkin-
son’s disease [51]. Moreover, RNF146 is upregulated in the prefrontal cortex of valproic
acid (VPA)-exposed mice, leading to dysregulation of the Wnt/β-catenin signaling path-
way and impaired social behaviors. Overexpression of RNF146 in the prefrontal cortex
enhances excitatory synaptic transmission, contributing to the social deficits observed in
the VPA-induced ASD model [69]. However, the mechanism by which VPA exposure
induces the upregulation of RNF146 protein remains unknown. Neuroprotectin D1 (NPD1)
upregulates RNF146 (Iduna) expression, enhancing its poly(ADP-ribose) (PAR)-dependent
activity to facilitate DNA repair and protect against cell death under oxidative stress. Sys-
temic administration of DHA, the precursor of NPD1, increases Iduna levels in astrocytes
and neurons, providing significant neuroprotection following ischemic stroke [70].

Table 2. Summary of the upstream regulators of RNF146.

Regulator Positive Negative Function Reference

HIF1α/2α + − Promotes RNF146 transcription [68]
Chlorogenic acid + − Promotes RNF146 transcription [51]

Valproic acid exposed + − Upregulates RNF146 protein [69]
NPD1 + − Upregulates RNF146 protein [70]
Sumo3 + − Accelerates Axin degradation [71]

miR-79/306 − + Downregulates RNF146 [72]
RANKL − + Suppresses RNF146 transcription [73]

Post-translational modifications also play a critical role in regulating RNF146 E3 lig-
ase activity. To this end, RNF146 undergoes SUMOylation primarily at lysine residues
K19, K61, K174, and K175, with UBC9/PIAS3/MMS21 mediating SUMO3 conjugation
and SENP1/2/6 facilitating its deconjugation. SUMOylation promotes RNF146 nuclear
localization and enhances its interaction with Axin, accelerating Axin ubiquitination and
degradation, thereby activating β-catenin signaling and driving HCC progression. Inhibit-
ing RNF146 SUMOylation suppresses HCC progression, highlighting its SUMOylation
as a potential therapeutic target [71]. Conversely, certain pathways negatively regulate
RNF146. RNF146 is regulated by tumor-suppressive miRNAs miR-306 and miR-79, which
target RNF146 mRNA, reducing its expression. This downregulation inhibits RNF146-
mediated degradation of tankyrase, leading to hyperactivation of JNK signaling through a
non-canonical pathway. While JNK activity is critical for tumor growth, excessive activation
induced by miR-306 and miR-79 drives tumor elimination, highlighting RNF146 as a key
modulator in JNK signaling and a potential target for miRNA-based cancer therapies [72].
Moreover, RNF146 transcription is suppressed by RANKL through an NF-κB-related in-
hibitory element in its promoter, stabilizing its substrates 3BP2 and AXIN1. This leads to
SRC activation and β-catenin downregulation, essential for osteoclastogenesis. RNF146
acts as a regulatory switch to control osteoclast differentiation and cytokine production,
implicating it as a potential target in chronic inflammatory diseases [73]. The regulation
of protein homeostasis through ubiquitination and de-ubiquitination presents a promis-
ing therapeutic avenue for cancer treatment [74]. RNF146 mediates PARdU-dependent
degradation of key tumor suppressors such as AXIN1/2 and PTEN, thereby promot-
ing tumorigenesis. Hence, investigating the regulatory mechanisms of RNF146 protein
homeostasis, particularly its deubiquitinases, may offer new strategies for therapeutic
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intervention. Targeting RNF146-specific deubiquitinase inhibitors to lower RNF146 protein
levels could be an effective treatment for HCC and other Wnt-dependent cancers.

These insights suggest opportunities for therapeutic interventions, including the use
of HIF1α/2α inhibitors [75,76] and CREB inhibitors [77], the development of SUMOylation
mimetics and miRNA mimics, and the identification of potential RNF146-specific deubiq-
uitinase (DUB) inhibitors to suppress RNF146 pathways, thereby improving therapeutic
outcomes (Figure 5).
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4.2. Restoring Tumor Suppressors and Enhancing Combination Therapies

Restoring the stability of tumor suppressors degraded by PARdU, such as PTEN,
AMOT family proteins, and Motins, presents a promising strategy to bolster cancer treat-
ments. This can be achieved through deubiquitinase (DUB) activators, which counteract
protein ubiquitination induced by RNF146 activity, or proteasome inhibitors, which block
substrate degradation. These approaches are particularly relevant in cancers with PTEN-
AKT pathway dysregulation or YAP/TAZ activation.

Since PARP1 and tankyrase are key writers of the PARdU pathway, their inhibitors
have been a focus of therapeutic development. A comprehensive summary of PARP1
and tankyrase inhibitors [78], including those approved for clinical use or undergoing
clinical trials, is provided in Table 3. PARP1/2 inhibitors function primarily through two
mechanisms: enzymatic inhibition and PARP1 trapping [79,80]. By blocking PARP1 ac-
tivity, they prevent single-strand break (SSB) repair, while PARP1 trapping, achieved by
mimicking NAD+ and competitively binding to PARP1’s catalytic domain, enhances its
affinity for DNA damage sites [81,82]. This trapping obstructs DNA repair protein recruit-
ment and results in replication-associated double-strand breaks (DSBs). In homologous
recombination-deficient (HRD) tumors, such as BRCA1/2-mutant cancers, this synthetic
lethality induces tumor cell death while sparing normal cells. Dual-target PARP-TNKS
inhibitors, like 2X-121/JPI-547, combine PARP1/2 inhibition with tankyrase (PARP5a/b)
suppression, disrupting DNA repair and Wnt/β-catenin signaling [83,84]. While this
dual approach enhances anti-cancer efficacy, it also poses a higher risk of toxicity due
to tankyrase’s diverse cellular roles. These inhibitors represent promising strategies for
targeting HRD tumors and pathways critical for tumor survival. These inhibitors have
demonstrated efficacy in targeting key pathways regulated by PARdU signaling. As writ-
ers of the PARdU pathway, tankyrases regulate critical processes such as Wnt/β-catenin
signaling [19,20,39] and adherens junction (AJ) assembly [85], both of which play central
roles in tumorigenesis. Tankyrase inhibitors, such as XAV939, RK-582, and LZZ-02 (binding
the nicotinamide subsite, NS) [86–88] and G007-LK and K-756 (targeting the adenosine sub-
site, AS) [89,90], have shown therapeutic potential. For instance, these inhibitors stabilize
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PARylated substrates like Axin1/2, suppressing hyperactive Wnt signaling, a hallmark
of APC-mutant cancers. Furthermore, tankyrase inhibition disrupts AJ assembly by pre-
venting F-actin anchoring to cadherins, a process associated with cancer cell adhesion
and metastasis. Combining tankyrase inhibitors with other targeted therapies, such as
PI3K inhibitors (e.g., BKM120) and EGFR inhibitors (e.g., erlotinib), has been proposed
as a promising approach for treating APC-mutant colorectal cancers [91,92]. These strate-
gies can restore tumor suppressor stability, inhibit oncogenic signaling, and disrupt key
mechanisms of cancer progression.

