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Abstract

Cancer cells rely on elevated ribosomal biogenesis and protein synthesis to sustain their
rapid proliferation. This heightened translational demand imposes significant stress on
the fidelity of protein synthesis, thereby necessitating ribosomal quality control (RQC)
activation, which safeguards proteostasis by degrading incomplete nascent polypeptide
chains. At present, RQC is no longer only a peripheral pathway, it is a decisive arbiter
of proteostasis whose malfunction rewires the course of cancer progression. Emerging
evidence suggests that RQC factors can function as pro-tumorigenic or anti-tumorigenic
in a context-dependent manner across different cancer types. This review highlights
mechanistic models of how translation stalling, ribosome collision, and ribotoxic stress
response influence neurodegeneration, tumor progression, metastasis, stemness, and drug
resistance. By framing RQC as a critical regulator of cancer fate, we will identify verifiable
and experimentally tractable hypotheses for therapeutic targeting and biomarker discovery
in cancer.

Keywords: ribosomal quality control; translation; ribosomal stalling and collision; tumor
suppression; cancer

1. Introduction
Translation is an essential energy-driven process, vital for proper functioning of the

cells. This significant energy investment emphasizes the critical role of translational control,
especially during cellular stress responses [1]. Ribosomes, the remarkable machinery
that orchestrate translation, navigate the fidelity of the translational process at various
steps [2]. Due to continuous demand of protein synthesis, ribosomes may slow down
or get stalled, and present formidable challenges including long polyA sequences due
to missing stop codons, altered polyadenylation patterns, damaged mRNAs, or complex
higher-order mRNA structures [3]. These obstacles are further compounded by factors such
as insufficient supplies of aminoacyl-tRNAs, inefficient termination, recycling of ribosomes,
and environmental stresses during ribosomal stalling or collision [4–8].

When ribosomes encounter stalling or collisions, cells recognize this event as a signal
for abnormal translation. To prevent the accumulation of faulty or incomplete transla-
tional products, cells rapidly engage the ribosomal quality control (RQC) pathway, a
highly conserved surveillance mechanism [9,10]. This pathway effectively detects and re-
solves ribosomal stalling events, ensuring the timely degradation of malfunctioned nascent
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polypeptide chains and facilitating the recycling of ribosomal subunits (Figure 1). To carry
out these functions, it relies on a coordinated set of specialized factors, such as ZNF598,
RACK1, NEMF, Listerin 1 (Ltn1), PELOTA, HBS1L, ABCE1, ANKZF1, and VCP. Among
these factors, the early recognition of stalled ribosomes, primarily via sensing of ribosome
collisions, where elongating ribosomes stack behind a stalled leading ribosome on the same
mRNA, is a critical step in initiating the RQC pathway. This process is mediated by the
pre-RQC complex, ZNF598 and RACK1, which work together to identify and target the
unique interface presented by collided ribosomes. This recognition leads to the ubiquiti-
nation of specific 40S subunit proteins, including RPS10, RPS20, RPS2, and RPS3 [11,12].
The ASC-1 complex, including ASCC3, ASCC1, and ASCC2, plays a crucial role in disas-
sembling the leading collided ribosome [13,14]. This disassembly process activates several
downstream steps in the quality control mechanism. These steps include the splitting
and recycling of ribosomal subunits by ABCE1 [15], modifications of nascent polypeptide
chains (NPCs) still linked to the 60S subunit through a process known as C-terminal Ala
and Thr addition (CAT-tailing) [16], and the release of NPCs from the 60S complex by
ANKZF1 [17,18]. Although the exact physiological roles of CAT-tails are still being investi-
gated, they are thought to have the potential to act as degrons, facilitating the degradation
of faulty NPCs [19,20] or assisting in the ubiquitination of lysine residues housed within
the ribosome exit channel through Ltn1 [15]. However, under conditions where RQC is
compromised, excessive accumulation of CAT-tails can disrupt proteostasis due to their
tendency to form detergent-insoluble protein aggregates [21,22]. In parallel, stalled and
collided ribosomes induce translational dysfunction and serve as potent activators of other
cellular stress pathways. One such critical pathway is the Integrated Stress Response
(ISR), a conserved signaling network that regulates global protein synthesis and restores
homeostasis under various stress conditions, including nutrient deprivation, oxidative
stress, viral infection, and ER stress. Activation of the ISR involves phosphorylation of the
eukaryotic initiation factor eIF2α by GCN2, PERK, HRI, and PKR, leading to inhibition of
cap-dependent translation while selectively enhancing the translation of specific transcripts
such as ATF4, which mediates adaptive gene expression programs. Recent studies have
linked persistent ribosomal stalling and collision events to activation of the ISR, which
senses aberrant ribosomal states as a signal of translational stress. This connection im-
plies that unresolved ribosomal collisions not only impair proteostasis but may also lead
to chronic ISR activation, tipping the balance from adaptive to death outcomes [23–26].
While significant progress has been made in structural aspects of individual RQC factors
including their domains, binding partners, and catalytic motifs, the functional implications
of these features in cancer remain largely unknown. To date, no comprehensive studies
have examined whether these structural elements undergo cancer-associated mutations,
post-translational modifications, or alterations in interaction networks that could mod-
ulate RQC activity in tumor cells. This review not only highlights existing knowledge
but also pinpoints the unexplored intersections between RQC and tumor biology. For
clarity, the review is organized by individual RQC factors, and under each factor, we dis-
cuss its binding partners, signaling networks, functional roles, and implications in cancer.
Additionally, we underscore their therapeutic potential while emphasizing critical gaps,
including the limited understanding of cancer-specific RQC mechanisms, their modulation
by tumor micro-environmental stress, and the absence of selective clinical modulators.
Lastly, we conclude this review by outlining actionable priorities such as integrating RQC
profiling into precision oncology pipelines, identifying biomarker-guided patient stratifica-
tions, and developing combination strategies that exploit RQC vulnerabilities to transform
cancer therapy.
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Figure 1. Molecular pathway of the mammalian ribosome-associated quality control (RQC) pathway.
Upon ribosome stalling, collision is sensed by preRQC complex comprise of ZNF598 and RACK1. This
leads to ZNF598-mediated K63-linked ubiquitination of RPS10/RPS20 on the 40S subunit. The rescue
factors PELOTA, HBS1L, and ABCE1 mediate 80S ribosome splitting, leaving the stalled nascent
chain on the 60S subunit. The RQC complex, comprising NEMF, which initiates CAT-tail addition,
and Listerin, which ubiquitinates the nascent polypeptide, is recruited to the 60S subunit. ANKZF1
cleaves CAT-tailed chains to prevent aggregation, while VCP extracts ubiquitylated substrates for
proteasomal degradation. The stalled mRNA is degraded by XRN1, and co-factors such as ASCC3
and eRF1 assist in tRNA release and ribosome recycling. This coordinated process ensures clearance
of defective polypeptides and maintains translational fidelity and proteostasis.