Table 3. Overview of PARP1/2 and tankyrase inhibitors approved for clinical application and
undergoing clinical trials [78].

Inhibitor Indication Targets

Olaparib Recurrent ovarian cancer, BRCA mutation PARP1/2

Rucaparib BRCA-mutated ovarian cancer
Recurrent or relapsed ovarian cancer PARP1/2

Niraparib Ovarian cancer without germ-line or somatic mutation PARP1/2

Talazoparib Germline BRCA mutations, EGF2-negative, locally advanced
or metastatic breast cancer PARP1/2

Fluzoparib
Platinum-sensitive recurrent ovarian cancer

Fallopian tube cancer
Primary peritoneal cancer with germline BRCA mutation

PARP1/2

Pamiparib
Germline BRCA mutation-associated

Recurrent advanced ovarian
Fallopian tube or primary peritoneal cancer

PARP1/2

CVL218 Advanced solid tumor PARP1/2

RP12146
Solid tumor

Extensive-stage small-cell lung cancer
Locally advanced breast cancer

PARP1/2

IDX-1197 Solid tumors; HR repair gene
Mutation or deficiency gastric cancer PARP1/2

Senaparib Solid tumor
Advanced solid tumors PARP1/2

AMXI-5001
Advanced malignant neoplasm

Breast cancer
Ovarian cancer

PARP1/2

AZD5305
Breast cancer

Ovarian cancer
Pancreatic cancer

PARP1

AZD9574 Advanced solid malignancies PARP1

JPI-547 Ovarian cancer pancreatic ducal
Adenocarcinoma

PARP1/2
TNKS1/2

2X-121 Metastatic breast cancer PARP1/2
TNKS1/2

Tankyrase inhibition, coupled with emerging insights into PARdU signaling, represents
a cornerstone of precision oncology, offering transformative potential in cancer therapy.

4.3. Targeting the Tankyrase-Binding Motif (TBM) and the PARdU Pathway

Tankyrase-binding motifs (TBMs) in PARdU substrates present another therapeutic tar-
get. Small molecules or mimetics that competitively inhibit TBM binding to tankyrase could
prevent substrate PARylation and degradation. Furthermore, combining PARdU inhibitors
with targeted therapies, such as Wnt pathway inhibitors [93], PI3K/AKT inhibitors [93,94],
or immunotherapies [95], may improve efficacy and overcome resistance.
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4.4. Exploiting PARdU in DNA Damage Repair and Cell Death Regulation

The PARdU pathway is critical in DNA damage repair, with RNF146 mediating the
degradation of proteins like 53BP1 and BRD7, which are key to DNA damage response
pathways. Modulating this process could sensitize cancer cells to DNA-damaging agents,
enhancing the efficacy of chemotherapies or radiotherapy [29,54,96,97]. Similarly, PARdU
regulates cell death pathways by targeting proteins such as RIPK1 (necroptosis), PARP1
(oxidant-induced cell death), and HK-I (PARthanatos). Hence, inhibiting PARdU could
amplify pro-apoptotic signals or disrupt pro-survival mechanisms in cancer cells [55,98].

4.5. Future Directions and Drug Development

Given the complexity of PARdU signaling and potential resistance to monotherapies,
targeting the PARdU pathway offers a multifaceted strategy to mitigate such resistance by
intersecting multiple signaling networks. This could be achieved through the following
possible approaches: developing proteolysis-targeting chimeras (PROTACs) for selective
degradation of PARdU components and their positive regulators (Figure 5); conducting
proteomics and CRISPR screens to identify new PARdU substrates and their interactions;
designing iso-ADPr mimetics to disrupt RNF146-substrate interactions; and combining
PARdU inhibitors with immune checkpoint blockade therapies to modulate PD-L1 degra-
dation and enhance anti-tumor immunity.

By balancing specificity, efficacy, and safety, PARdU modulation has the potential
to revolutionize cancer therapy. Integrating pathway-specific inhibitors, synthetic lethal-
ity strategies, and precision medicine approaches will be essential to fully harness the
therapeutic potential of this pathway.

5. Conclusions: The Complexity of the PARdU Signaling Pathway
The poly(ADP-ribose)-dependent ubiquitination (PARdU) mechanism highlights a

multifaceted regulatory system where poly(ADP-ribose) (PAR) synthesis and interaction
with specific E3 ubiquitin ligases, such as RNF146, play critical roles. However, the com-
plexity of this system raises several open questions and avenues for further exploration.
First, while RNF146’s activation through its WWE domain binding to iso-ADPr has been
well documented [20,32,99,100], the potential involvement of other PARP enzymes beyond
PARP5a/b in synthesizing PAR modifications for E3 ligase activation remains less clear.
For instance, PARP1 and PARP2 are suggested to contribute to PARdU, as evidenced by
their interactions with RNF146 [2,101,102], while the diverse subcellular localizations of
different PARPs may add specificity to the substrates targeted for degradation [103].

Furthermore, the possibility of other E3 ubiquitin ligases with WWE domains, such as
HUWE1, TRIP12, or DTX1-4 [104], participating in PARdU suggests a broader spectrum of
mechanisms beyond RNF146 [32]. These ligases, with their unique catalytic mechanisms
(RING or HECT), may exhibit distinct modes of activation and substrate specificity. Whether
PAR binding is essential for their activation or simply facilitates proximity to substrates
remains an open question, as does the role of non-WWE domain-containing ligases in
PARdU.

Another layer of complexity lies in the biochemical properties of PAR itself. PAR may
function as a direct scaffold for the E3 ligase–substrate interaction, as seen in RNF146’s
PARP1-mediated ubiquitination [100], or act indirectly by stabilizing E3–substrate com-
plexes. The observation that free PAR polymers can activate RNF146 and promote auto-
ubiquitination introduces the intriguing possibility that free PAR molecules, rather than
PARylated substrates, may serve as key regulators in specific contexts [100].

Finally, emerging evidence suggests that PARdU is not a monolithic process but
instead a dynamic and context-dependent mechanism. For example, PARP-mediated
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mono-ADP-ribosylation (MARylation) could serve as a precursor for PAR synthesis, with
subsequent elongation catalyzed by PARP5a/b or other PARPs [5]. This sequential process
raises questions about the interplay between MARylation and PARylation in controlling E3
ligase activity.

In summary, the complexity of PARdU reflects its integration of diverse molecular
players and regulatory mechanisms, with spatial, temporal, and substrate-specific factors
adding layers of control. Future studies should aim to unravel the interplay between differ-
ent PARPs, E3 ligases, and free PAR molecules, which could provide deeper insights into
PARdU’s physiological role in cellular homeostasis and disease and guide the development
of novel therapeutic strategies targeting this intricate system.

Funding: This work was supported by an NIH grant (NS133187 to D.K.S. and W.W.). We apologize
that due to space limitations, not all related studies are included in this review.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: W.W. is a co-founder and consultant for ReKindle Therapeutics. The other
authors declare no competing financial interests.

References
1. Barkauskaite, E.; Jankevicius, G.; Ahel, I. Structures and Mechanisms of Enzymes Employed in the Synthesis and Degradation of

PARP-Dependent Protein ADP-Ribosylation. Mol. Cell 2015, 58, 935–946. [CrossRef]
2. Vyas, S.; Matic, I.; Uchima, L.; Rood, J.; Zaja, R.; Hay, R.T.; Ahel, I.; Chang, P. Family-wide analysis of poly(ADP-ribose) polymerase

activity. Nat. Commun. 2014, 5, 4426. [CrossRef]
3. Gibson, B.A.; Kraus, W.L. New insights into the molecular and cellular functions of poly(ADP-ribose) and PARPs. Nat. Reviews.

Mol. Cell Biol. 2012, 13, 411–424. [CrossRef] [PubMed]
4. Gupte, R.; Liu, Z.; Kraus, W.L. PARPs and ADP-ribosylation: Recent advances linking molecular functions to biological outcomes.

Genes Dev. 2017, 31, 101–126. [CrossRef] [PubMed]
5. Suskiewicz, M.J.; Prokhorova, E.; Rack, J.G.M.; Ahel, I. ADP-ribosylation from molecular mechanisms to therapeutic implications.

Cell 2023, 186, 4475–4495. [CrossRef]
6. Li, Z.; Luo, A.; Xie, B. The Complex Network of ADP-Ribosylation and DNA Repair: Emerging Insights and Implications for

Cancer Therapy. Int. J. Mol. Sci. 2023, 24, 15028. [CrossRef] [PubMed]
7. Lüscher, B.; Ahel, I.; Altmeyer, M.; Ashworth, A.; Bai, P.; Chang, P.; Cohen, M.; Corda, D.; Dantzer, F.; Daugherty, M.D.; et al.

ADP-ribosyltransferases, an update on function and nomenclature. FEBS J. 2022, 289, 7399–7410. [CrossRef] [PubMed]
8. Palazzo, L.; Leidecker, O.; Prokhorova, E.; Dauben, H.; Matic, I.; Ahel, I. Serine is the major residue for ADP-ribosylation upon

DNA damage. eLife 2018, 7, e34334. [CrossRef] [PubMed]
9. Yan, F.; Huang, C.; Wang, X.; Tan, J.; Cheng, S.; Wan, M.; Wang, Z.; Wang, S.; Luo, S.; Li, A.; et al. Threonine ADP-Ribosylation of

Ubiquitin by a Bacterial Effector Family Blocks Host Ubiquitination. Mol. Cell 2020, 78, 641–652.e9. [CrossRef]
10. Hottiger, M.O.; Hassa, P.O.; Lüscher, B.; Schüler, H.; Koch-Nolte, F. Toward a unified nomenclature for mammalian ADP-

ribosyltransferases. Trends Biochem. Sci. 2010, 35, 208–219. [CrossRef]
11. Weixler, L.; Schäringer, K.; Momoh, J.; Lüscher, B.; Feijs, K.L.H.; Žaja, R. ADP-ribosylation of RNA and DNA: From in vitro

characterization to in vivo function. Nucleic Acids Res. 2021, 49, 3634–3650. [CrossRef] [PubMed]
12. Wondisford, A.R.; Lee, J.; Lu, R.; Schuller, M.; Groslambert, J.; Bhargava, R.; Schamus-Haynes, S.; Cespedes, L.C.; Opresko, P.L.;

Pickett, H.A.; et al. Deregulated DNA ADP-ribosylation impairs telomere replication. Nat. Struct. Mol. Biol. 2024, 31, 791–800.
[CrossRef] [PubMed]

13. Takamura-Enya, T.; Watanabe, M.; Totsuka, Y.; Kanazawa, T.; Matsushima-Hibiya, Y.; Koyama, K.; Sugimura, T.; Wakabayashi, K.
Mono(ADP-ribosyl)ation of 2’-deoxyguanosine residue in DNA by an apoptosis-inducing protein, pierisin-1, from cabbage
butterfly. Proc. Natl. Acad. Sci. USA 2001, 98, 12414–12419. [CrossRef] [PubMed]

14. Zarkovic, G.; Belousova, E.A.; Talhaoui, I.; Saint-Pierre, C.; Kutuzov, M.M.; Matkarimov, B.T.; Biard, D.; Gasparutto, D.;
Lavrik, O.I.; Ishchenko, A.A. Characterization of DNA ADP-ribosyltransferase activities of PARP2 and PARP3: New insights into
DNA ADP-ribosylation. Nucleic Acids Res. 2018, 46, 2417–2431. [CrossRef] [PubMed]

https://doi.org/10.1016/j.molcel.2015.05.007
https://doi.org/10.1038/ncomms5426
https://doi.org/10.1038/nrm3376
https://www.ncbi.nlm.nih.gov/pubmed/22713970
https://doi.org/10.1101/gad.291518.116
https://www.ncbi.nlm.nih.gov/pubmed/28202539
https://doi.org/10.1016/j.cell.2023.08.030
https://doi.org/10.3390/ijms241915028
https://www.ncbi.nlm.nih.gov/pubmed/37834477
https://doi.org/10.1111/febs.16142
https://www.ncbi.nlm.nih.gov/pubmed/34323016
https://doi.org/10.7554/eLife.34334
https://www.ncbi.nlm.nih.gov/pubmed/29480802
https://doi.org/10.1016/j.molcel.2020.03.016
https://doi.org/10.1016/j.tibs.2009.12.003
https://doi.org/10.1093/nar/gkab136
https://www.ncbi.nlm.nih.gov/pubmed/33693930
https://doi.org/10.1038/s41594-024-01279-6
https://www.ncbi.nlm.nih.gov/pubmed/38714889
https://doi.org/10.1073/pnas.221444598
https://www.ncbi.nlm.nih.gov/pubmed/11592983
https://doi.org/10.1093/nar/gkx1318
https://www.ncbi.nlm.nih.gov/pubmed/29361132


Biomolecules 2025, 15, 237 13 of 16

15. Kim, S.; Song, G.; Lee, T.; Kim, M.; Kim, J.; Kwon, H.; Kim, J.; Jeong, W.; Lee, U.; Na, C.; et al. PARsylated transcription factor EB
(TFEB) regulates the expression of a subset of Wnt target genes by forming a complex with β-catenin-TCF/LEF1. Cell Death Differ.
2021, 28, 2555–2570. [CrossRef] [PubMed]

16. Li, N.; Zhang, Y.; Han, X.; Liang, K.; Wang, J.; Feng, L.; Wang, W.; Songyang, Z.; Lin, C.; Yang, L.; et al. Poly-ADP ribosylation of
PTEN by tankyrases promotes PTEN degradation and tumor growth. Genes Dev. 2015, 29, 157–170. [CrossRef] [PubMed]