2. ZNF598
2.1. Structure

The Zinc Finger Protein 598 (ZNF598) comprises an N-terminal RING domain, three
C2H2-type zinc finger domains, and a C-terminal proline-rich domain [27]. The RING and
C2H2-ZnF domains are essential for ubiquitination. The C-terminal proline-rich domain
appears dispensable for No-Go Decay (NGD) [28]. However, this domain is still essential
for Listerin1 (Ltn1)-dependent ubiquitination and so for RQC. Therefore, ZNF598 appears
responsible for independently activating both RQC and NGD [11,29]. This finding was
validated by Simms et al., who demonstrated that ribosomal collisions also trigger NGD,
suggesting a shared molecular signal between NGD and RQC. Furthermore, a study by
Ikeuchi et al. provides strong evidence that ubiquitination of ribosomal proteins by ZNF598
is an early and essential step common to both NGD and RQC pathways, initiating divergent
downstream responses to translation stalling. Future research should address how ZNF598
selectively supports RQC while being dispensable for NGD, and what factors dictate
whether ZNF598-mediated ubiquitination drives NGD versus RQC. Mechanistically, when
ribosomes encounter obstacles such as truncated mRNAs or poly (A) sequences, translation
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stalls. If a trailing ribosome identifies the stalling, a ribosome collision occurs. This collision
forms a distinct interface between the leading and trailing 80S ribosomes, which creates a
unique structural conformation. ZNF598 specifically recognizes this conformational change
and binds to the 40S subunit of the stalled ribosome within the collided pair. Structural
studies demonstrated that ZNF598 localizes near ribosomal proteins RPS20 and RPS10
sites that become spatially exposed or reoriented during ribosomal collision [27]. These
conformational changes facilitate specific docking of ZNF598, which positions its RING
E3 ligase domain to catalyze K63-linked ubiquitination of these ribosomal proteins. These
observations point to ZNF598’s role as a sensor of ribosomal collision. Notably, monosome
stalling is insufficient to activate ZNF598; instead, the collision-induced composite surface
provides the structural cue for its recruitment. This allows the cell to distinguish between
minor pauses in translation and more deleterious ribosomal traffic jams that require active
resolution [30]. Defining the molecular thresholds that distinguish minor translational
pauses from collision events sufficient to activate ZNF598, and understanding how these
thresholds are altered in stress or disease contexts, such as cancer, could uncover novel
therapeutic opportunities.