17. Wang, W.; Li, N.; Li, X.; Tran, M.K.; Han, X.; Chen, J. Tankyrase Inhibitors Target YAP by Stabilizing Angiomotin Family Proteins.
Cell Rep. 2015, 13, 524–532. [CrossRef] [PubMed]

18. Matsumoto, Y.; La Rose, J.; Lim, M.; Adissu, H.A.; Law, N.; Mao, X.; Cong, F.; Mera, P.; Karsenty, G.; Goltzman, D.; et al. Ubiquitin
ligase RNF146 coordinates bone dynamics and energy metabolism. J. Clin. Investig. 2017, 127, 2612–2625. [CrossRef] [PubMed]

19. Huang, S.M.; Mishina, Y.M.; Liu, S.; Cheung, A.; Stegmeier, F.; Michaud, G.A.; Charlat, O.; Wiellette, E.; Zhang, Y.; Wiessner, S.;
et al. Tankyrase inhibition stabilizes axin and antagonizes Wnt signalling. Nature 2009, 461, 614–620. [CrossRef]

20. Zhang, Y.; Liu, S.; Mickanin, C.; Feng, Y.; Charlat, O.; Michaud, G.A.; Schirle, M.; Shi, X.; Hild, M.; Bauer, A.; et al. RNF146
is a poly(ADP-ribose)-directed E3 ligase that regulates axin degradation and Wnt signalling. Nat. Cell Biol. 2011, 13, 623–629.
[CrossRef]

21. Callow, M.G.; Tran, H.; Phu, L.; Lau, T.; Lee, J.; Sandoval, W.N.; Liu, P.S.; Bheddah, S.; Tao, J.; Lill, J.R.; et al. Ubiquitin ligase
RNF146 regulates tankyrase and Axin to promote Wnt signaling. PLoS ONE 2011, 6, e22595. [CrossRef] [PubMed]

22. Zhou, Z.D.; Chan, C.H.; Xiao, Z.C.; Tan, E.K. Ring finger protein 146/Iduna is a poly(ADP-ribose) polymer binding and
PARsylation dependent E3 ubiquitin ligase. Cell Adhes. Migr. 2011, 5, 463–471. [CrossRef] [PubMed]

23. Chi, N.W.; Lodish, H.F. Tankyrase is a golgi-associated mitogen-activated protein kinase substrate that interacts with IRAP in
GLUT4 vesicles. J. Biol. Chem. 2000, 275, 38437–38444. [CrossRef] [PubMed]

24. Sbodio, J.I.; Chi, N.W. Identification of a tankyrase-binding motif shared by IRAP, TAB182, and human TRF1 but not mouse TRF1.
NuMA contains this RXXPDG motif and is a novel tankyrase partner. J. Biol. Chem. 2002, 277, 31887–31892. [CrossRef]

25. Guettler, S.; LaRose, J.; Petsalaki, E.; Gish, G.; Scotter, A.; Pawson, T.; Rottapel, R.; Sicheri, F. Structural basis and sequence rules
for substrate recognition by Tankyrase explain the basis for cherubism disease. Cell 2011, 147, 1340–1354. [CrossRef] [PubMed]

26. Nie, L.; Wang, C.; Li, N.; Feng, X.; Lee, N.; Su, D.; Tang, M.; Yao, F.; Chen, J. Proteome-wide Analysis Reveals Substrates of E3
Ligase RNF146 Targeted for Degradation. Mol. Cell. Proteom. MCP 2020, 19, 2015–2030. [CrossRef] [PubMed]

27. Levaot, N.; Voytyuk, O.; Dimitriou, I.; Sircoulomb, F.; Chandrakumar, A.; Deckert, M.; Krzyzanowski, P.M.; Scotter, A.; Gu, S.;
Janmohamed, S.; et al. Loss of Tankyrase-mediated destruction of 3BP2 is the underlying pathogenic mechanism of cherubism.
Cell 2011, 147, 1324–1339. [CrossRef]

28. Li, X.; Han, H.; Zhou, M.T.; Yang, B.; Ta, A.P.; Li, N.; Chen, J.; Wang, W. Proteomic Analysis of the Human Tankyrase Protein
Interaction Network Reveals Its Role in Pexophagy. Cell Rep. 2017, 20, 737–749. [CrossRef]

29. Bhardwaj, A.; Yang, Y.; Ueberheide, B.; Smith, S. Whole proteome analysis of human tankyrase knockout cells reveals targets of
tankyrase-mediated degradation. Nat. Commun. 2017, 8, 2214. [CrossRef] [PubMed]

30. DaRosa, P.A.; Wang, Z.; Jiang, X.; Pruneda, J.N.; Cong, F.; Klevit, R.E.; Xu, W. Allosteric activation of the RNF146 ubiquitin ligase
by a poly(ADP-ribosyl)ation signal. Nature 2015, 517, 223–226. [CrossRef] [PubMed]

31. DaRosa, P.A.; Klevit, R.E.; Xu, W. Structural basis for tankyrase-RNF146 interaction reveals noncanonical tankyrase-binding
motifs. Protein Sci. A Publ. Protein Soc. 2018, 27, 1057–1067. [CrossRef] [PubMed]

32. Wang, Z.; Michaud, G.A.; Cheng, Z.; Zhang, Y.; Hinds, T.R.; Fan, E.; Cong, F.; Xu, W. Recognition of the iso-ADP-ribose moiety in
poly(ADP-ribose) by WWE domains suggests a general mechanism for poly(ADP-ribosyl)ation-dependent ubiquitination. Genes
Dev. 2012, 26, 235–240. [CrossRef] [PubMed]

33. Chandrakumar, A.A.; Coyaud, É.; Marshall, C.B.; Ikura, M.; Raught, B.; Rottapel, R. Tankyrase regulates epithelial lumen
formation via suppression of Rab11 GEFs. J. Cell Biol. 2021, 220, e20208037. [CrossRef]

34. Mashimo, M.; Kita, M.; Uno, A.; Nii, M.; Ishihara, M.; Honda, T.; Gotoh-Kinoshita, Y.; Nomura, A.; Nakamura, H.; Murayama, T.;
et al. Tankyrase Regulates Neurite Outgrowth through Poly(ADP-ribosyl)ation-Dependent Activation of β-Catenin Signaling.
Int. J. Mol. Sci. 2022, 23, 2834. [CrossRef]

35. Jung, M.; Kim, W.; Cho, J.W.; Yang, W.H.; Chung, I.K. Poly-ADP ribosylation of p21 by tankyrases promotes p21 degradation and
regulates cell cycle progression. Biochem. J. 2022, 479, 2379–2394. [CrossRef] [PubMed]

36. Gerbracht, J.V.; Boehm, V.; Britto-Borges, T.; Kallabis, S.; Wiederstein, J.L.; Ciriello, S.; Aschemeier, D.U.; Krüger, M.; Frese, C.K.;
Altmüller, J.; et al. CASC3 promotes transcriptome-wide activation of nonsense-mediated decay by the exon junction complex.
Nucleic Acids Res. 2020, 48, 8626–8644. [CrossRef] [PubMed]