2.2. Binding Partners, Signaling, and Function

ZNF598 binds to collided ribosomes and ubiquitinates RPS3, RPS10 and RPS20 on
the 40S subunit to signal ribosomal stalling. ZNF598 requires RACK1 for stable associa-
tion with the ribosome. In mammals, ZNF598 works alongside NEMF, Ltn1, Pelota, and
HBS1L. These are recruited downstream of ZNF598 activity to carry out nascent chain
ubiquitination and ribosomal recycling. This modification is crucial for downstream ri-
bosome disassembly and degradation of the aberrant nascent peptide [10]. In addition,
ZNF598 binds with the GRB10-interacting GYF Protein 2 (GIGYF2) and eIF4E-homologous
protein (4EHP) complex to repress translation of faulty mRNAs. This mechanism works
via translation inhibition rather than degradation [31]. Apart from the RQC-associated
conventional binding partners, an interesting study by Mah et al. demonstrated that
FAT10 (UBD), an ubiquitin-like modifier, interacts with ZNF598. This interaction ap-
pears to influence ZNF598’s stability and function, potentially through FAT10-mediated
modification and proteasomal targeting. By modulating ZNF598, FAT10 may affect down-
stream processes such as ribosomal ubiquitination and the resolution of stalled translation,
which are crucial for antiviral responses. This regulatory axis adds another layer to the
ZNF598 interaction network and its role in fine-tuning immune signaling, particularly
in the context of interferon induction and viral defenses [32]. ZNF598 signaling sits at
the heart of the RQC pathway, acting as a sensor and effector for the ribosomal collision
cascade. Its function is not part of a classical linear signaling cascade like MAPK or Wnt,
but rather it’s involved in a surveillance-signaling mechanism that detects and resolves
translational stress on the ribosome. Recently, Geng et al. showed that ZNF598 is regulated
through K63-linked ubiquitination mediated by CCR4-NOT transcription complex subunit
4 (CNOT4) during mitochondrial stress. Functionally, ZNF598 facilitates the resolution of
stalled ribosomes and prevents the accumulation of aberrant translation products in an
ubiquitination-dependent manner. Overexpression of ZNF598 reduces stalled translation
on mitochondrial outer membrane-associated mRNAs, clears toxic proteins, and restores
mitochondrial and tissue health [33]. These findings highlight ZNF598’s crucial role in
maintaining mitochondrial homeostasis under stress conditions.

2.3. ZNF598 Role in Cancer

ZNF598 has emerged as a stress-responsive E3 ubiquitin ligase that may play a context-
specific role in tumorigenesis. Treatment with 5-fluorouracil (5-FU) has been shown to
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trigger mTOR signaling, mRNA translation initiation, and ribosomal collisions. Impairment
of RQC further potentiates 5FU-induced cell death. Notably, 5-FU enhances expression
of key RQC factors ZNF598 and GIGYF2 through mTOR-dependent post-translational
modifications. ZNF598 knockdown confers resistance to UV-induced apoptosis, indicating
its role in pro-apoptotic stress signaling [34]. In another context, ZNF598 plays a key role
in maintaining Myc protein levels. During translation of the N-terminal region of c-Myc,
ribosomal stalling occurs, producing aberrant c-Myc species and triggering the recruitment
of ZNF598 to resolve this stress and restore proper translation. ZNF598 is upregulated in
human glioblastoma (GBM) and correlates with c-Myc expression. Loss of ZNF598 impairs
GBM neurosphere formation and suppresses Myc-driven tumor growth in a Drosophila
model [35]. These findings reveal ribosomal stalling during c-Myc translation as a cancer
vulnerability and highlight RQC as a critical modulator of Myc-driven oncogenesis. This
finding also supports a previously unknown role for ZNF598 in maintaining cancer stem
cell properties and promoting tumor growth. Furthermore, a study by Ryder et al. identified
that elevated levels of nitric oxide reduce translation, leading to ribosome stalling and
activation of the ribotoxic stress response via leucine-zipper-containing kinase (ZAKα),
along with ZNF598-mediated RPS10 ubiquitination and GCN2-driven integrated stress
response in bone tumor cell line U2OS [36]. These findings highlight ZNF598 as a central
node that integrates stress signals with translational control and oncogenic regulation.
Another interesting research identified Growth Regulating Estrogen Receptor Binding
1 (GREB1), an estrogen receptor α (ERα)-inducible enzyme, catalyzes O-GlcNAcylation of
ERα at residues T553/S554, which stabilizes ERα protein by inhibiting association with
the ubiquitin ligase ZNF598 in human breast adenocarcinoma cell line MCF7. Loss of
GREB1-dependent glycosylation leads to decreased ERα protein levels and diminished
cellular responsiveness to estrogen. Clinically, elevated GREB1 expression in ERα-positive
breast cancer correlates with improved survival in patients treated with tamoxifen, an
ERα modulator [37]. These findings highlight ZNF598 as a critical ubiquitin ligase whose
interaction with ERα is modulated by glycosylation, linking protein quality control with
hormone receptor stability and breast cancer outcomes. Future research should explore
the therapeutic potential of targeting ZNF598 and its downstream pathways in cancers
characterized by translational deregulation or elevated cellular stress.