37. Zhao, Y.; Fan, S.; Zhu, H.; Zhao, Q.; Fang, Z.; Xu, D.; Lin, W.; Lin, L.; Hu, X.; Wu, G.; et al. Podocyte OTUD5 alleviates diabetic
kidney disease through deubiquitinating TAK1 and reducing podocyte inflammation and injury. Nat. Commun. 2024, 15, 5441.
[CrossRef] [PubMed]

38. Weixler, L.; Feijs, K.L.H.; Zaja, R. ADP-ribosylation of RNA in mammalian cells is mediated by TRPT1 and multiple PARPs.
Nucleic Acids Res. 2022, 50, 9426–9441. [CrossRef]

https://doi.org/10.1038/s41418-021-00770-7
https://www.ncbi.nlm.nih.gov/pubmed/33753903
https://doi.org/10.1101/gad.251785.114
https://www.ncbi.nlm.nih.gov/pubmed/25547115
https://doi.org/10.1016/j.celrep.2015.09.014
https://www.ncbi.nlm.nih.gov/pubmed/26456820
https://doi.org/10.1172/JCI92233
https://www.ncbi.nlm.nih.gov/pubmed/28581440
https://doi.org/10.1038/nature08356
https://doi.org/10.1038/ncb2222
https://doi.org/10.1371/journal.pone.0022595
https://www.ncbi.nlm.nih.gov/pubmed/21799911
https://doi.org/10.4161/cam.5.6.18356
https://www.ncbi.nlm.nih.gov/pubmed/22274711
https://doi.org/10.1074/jbc.M007635200
https://www.ncbi.nlm.nih.gov/pubmed/10988299
https://doi.org/10.1074/jbc.M203916200
https://doi.org/10.1016/j.cell.2011.10.046
https://www.ncbi.nlm.nih.gov/pubmed/22153077
https://doi.org/10.1074/mcp.RA120.002290
https://www.ncbi.nlm.nih.gov/pubmed/32958691
https://doi.org/10.1016/j.cell.2011.10.045
https://doi.org/10.1016/j.celrep.2017.06.077
https://doi.org/10.1038/s41467-017-02363-w
https://www.ncbi.nlm.nih.gov/pubmed/29263426
https://doi.org/10.1038/nature13826
https://www.ncbi.nlm.nih.gov/pubmed/25327252
https://doi.org/10.1002/pro.3413
https://www.ncbi.nlm.nih.gov/pubmed/29604130
https://doi.org/10.1101/gad.182618.111
https://www.ncbi.nlm.nih.gov/pubmed/22267412
https://doi.org/10.1083/jcb.202008037
https://doi.org/10.3390/ijms23052834
https://doi.org/10.1042/BCJ20220391
https://www.ncbi.nlm.nih.gov/pubmed/36383218
https://doi.org/10.1093/nar/gkaa564
https://www.ncbi.nlm.nih.gov/pubmed/32621609
https://doi.org/10.1038/s41467-024-49854-1
https://www.ncbi.nlm.nih.gov/pubmed/38937512
https://doi.org/10.1093/nar/gkac711


Biomolecules 2025, 15, 237 14 of 16

39. Shen, J.; Yu, Z.; Li, N. The E3 ubiquitin ligase RNF146 promotes colorectal cancer by activating the Wnt/β-catenin pathway via
ubiquitination of Axin1. Biochem. Biophys. Res. Commun. 2018, 503, 991–997. [CrossRef] [PubMed]

40. Wang, Y.; Zhu, Y.; Gu, Y.; Ma, M.; Wang, Y.; Qi, S.; Zeng, Y.; Zhu, R.; Wang, X.; Yu, P.; et al. Stabilization of Motin family proteins in
NF2-deficient cells prevents full activation of YAP/TAZ and rapid tumorigenesis. Cell Rep. 2021, 36, 109596. [CrossRef] [PubMed]

41. Xu, Y.R.; Shi, M.L.; Zhang, Y.; Kong, N.; Wang, C.; Xiao, Y.F.; Du, S.S.; Zhu, Q.Y.; Lei, C.Q. Tankyrases inhibit innate antiviral
response by PARylating VISA/MAVS and priming it for RNF146-mediated ubiquitination and degradation. Proc. Natl. Acad. Sci.
USA 2022, 119, e2122805119. [CrossRef]

42. Zhou, B.; Yan, J.; Guo, L.; Zhang, B.; Liu, S.; Yu, M.; Chen, Z.; Zhang, K.; Zhang, W.; Li, X.; et al. Hepatoma cell-intrinsic TLR9
activation induces immune escape through PD-L1 upregulation in hepatocellular carcinoma. Theranostics 2020, 10, 6530–6543.
[CrossRef] [PubMed]

43. Ueki, Y.; Tiziani, V.; Santanna, C.; Fukai, N.; Maulik, C.; Garfinkle, J.; Ninomiya, C.; doAmaral, C.; Peters, H.; Habal, M.; et al.
Mutations in the gene encoding c-Abl-binding protein SH3BP2 cause cherubism. Nat. Genet. 2001, 28, 125–126. [CrossRef]
[PubMed]

44. Verma, R.; Turbin, R.E.; Langer, P.D. Cherubism. Ophthalmology 2024. [CrossRef]
45. Lee, Y.; Kang, H.C.; Lee, B.D.; Lee, Y.I.; Kim, Y.P.; Shin, J.H. Poly (ADP-ribose) in the pathogenesis of Parkinson’s disease. BMB

Rep. 2014, 47, 424–432. [CrossRef] [PubMed]
46. Virág, L.; Robaszkiewicz, A.; Rodriguez-Vargas, J.M.; Oliver, F.J. Poly(ADP-ribose) signaling in cell death. Mol. Asp. Med. 2013,

34, 1153–1167. [CrossRef] [PubMed]
47. Xu, X.; Sun, B.; Zhao, C. Poly (ADP-Ribose) polymerase 1 and parthanatos in neurological diseases: From pathogenesis to

therapeutic opportunities. Neurobiol. Dis. 2023, 187, 106314. [CrossRef] [PubMed]
48. Huang, P.; Chen, G.; Jin, W.; Mao, K.; Wan, H.; He, Y. Molecular Mechanisms of Parthanatos and Its Role in Diverse Diseases. Int.

J. Mol. Sci. 2022, 23, 7292. [CrossRef]
49. Lee, Y.; Karuppagounder, S.S.; Shin, J.H.; Lee, Y.I.; Ko, H.S.; Swing, D.; Jiang, H.; Kang, S.U.; Lee, B.D.; Kang, H.C.; et al.

Parthanatos mediates AIMP2-activated age-dependent dopaminergic neuronal loss. Nat. Neurosci. 2013, 16, 1392–1400. [CrossRef]
50. Wu, H.; Li, Y.; Zhang, Q.; Wang, H.; Xiu, W.; Xu, P.; Deng, Y.; Huang, W.; Wang, D.O. Crocetin antagonizes parthanatos in ischemic

stroke via inhibiting NOX2 and preserving mitochondrial hexokinase-I. Cell Death Dis. 2023, 14, 50. [CrossRef] [PubMed]
51. Kim, H.; Park, J.; Kang, H.; Yun, S.P.; Lee, Y.S.; Lee, Y.I.; Lee, Y. Activation of the Akt1-CREB pathway promotes RNF146 expression

to inhibit PARP1-mediated neuronal death. Sci. Signal. 2020, 13, eaax7119. [CrossRef]
52. Zhang, F.; Lou, L.; Peng, B.; Song, X.; Reizes, O.; Almasan, A.; Gong, Z. Nudix Hydrolase NUDT16 Regulates 53BP1 Protein by

Reversing 53BP1 ADP-Ribosylation. Cancer Res. 2020, 80, 999–1010. [CrossRef] [PubMed]
53. Zhang, Z.; Samsa, W.E.; Gong, Z. NUDT16 regulates CtIP PARylation to dictate homologous recombination repair. Nucleic Acids

Res. 2024, 52, 3761–3777. [CrossRef]
54. Hu, K.; Wu, W.; Li, Y.; Lin, L.; Chen, D.; Yan, H.; Xiao, X.; Chen, H.; Chen, Z.; Zhang, Y.; et al. Poly(ADP-ribosyl)ation of BRD7 by

PARP1 confers resistance to DNA-damaging chemotherapeutic agents. EMBO Rep. 2019, 20, e46166. [CrossRef]
55. Liu, L.; Sandow, J.J.; Leslie Pedrioli, D.M.; Samson, A.L.; Silke, N.; Kratina, T.; Ambrose, R.L.; Doerflinger, M.; Hu, Z.; Morrish, E.;

et al. Tankyrase-mediated ADP-ribosylation is a regulator of TNF-induced death. Sci. Adv. 2022, 8, eabh2332. [CrossRef]
56. Hou, S.; Zhang, J.; Jiang, X.; Yang, Y.; Shan, B.; Zhang, M.; Liu, C.; Yuan, J.; Xu, D. PARP5A and RNF146 phase separation restrains

RIPK1-dependent necroptosis. Mol. Cell 2024, 84, 938–954.e8. [CrossRef]
57. Gerö, D.; Szoleczky, P.; Chatzianastasiou, A.; Papapetropoulos, A.; Szabo, C. Modulation of poly(ADP-ribose) polymerase-1

(PARP-1)-mediated oxidative cell injury by ring finger protein 146 (RNF146) in cardiac myocytes. Mol. Med. (Camb. Mass.) 2014,
20, 313–328. [CrossRef] [PubMed]

58. Kim, S.; Han, S.; Kim, Y.; Kim, H.S.; Gu, Y.R.; Kang, D.; Cho, Y.; Kim, H.; Lee, J.; Seo, Y.; et al. Tankyrase inhibition preserves
osteoarthritic cartilage by coordinating cartilage matrix anabolism via effects on SOX9 PARylation. Nat. Commun. 2019, 10, 4898.
[CrossRef]

59. Hou, X.; Tian, M.; Ning, J.; Wang, Z.; Guo, F.; Zhang, W.; Hu, L.; Wei, S.; Hu, C.; Yun, X.; et al. PARP inhibitor shuts down the
global translation of thyroid cancer through promoting Pol II binding to DIMT1 pause. Int. J. Biol. Sci. 2023, 19, 3970–3986.
[CrossRef] [PubMed]

60. Yang, L.; Du, M.; Liu, K.; Wang, P.; Zhu, J.; Li, F.; Wang, Z.; Huang, K.; Liang, M. Pimpinellin ameliorates macrophage
inflammation by promoting RNF146-mediated PARP1 ubiquitination. Phytother. Res. PTR 2024, 38, 1783–1798. [CrossRef]

61. Li, N.; Wang, Y.; Neri, S.; Zhen, Y.; Fong, L.W.R.; Qiao, Y.; Li, X.; Chen, Z.; Stephan, C.; Deng, W.; et al. Tankyrase disrupts
metabolic homeostasis and promotes tumorigenesis by inhibiting LKB1-AMPK signalling. Nat. Commun. 2019, 10, 4363.
[CrossRef] [PubMed]

62. Voronkov, A.; Holsworth, D.D.; Waaler, J.; Wilson, S.R.; Ekblad, B.; Perdreau-Dahl, H.; Dinh, H.; Drewes, G.; Hopf, C.; Morth, J.P.;
et al. Structural basis and SAR for G007-LK, a lead stage 1,2,4-triazole based specific tankyrase 1/2 inhibitor. J. Med. Chem. 2013,
56, 3012–3023. [CrossRef] [PubMed]

https://doi.org/10.1016/j.bbrc.2018.06.107
https://www.ncbi.nlm.nih.gov/pubmed/29932918
https://doi.org/10.1016/j.celrep.2021.109596
https://www.ncbi.nlm.nih.gov/pubmed/34433060
https://doi.org/10.1073/pnas.2122805119
https://doi.org/10.7150/thno.44417
https://www.ncbi.nlm.nih.gov/pubmed/32483468
https://doi.org/10.1038/88832
https://www.ncbi.nlm.nih.gov/pubmed/11381256
https://doi.org/10.1016/j.ophtha.2024.09.014
https://doi.org/10.5483/BMBRep.2014.47.8.119
https://www.ncbi.nlm.nih.gov/pubmed/24874851
https://doi.org/10.1016/j.mam.2013.01.007
https://www.ncbi.nlm.nih.gov/pubmed/23416893
https://doi.org/10.1016/j.nbd.2023.106314
https://www.ncbi.nlm.nih.gov/pubmed/37783233
https://doi.org/10.3390/ijms23137292
https://doi.org/10.1038/nn.3500
https://doi.org/10.1038/s41419-023-05581-x
https://www.ncbi.nlm.nih.gov/pubmed/36681688
https://doi.org/10.1126/scisignal.aax7119
https://doi.org/10.1158/0008-5472.CAN-19-2205
https://www.ncbi.nlm.nih.gov/pubmed/31911551
https://doi.org/10.1093/nar/gkae064
https://doi.org/10.15252/embr.201846166
https://doi.org/10.1126/sciadv.abh2332
https://doi.org/10.1016/j.molcel.2023.12.041
https://doi.org/10.2119/molmed.2014.00102
https://www.ncbi.nlm.nih.gov/pubmed/24842055
https://doi.org/10.1038/s41467-019-12910-2
https://doi.org/10.7150/ijbs.81895
https://www.ncbi.nlm.nih.gov/pubmed/37564214
https://doi.org/10.1002/ptr.8135
https://doi.org/10.1038/s41467-019-12377-1
https://www.ncbi.nlm.nih.gov/pubmed/31554794
https://doi.org/10.1021/jm4000566
https://www.ncbi.nlm.nih.gov/pubmed/23473363