3. RACK 1
3.1. Structure

Human Receptor for Activated C-Kinase 1 (RACK1) is encoded by the gene GNB2L1,
belonging to the tryptophan-aspartate repeat (WD-repeat) family of proteins, which shares
significant homology with the β-subunit of G-proteins. Several structural studies of eukary-
otic ribosomes have shown RACK1 to be ubiquitously present on the small subunit [38].
RACK1 lies at the outer edge of the 40S subunit head domain with several of its β-propellers
facing outward to the cytosol, which allows it to bridge kinases and initiation factors to the
ribosome. This position on the ribosome, close to the mRNA entry and exit tunnels, offers
RACK1 the opportunity to interact with regulators of translation. Notably, RACK1 binding
to the ribosome does not appear to be essential for ribosomal biogenesis or for maintaining
the structural stability and integrity of the ribosome itself [38,39]. This is supported by
studies demonstrating that ribosomes lacking RACK1 can still translate mRNAs efficiently.
Rather than serving a structural role, RACK1 is proposed to function primarily as a scaffold
protein that recruits regulatory factors to the ribosome or directs ribosomes to specific
subcellular locations [40]. Despite its well-established role as a docking platform for E3
ligases and signaling molecules, an important unresolved question is whether RACK1
actively contributes to the detection of ribosomal stalling or functions solely as a passive
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scaffold. Another question remains: Does RACK1 undergo conformational changes or
post-translational modifications in response to ribosomal stress? Additionally, whether
RACK1’s interaction with specific mRNA-binding proteins or signaling kinases modulates
its ability to participate in stalled ribosome detection remains to be fully elucidated.

3.2. Binding Partners, Signaling Network, and Function

RACK1 is a multifunctional scaffold protein that coordinates signals from various
pathways to regulate essential processes like cell growth, transcription, protein synthe-
sis, and neuronal activity [41]. Its seven WD40 repeats form a structure that provides
multiple binding sites, allowing interactions with diverse signaling proteins, including
kinases (e.g., Src, Fyn), dynamin, p120GAP, and PKC. This enables RACK1 to act as a
central hub linking signaling to cellular function. RACK1 was originally identified as
a receptor for activated protein kinase C (PKC), functioning to anchor PKC to specific
subcellular locations and enhance its activity [42]. Additionally, RACK1 has been impli-
cated in modulating the cAMP/PKA signaling pathway across various cancer types. The
interaction of Src and RACK1 is mediated by the SH2 domain of Src and by phosphoty-
rosines in the sixth WD repeat of RACK1, and is enhanced by serum or platelet-derived
growth factor stimulation, protein kinase C activation, and tyrosine phosphorylation of
RACK1 in vitro and in vivo. This interaction occurs at the WD6 domain of RACK1, which
remains accessible even when RACK1 is bound to the ribosome [43]. In addition, RACK1
functions as an adaptor protein that specifically mediates insulin and insulin-like growth
factor 1 receptor (IGF-1R)-dependent activation of STAT3. Through N-terminal WD1-4
domains, RACK1 binds intracellularly with the insulin receptor (IR) and IGF-1R, with
this interaction being enhanced upon ligand stimulation, while its association with STAT3
remains constitutive. In vitro assays using purified proteins demonstrate that RACK1 or
its WD1-4 domain directly binds IR, IGF-1R, and STAT3. Insulin stimulation induces the
formation of a multiprotein complex comprising RACK1, IR, and STAT3. Modulating
RACK1 levels augmented IR/IGF-1R-dependent STAT3 activation and downstream target
gene expression-overexpression enhances, whereas depletion diminishes, these effects.
Moreover, site-specific IR and IGF-1R mutants defective in RACK1 binding fail to recruit
and activate STAT3 and are unable to mediate insulin- or IGF-1-induced resistance to
anoikis. Importantly, RACK1-dependent STAT3 activation plays a critical role in insulin-
and IGF-1-driven anchorage-independent growth in ovarian cancer cells [44]. A study by
Gallo et al. has shown that ribosome-bound RACK1 is critical for efficient translation of
capped mRNAs and effective recruitment of eukaryotic initiation factor 4E (eIF4E). In vitro
experiments demonstrated that supplementing RACK1-depleted ribosomes with wild-
type RACK1 restores translational activity, whereas a ribosome-binding-deficient RACK1
mutant fails to do so. Notably, free RACK1, unbound to ribosomes, exhibits reduced
stability and, when accumulated in cells, inhibits cell cycle progression and suppresses
global translation [45]. These findings highlight ribosome-bound RACK1 as a key regulator
of translation, potentially through its interactions with signaling molecules both on and off
the ribosome.

3.3. RACK1 Role in Cancer

RACK1 regulates various cellular functions, including proliferation, adhesion, and
migration in cancer cells [46]. Its role as a key signaling integrator is particularly evi-
dent in cancer, where RACK1 is emerging as both a prognostic biomarker and a poten-
tial therapeutic target. High RACK1 expression often correlates with poor prognosis,
metastatic potential, and therapy resistance in various cancer types, including non-small
cell lung cancer (NSCLS), pulmonary adenocarcinoma, hepatocellular carcinoma (HCC),
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glioma, esophageal squamous cell carcinoma (ESCC), and oral squamous cell carcinoma
(OSCC) [47]. Ribosomal RACK1 undergoes extensive O-GlcNAc modification at Ser122, a
post-translational modification that markedly enhances its protein stability, ribosome associ-
ation, and interaction with PKCβII. This modification promotes eIF4E phosphorylation and
consequently upregulates the translation of oncogenic mRNAs in hepatocellular carcinoma
(HCC) cells. Genetic ablation of RACK1 O-GlcNAcylation at Ser122 significantly impaired
tumorigenesis, angiogenesis, and metastasis both in vitro and in a diethylnitrosamine-
induced HCC mouse model. Moreover, elevated RACK1 O-GlcNAcylation was shown in
HCC patient samples, correlating strongly with tumor progression and post-chemotherapy
recurrence [48]. The contribution of RACK1 to cancer progression is further highlighted
in neuroblastoma, where it ranks among the top ten genes associated with poor disease
survival. Depletion of RACK1 in neuroblastoma (in vitro) models showed significant
impairment of cell proliferation, invasion, and migration [49], suggesting that targeting
RACK1 could be a promising strategy for improving therapeutic outcomes in neurob-
lastoma. As a scaffold, RACK1 serves as a signaling hub that assembles and stabilizes
various kinases, including PKC, Src, and FAK, in cancer-related signaling [41]. In breast
cancer, RACK1 enhances cell motility via interaction with Ras homolog family member A
(RhoA) and activation of the RhoA/Rho kinase signaling pathway. Silencing of RACK1
and pharmacological inhibition of Rho kinase impaired breast cancer migration. A total
of 160 breast carcinoma samples showed strong correlations between RACK1 expression
and RhoA levels. High RACK1 expression was also associated with poorer patient sur-
vival. These findings establish RACK1 as a prognostic factor in breast cancer [50]. Another
study showed that RACK1 is required for the invasion and metastasis through modulation
of Annexin 2 (Anxa2) phosphorylation at the Tyr23 position by Src kinase, highlighting
RACK1/Src’s role in drug resistance and metastatic potential in breast cancer cells [51].
Similarly, another study on breast cancer showed RACK1’s requirement for cancer cell
proliferation via RACK1-mediated β-catenin stability and activation of the WNT signaling
pathway. Furthermore, PSMD2, a key component of the proteasome, has been found to
be a novel binding partner for RACK1 and β-catenin. Collectively, these findings uncover
a novel mechanism by which RACK1 increases β-catenin stability and promotes breast
cancer progression [52]. Additionally, RACK1 has been demonstrated to act as a scaffold
protein for Minichromosome Maintenance Complex Component 7 (MCM7)/AKT com-
plex, promoting AKT-dependent phosphorylation of MCM7. This modification promotes
MCM7’s association with chromatin and assembly of the MCM complex, thereby pro-
moting DNA replication and cell proliferation. Overexpression of RACK1 strengthens
the AKT-MCM7 interaction and accelerates cell cycle progression in non-small cell lung
cancer [53]. In case of melanoma, RACK1 expression has been associated with cancer
progression and is considered as a biomarker. In primary melanoma cells derived from
Tyr::Rack1-HA, Tyr::NRasQ61K mice, RACK1 facilitates tumor development by reprogram-
ming ERK, JNK, and STAT3 signaling pathways. These oncogenic interactions promote
tumor progression, leading to accelerated aggressive melanoma development in vivo [54].
RACK1 expression correlates with poor prognosis and stem-like phenotype in breast can-
cer. Mechanistically, RACK1 stabilizes the E2F1 protein by preventing its ubiquitination,
thereby enhancing SOX2 transcription and maintaining cancer stem cell properties. These
findings reveal a novel oncogenic mechanism and suggest that targeting the RACK1-E2F1-
SOX2 pathway may offer a promising strategy to combat breast cancer progression [55].
In ovarian cancer, RACK1 binds constitutively to STAT3 and is associated with insulin
and IGF-1 receptors (IR/IGF-1R) via its N-terminal WD1-4 domains in a ligand-dependent
manner. Silencing of RACK1 significantly alters IR/IGF-1R-mediated STAT3 activation,
and thereby prevents anchorage-independent growth in ovarian cancer cells [44]. These
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findings highlight RACK1 as a critical adaptor enabling STAT3 activation by receptor
tyrosine kinases in ovarian cancer. In osteosarcoma, higher expression of tripartite motif-
containing protein 26 (TRIM26) is associated with improved patient prognosis. Functional
studies demonstrate that TRIM26 suppresses cell proliferation and invasion by inhibiting
the epithelial-mesenchymal transition (EMT) and MEK/ERK signaling. Mechanistically,
TRIM26 directly interacts with RACK1 and promotes its proteasomal degradation. By
targeting RACK1, TRIM26 effectively disrupts downstream signaling events that drive
EMT and tumor progression. Collectively, these findings highlight a TRIM26-RACK1-
MEK/ERK axis as a critical regulatory pathway in osteosarcoma malignancy [56]. RACK1’s
regulatory role also extends into tumor immunology, as documented in B-cell biology.
Zhang et al. identify RACK1 as a key regulator of B-cell development and function. Con-
ditional deletion of RACK1 impairs B-cell maturation and reduces downstream signaling
via BCR and TLR pathways through stabilization of Paired box 5 (Pax5) by preventing
its ubiquitination. These findings highlight RACK1’s critical function in B-cell lineage
progression [57]. Additionally, RACK1 has been demonstrated as a negative regulator of
NF-κB signaling via binding with Inhibitor of κB Kinase (IKK) complex in a TNF-dependent
manner. This interaction inhibits the recruitment of the IKK complex to Tumor Necrosis
Factor Receptor-associated Factor 2 (TRAF2). This modulation provides new insights into
the regulation of inflammatory responses [58]. Altogether, these findings show RACK1 as a
multifaceted regulator of oncogenic signaling, immune function, and translational control.
Its context-dependent roles across different cancer types and cellular systems underscore
its potential as both a prognostic biomarker and a therapeutic target in cancer.