Biomolecules 2025, 15, 237 15 of 16

63. Jang, M.K.; Mashima, T.; Seimiya, H. Tankyrase Inhibitors Target Colorectal Cancer Stem Cells via AXIN-Dependent Downregu-
lation of c-KIT Tyrosine Kinase. Mol. Cancer Ther. 2020, 19, 765–776. [CrossRef] [PubMed]

64. Wang, W.; Liu, P.; Lavrijsen, M.; Li, S.; Zhang, R.; Li, S.; van de Geer, W.S.; van de Werken, H.J.G.; Peppelenbosch, M.P.; Smits, R.
Evaluation of AXIN1 and AXIN2 as targets of tankyrase inhibition in hepatocellular carcinoma cell lines. Sci. Rep. 2021, 11, 7470.
[CrossRef] [PubMed]

65. Tai, D.; Wells, K.; Arcaroli, J.; Vanderbilt, C.; Aisner, D.L.; Messersmith, W.A.; Lieu, C.H. Targeting the WNT Signaling Pathway in
Cancer Therapeutics. Oncol. 2015, 20, 1189–1198. [CrossRef] [PubMed]

66. Xu, C.; Xu, Z.; Zhang, Y.; Evert, M.; Calvisi, D.F.; Chen, X. β-Catenin signaling in hepatocellular carcinoma. J. Clin. Investig. 2022,
132, e154515. [CrossRef]

67. Peng, K.; Anmangandla, A.; Jana, S.; Jin, Y.; Lin, H. Iso-ADP-Ribose Fluorescence Polarization Probe for the Screening of RNF146
WWE Domain Inhibitors. ACS Chem. Biol. 2024, 19, 300–307. [CrossRef] [PubMed]

68. Shen, G.; Wang, H.; Zhu, N.; Lu, Q.; Liu, J.; Xu, Q.; Huang, D. HIF-1/2α-Activated RNF146 Enhances the Proliferation and
Glycolysis of Hepatocellular Carcinoma Cells via the PTEN/AKT/mTOR Pathway. Front. Cell Dev. Biol. 2022, 10, 893888.
[CrossRef] [PubMed]

69. Park, G.; Jang, W.E.; Kim, S.; Gonzales, E.L.; Ji, J.; Choi, S.; Kim, Y.; Park, J.H.; Mohammad, H.B.; Bang, G.; et al. Dysregulation of
the Wnt/β-catenin signaling pathway via Rnf146 upregulation in a VPA-induced mouse model of autism spectrum disorder. Exp.
Mol. Med. 2023, 55, 1783–1794. [CrossRef]

70. Belayev, L.; Mukherjee, P.K.; Balaszczuk, V.; Calandria, J.M.; Obenaus, A.; Khoutorova, L.; Hong, S.H.; Bazan, N.G. Neuroprotectin
D1 upregulates Iduna expression and provides protection in cellular uncompensated oxidative stress and in experimental ischemic
stroke. Cell Death Differ. 2017, 24, 1091–1099. [CrossRef]

71. Li, W.; Han, Q.; Zhu, Y.; Zhou, Y.; Zhang, J.; Wu, W.; Li, Y.; Liu, L.; Qiu, Y.; Hu, K.; et al. SUMOylation of RNF146 results in Axin
degradation and activation of Wnt/β-catenin signaling to promote the progression of hepatocellular carcinoma. Oncogene 2023,
42, 1728–1740. [CrossRef] [PubMed]

72. Wang, Z.; Xia, X.; Li, J.; Igaki, T. Tumor elimination by clustered microRNAs miR-306 and miR-79 via noncanonical activation of
JNK signaling. eLife 2022, 11, e77340. [CrossRef] [PubMed]

73. Matsumoto, Y.; Larose, J.; Kent, O.A.; Lim, M.; Changoor, A.; Zhang, L.; Storozhuk, Y.; Mao, X.; Grynpas, M.D.; Cong, F.; et al.
RANKL coordinates multiple osteoclastogenic pathways by regulating expression of ubiquitin ligase RNF146. J. Clin. Investig.
2017, 127, 1303–1315. [CrossRef] [PubMed]

74. Liu, F.; Chen, J.; Li, K.; Li, H.; Zhu, Y.; Zhai, Y.; Lu, B.; Fan, Y.; Liu, Z.; Chen, X.; et al. Ubiquitination and deubiquitination in
cancer: From mechanisms to novel therapeutic approaches. Mol. Cancer 2024, 23, 148. [CrossRef] [PubMed]

75. Zhang, Y.; Wang, S.; Zhang, J.; Liu, C.; Li, X.; Guo, W.; Duan, Y.; Chen, X.; Zong, S.; Zheng, J.; et al. Elucidating minimal residual
disease of paediatric B-cell acute lymphoblastic leukaemia by single-cell analysis. Nat. Cell Biol. 2022, 24, 242–252. [CrossRef]

76. Ilegems, E.; Bryzgalova, G.; Correia, J.; Yesildag, B.; Berra, E.; Ruas, J.L.; Pereira, T.S.; Berggren, P.-O. HIF-1α inhibitor PX-478
preserves pancreatic β cell function in diabetes. Sci. Transl. Med. 2022, 14, eaba9112. [CrossRef]

77. Sapio, L.; Salzillo, A.; Ragone, A.; Illiano, M.; Spina, A.; Naviglio, S. Targeting CREB in Cancer Therapy: A Key Candidate or One
of Many? An Update. Cancers 2020, 12, 3166. [CrossRef] [PubMed]

78. Duan, M.; Gao, J.; Li, J.; Huang, X.; Ren, Y.; Li, Y.; Liao, M.; Zhang, Y. Targeting selective inhibitors of PARPs in drug discovery
and development. Med. Chem. Res. 2024, 33, 1734–1756. [CrossRef]

79. Murai, J.; Huang, S.Y.; Das, B.B.; Renaud, A.; Zhang, Y.; Doroshow, J.H.; Ji, J.; Takeda, S.; Pommier, Y. Trapping of PARP1 and
PARP2 by Clinical PARP Inhibitors. Cancer Res. 2012, 72, 5588–5599. [CrossRef]

80. Murai, J.; Zhang, Y.; Morris, J.; Ji, J.; Takeda, S.; Doroshow, J.H.; Pommier, Y. Rationale for poly(ADP-ribose) polymerase (PARP)
inhibitors in combination therapy with camptothecins or temozolomide based on PARP trapping versus catalytic inhibition. J.
Pharmacol. Exp. Ther. 2014, 349, 408–416. [CrossRef] [PubMed]

81. D’Andrea, A.D. Mechanisms of PARP inhibitor sensitivity and resistance. DNA Repair 2018, 71, 172–176. [CrossRef] [PubMed]
82. Mateo, J.; Lord, C.J.; Serra, V.; Tutt, A.; Balmaña, J.; Castroviejo-Bermejo, M.; Cruz, C.; Oaknin, A.; Kaye, S.B.; de Bono, J.S. A

decade of clinical development of PARP inhibitors in perspective. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2019, 30, 1437–1447.
[CrossRef] [PubMed]

83. Hu, X.; Zhang, J.; Zhang, Y.; Jiao, F.; Wang, J.; Chen, H.; Ouyang, L.; Wang, Y. Dual-target inhibitors of poly (ADP-ribose)
polymerase-1 for cancer therapy: Advances, challenges, and opportunities. Eur. J. Med. Chem. 2022, 230, 114094. [CrossRef]
[PubMed]

84. Im, S.-A.; Lee, S.; Lee, K.W.; Lee, Y.; Sohn, J.; Kim, J.H.; Im, Y.-H.; Park, K.H.; Oh, D.-Y.; Kim, M.H.; et al. A phase I dose-escalation
and expansion study of JPI-547, a dual inhibitor of PARP/tankyrase in patients with advanced solid tumors. J. Clin. Oncol. 2021,
39, 3113. [CrossRef]

https://doi.org/10.1158/1535-7163.MCT-19-0668
https://www.ncbi.nlm.nih.gov/pubmed/31907221
https://doi.org/10.1038/s41598-021-87091-4
https://www.ncbi.nlm.nih.gov/pubmed/33811251
https://doi.org/10.1634/theoncologist.2015-0057
https://www.ncbi.nlm.nih.gov/pubmed/26306903
https://doi.org/10.1172/JCI154515
https://doi.org/10.1021/acschembio.3c00512
https://www.ncbi.nlm.nih.gov/pubmed/38237916
https://doi.org/10.3389/fcell.2022.893888
https://www.ncbi.nlm.nih.gov/pubmed/35721496
https://doi.org/10.1038/s12276-023-01065-2
https://doi.org/10.1038/cdd.2017.55
https://doi.org/10.1038/s41388-023-02689-4
https://www.ncbi.nlm.nih.gov/pubmed/37029301
https://doi.org/10.7554/eLife.77340
https://www.ncbi.nlm.nih.gov/pubmed/36222503
https://doi.org/10.1172/JCI90527
https://www.ncbi.nlm.nih.gov/pubmed/28287403
https://doi.org/10.1186/s12943-024-02046-3
https://www.ncbi.nlm.nih.gov/pubmed/39048965
https://doi.org/10.1038/s41556-021-00814-7
https://doi.org/10.1126/scitranslmed.aba9112
https://doi.org/10.3390/cancers12113166
https://www.ncbi.nlm.nih.gov/pubmed/33126560
https://doi.org/10.1007/s00044-024-03282-4
https://doi.org/10.1158/0008-5472.CAN-12-2753
https://doi.org/10.1124/jpet.113.210146
https://www.ncbi.nlm.nih.gov/pubmed/24650937
https://doi.org/10.1016/j.dnarep.2018.08.021
https://www.ncbi.nlm.nih.gov/pubmed/30177437
https://doi.org/10.1093/annonc/mdz192
https://www.ncbi.nlm.nih.gov/pubmed/31218365
https://doi.org/10.1016/j.ejmech.2021.114094
https://www.ncbi.nlm.nih.gov/pubmed/34998039
https://doi.org/10.1200/JCO.2021.39.15_suppl.3113


Biomolecules 2025, 15, 237 16 of 16

85. Shultz, M.D.; Cheung, A.K.; Kirby, C.A.; Firestone, B.; Fan, J.; Chen, C.H.; Chen, Z.; Chin, D.N.; Dipietro, L.; Fazal, A.; et al.
Identification of NVP-TNKS656: The use of structure-efficiency relationships to generate a highly potent, selective, and orally
active tankyrase inhibitor. J. Med. Chem. 2013, 56, 6495–6511. [CrossRef] [PubMed]

86. Ferri, M.; Liscio, P.; Carotti, A.; Asciutti, S.; Sardella, R.; Macchiarulo, A.; Camaioni, E. Targeting Wnt-driven cancers: Discovery
of novel tankyrase inhibitors. Eur. J. Med. Chem. 2017, 142, 506–522. [CrossRef] [PubMed]

87. Ryu, H.; Nam, K.Y.; Kim, H.J.; Song, J.Y.; Hwang, S.G.; Kim, J.S.; Kim, J.; Ahn, J. Discovery of a Novel Triazolopyridine Derivative
as a Tankyrase Inhibitor. Int. J. Mol. Sci. 2021, 22, 7330. [CrossRef]

88. Shirai, F.; Tsumura, T.; Yashiroda, Y.; Yuki, H.; Niwa, H.; Sato, S.; Chikada, T.; Koda, Y.; Washizuka, K.; Yoshimoto, N.; et al.
Discovery of Novel Spiroindoline Derivatives as Selective Tankyrase Inhibitors. J. Med. Chem. 2019, 62, 3407–3427. [CrossRef]

89. Li, B.; Liang, J.; Lu, F.; Zeng, G.; Zhang, J.; Ma, Y.; Liu, P.; Wang, Q.; Zhou, Q.; Chen, L. Discovery of Novel Inhibitor for
WNT/β-Catenin Pathway by Tankyrase 1/2 Structure-Based Virtual Screening. Molecules 2020, 25, 1680. [CrossRef]

90. Bregman, H.; Chakka, N.; Guzman-Perez, A.; Gunaydin, H.; Gu, Y.; Huang, X.; Berry, V.; Liu, J.; Teffera, Y.; Huang, L.; et al.
Discovery of novel, induced-pocket binding oxazolidinones as potent, selective, and orally bioavailable tankyrase inhibitors.
J. Med. Chem. 2013, 56, 4320–4342. [CrossRef]

91. Solberg, N.T.; Waaler, J.; Lund, K.; Mygland, L.; Olsen, P.A.; Krauss, S. TANKYRASE Inhibition Enhances the Antiproliferative
Effect of PI3K and EGFR Inhibition, Mutually Affecting β-CATENIN and AKT Signaling in Colorectal Cancer. Mol. Cancer Res.
MCR 2018, 16, 543–553. [CrossRef]

92. Zamudio-Martinez, E.; Herrera-Campos, A.B.; Muñoz, A.; Rodríguez-Vargas, J.M.; Oliver, F.J. Tankyrases as modulators of
pro-tumoral functions: Molecular insights and therapeutic opportunities. J. Exp. Clin. Cancer Res. CR 2021, 40, 144. [CrossRef]

93. Arqués, O.; Chicote, I.; Puig, I.; Tenbaum, S.P.; Argilés, G.; Dienstmann, R.; Fernández, N.; Caratù, G.; Matito, J.; Silberschmidt, D.;
et al. Tankyrase Inhibition Blocks Wnt/β-Catenin Pathway and Reverts Resistance to PI3K and AKT Inhibitors in the Treatment
of Colorectal Cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2016, 22, 644–656. [CrossRef] [PubMed]
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