4. ANKZF1
4.1. Structure

Ankyrin Repeat and Zinc Finger Domain-Containing Protein 1 (ANKZF1) acts as a
potential cofactor of the AAA-ATPase Cdc48 (VCP) and directly releases stalled nascent
polypeptides from the 60S ribosomal subunit. Functionally, ANKZF1 operates as an en-
donuclease that cleaves the ester bond between peptidyl-tRNA and the nascent polypeptide
chain within the 60S-RQC complex. Specifically, it targets the conserved CCA trinucleotide
(positions 74–76) at the 3′ end of the tRNA, producing a tRNA fragment with a 2′, 3′-cyclic
phosphate at the discriminator base (N73). This cleavage event serves dual functions;
it releases aberrant nascent chains for proteasomal degradation and generates modified
tRNAs. In the cytosol, recycling ANKZF1-cleaved tRNAs involves a two-step process, re-
moving the 2′, 3′ cyclic phosphate and re-addition of the CCA sequence by the CCA-adding
enzyme tRNA nucleotidyl transferase 1 (TRNT1) [59]. Genetic evidence further supports
ANKZF1’s critical role in proteostasis. Loss of ANKZF1 leads to the accumulation of unre-
solved RQC substrates. Recent structural and biochemical studies have shown a shared
mechanism between ANKZF1 and the translation termination factor eRF1 for hydrolyzing
the peptidyl-tRNA bond [60]. Despite these advances, several key questions remain open.
It is still unclear how ANKZF1 is selectively recruited to specific stalled ribosomes and
what determines its substrate specificity in various cellular contexts. The structural basis
of its interaction with 60S subunits and peptidyl-tRNA and the potential involvement of
cofactors or regulatory post-translational modifications remain to be elucidated. Moreover,
how ANKZF1 functionally coordinates with other RQC components, such as Ltn1, NEMF,
and ZNF598 during ribosome rescue, and whether its activity is integrated with other stress
response pathways like ISR, represent important directions for future research.
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4.2. Binding Partners, Signaling Network, and Functions

ANKZF1 acts downstream of ribosomal stalling events to resolve stalled translation
complexes and maintain protein homeostasis. ANKZF1 acts downstream of Listerin (Ltn1),
an E3 ubiquitin ligase that ubiquitinates aberrant nascent chains on the 60S subunit, to
release these ubiquitinated peptides from the ribosome [61]. ANKZF1 is not a classic
signaling molecule like kinases or transcription factors, but it plays a key regulatory role at
the intersection of translation stress, RQC, and proteostasis signaling. Its activity is triggered
in response to ribosomal stalling, linking translation surveillance to broader stress signaling
and cell fate decisions. Notably, ANKZF1 has been shown to be localized on mitochondria,
and thus may influence mitochondrial stress signaling, especially during proteotoxic stress
and oxidative damage [62]. A recent study by Ali et al. has identified that ANKZF1 is as a
key regulator of PINK1-Parkin-dependent mitophagy. Notably, ANKZF1 recruitment on
mitochondria was enhanced in Parkin overexpressing cells, and interacts with both Parkin
and LC3 under stress conditions. ANKZF1 contains six predicted LC3-interacting region
motifs, among which LIR4 (residues 333–336) is particularly critical for its interaction with
LC3. Functional studies showed that ANKZF1-deficient cells exhibit impaired clearance of
damaged mitochondria, indicating that ANKZF1 is essential for efficient mitophagy under
stress [62]. There is limited but growing evidence that shows that prolonged ribosome
stalling, if unresolved by ANKZF1, can lead to proteotoxic stress accumulation, activation of
p53, and apoptosis induction. ANKZF1 may thus serve a gatekeeper function, determining
whether cells recover from translational stress or undergo death.

4.3. Role of ANKZF1 in Cancer

ANKZF1 is essential for maintaining proteostasis under conditions of translational
stress. A study by Miao et al. has shown that N-acetyltransferase 10 (NAT10) plays a
critical role in promoting tumor progression and lymphangiogenesis in clear cell renal
cell carcinoma (ccRCC), primarily through regulation of the ANKZF1-Yes1-associated
transcriptional regulator (YAP1) signaling axis. Functional assays demonstrated that
NAT10 facilitates the nuclear import of YAP1, thereby activating transcriptional programs
linked to lymphangiogenesis. NAT10 enhanced ANKZF1 expression via ac4C-dependent
mRNA stabilization. ANKZF1, in turn, interacted with YWHAE (14-3-3ε) to antagonize
cytoplasmic sequestration of YAP1, enabling its nuclear translocation and transcriptional
activation of pro-lymphangiogenic genes. Collectively, these findings demonstrated that
the NAT10/ANKZF1/YAP1 axis drives lymphangiogenesis and tumor aggressiveness in
ccRCC [63]. Zhang et al. showed that ZNF169 promotes cell proliferation in ccRCC via
binding to the ANKZF1 promoter and activating its transcription. Importantly, elevated
ANKZF1 expression was associated with poor prognosis in colorectal cancer (CRC) patients.
Collectively, these findings identify the ZNF169/ANKZF1 axis as a novel regulatory path-
way driving CRC cell growth and proliferation. Targeting this axis may offer a promising
therapeutic strategy for CRC patients with high ZNF169 expression [64]. Another study
demonstrated that ANKZF1 knockdown in glioblastoma cells led to mitochondrial accumu-
lation of CAT-tailed proteins, triggering activation of the mitochondrial unfolded protein
response and suppressing tumor progression. Excessive CAT-tail accumulation sequestered
key mitochondrial chaperones (HSP60, mtHSP70) and proteases (LONP1), as well as res-
piratory chain components (ND1, Cytb, mtCO2, ATP6), ultimately disrupting oxidative
phosphorylation, impairing mitochondrial membrane potential, and inducing apoptosis
via the mitochondrial pathway [65]. These findings establish ANKZF1 as a critical regulator
of mitochondrial proteostasis in glioblastoma and suggest that targeting ANKZF1 may
offer a novel therapeutic strategy by disrupting mitochondrial quality control and inducing
tumor cell vulnerability. The contribution of ANKZF1 to tumor development and therapy
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resistance is an emerging area of interest. However, there are several questions that need to
be addressed regarding ANKZF1’s role in cancer. Therapeutically, targeting ANKZF1 is
promising, but its essential role in RQC and proteostasis raises concerns about potential
toxicity in normal tissues. Although ANKZF1 is known for its role in RQC, how this
function intersects with its oncogenic roles in other compartments, such as the nucleus and
mitochondria, remains unexplored. These gaps highlight the need for further research into
how ANKZF1’s RQC activity is regulated independently of its cancer-promoting functions.

5. NEMF
5.1. Structure

The mammalian Nuclear Export Mediator Factor (NEMF) is a multi-domain protein of
approximately 110–120 kDa, primarily localized in the cytoplasm, where it binds with the
60S ribosomal subunit. NEMF has four prominent domains: The N- and C-lobe connected
by a coiled-coil to the middle (M) domain. NEMF is closely sandwiched between the P stalk
of the ribosome, the sarcin–ricin loop (H95), and two N-terminal helices of Listerin (Ltn1).
These interactions effectively oriented Ltn1’s N-terminal helix, comprising residues 13–27,
to the 60S subunit. Once bound to the 60S subunit, NEMF promotes proteolytic tagging by
stabilizing the binding of Ltn1 to the ribosomal complex. NEMF promotes nascent-chain
proteolysis by modifying them with C-terminal peptides (“tails”), with diverse functions.

5.2. Binding Partners, Signaling Network, and Function

NEMF plays a scaffolding and organizing role in recognizing and processing stalled
60S ribosomes. Though not a classical signaling protein, NEMF is a vital hub in translation
surveillance and proteostasis signaling. NEMF recruits and stabilizes Ltn1 on the 60S
ribosomal subunit. Ltn1 ubiquitinates stalled nascent polypeptides emerging from the
ribosome, marking them for proteasomal degradation [66]. Ltn1’s effective association with
ribosomes depends on NEMF’s proper anchoring to the P-stalk and rRNA regions. NEMF
binds directly to the 60S subunit and stalled peptidyl-tRNAs. It stabilizes the tRNA within
the P-site, preventing premature subunit rejoining and facilitating downstream rescue.

NEMF helps prevent the accumulation of misfolded or stalled proteins by ensuring
their ubiquitination and degradation. Failure of this system can lead to proteasome over-
load and unfolded protein response activation. While NEMF is cytoplasmic, it indirectly
influences mitochondrial health by clearing aberrant nascent chains, including some des-
tined for mitochondrial import, thereby preventing mitochondrial dysfunction. A study
by Lv et al. uncovered a specialized, Listerin (Ltn1)-independent mitochondrial RQC
pathway that ensures the quality control of stalled mitochondrial proteins. This pathway
targets NEMF-mediated C-terminal poly-alanine (poly-Ala) extensions on stalled mito-
chondrial proteins. The cytosolic E3 ligase Pirh2 and the mitochondrial ClpXP protease
collectively recognize and process these defective proteins. Disruption of this pathway
leads to the accumulation of NEMF-driven protein aggregates, resulting in compromised
mitochondrial integrity and underscoring the importance of this specialized RQC mecha-
nism in maintaining mitochondrial function and preventing mitochondrial-related human
diseases [67]. Another recent interesting study by Ennis et al. has uncovered a novel
translocation-associated quality control (TAQC) pathway that resolves ribosome stalling
during ER translocation. This study demonstrates that substrates translated from mRNAs
containing ribosome-stalling poly (A) sequences are cleared through both lysosomal and
proteasomal degradation pathways. Defective nascent chains produced from nonstop
mRNAs are processed via ER-associated degradation (ERAD). This process involves ER-to-
Golgi trafficking, KDEL receptor-mediated retrieval, and NEMF-dependent CAT-tailing,
which adds aggregation-prone C-terminal extensions to mark stalled proteins for degra-
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dation. This study proposes that NEMF-mediated CAT-tailing directs a specific subset of
TAQC substrates toward ERAD via Golgi retrieval, thereby playing a key role in protecting
ER function and protein quality control. Structural analysis of ER-RQC intermediates by
Penchev et al. has shown that the UFMylation and RQC machineries can bind simultane-
ously to the 60S ribosomal subunit. During peptidyl-tRNA arrest, NEMF forms a direct
interaction with the UFM1 E3 ligase complex (E3UFM1) through its UFL1 subunit [68].
This coordinated binding occurs while the 60S subunit remains associated with the ER
translocon. However, the recruitment of Ltn1 and degradation of the stalled nascent pep-
tide require UFMylation-dependent release of the 60S from the translocon. These findings
reveal a coordinated mechanism by which the UFMylation cycle regulates ER-RQC to
ensure effective resolution of stalled translation at the ER. Another interesting study by
Tesina et al. revealed that eIF5A is a critical RQC factor required for efficient peptidyl
transfer. The study demonstrated dynamic conformations of RQC components and tR-
NAs, supporting a model in which CAT tailing proceeds processively without external
energy input [69]. These findings highlight both unique and shared mechanistic features
of CAT tailing compared to canonical translation. More studies are needed regarding the
broader functional landscape of NEMF. Future studies could significantly advance our
understanding of how NEMF contributes to cellular homeostasis and disease pathology.

5.3. NEMF Role in Cancer

The exact role of NEMF in cancer and its underlying mechanisms remain largely
unexplored. To date, only one study [70] has reported that NEMF overexpression can
suppress cell proliferation and migration by inhibiting the PI3K/mTOR signaling pathway,
resulting in cell cycle arrest, supporting its potential function as a tumor suppressor
in ovarian cancer. On the other hand, our unpublished data showed NEMF’s role in
bladder cancer aggressiveness. Mechanistically, we have shown that blocking mitochondria-
localized translation causes mitochondrial entrapment of key RQC components, ABCE1,
ZNF598, and NEMF, leading to mitochondrial unfolded protein response and triggering
apoptosis. These findings point to a role of NEMF in linking translational quality control to
mitochondrial stress signaling and cell fate decisions. The discrepancies in NEMF’s role in
cancer raise several key questions about the molecular cues governing its dual nature. The
regulatory mechanisms for controlling NEMF expression in different tumors also remain
unclear. Addressing these questions will be critical for understanding NEMF’s contribution
to tumor pathology and its potential utility in cancer management.

6. ABCE1
6.1. Structure

The ABCE1 protein, a highly conserved ATP-binding cassette (ABC) enzyme, is pivotal
in ribosomal recycling and translation initiation. It is found in many normal cells and or-
gans, including testis, lung, PBMCs, spleen, placenta, and heart. ABCE1 uses ATP binding
and hydrolysis in two conserved nucleotide-binding domains (NBDs) for mobility activity
via accessory domains. ABCE1 has a distinct N-terminal FeS cluster domain with two
diamagnetic [4Fe-4S]2+ clusters (FeS). The FeS cluster domain is responsible for ribosomal
splitting in conjunction with the NBDs’ ATP-dependent mobility. NBD1 is distinguished
from NBD2 by a unique helix-loop-helix (HLH) insertion. The two functionally asymmetric
NBSs play unique functions during ribosomal recycling and can adopt numerous isoener-
getic structural states. ABCE1 binds to terminated or stalled 80S ribosomes in the presence
of eRF1 or Pelota, forming a pre-splitting complex. ABCE1 recycles conventional 80S post-
termination complexes following stop codon-dependent termination and non-canonical
post-termination complexes during mRNA monitoring. In both cases, a translational GT-
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Pase delivers a decoding A-site factor to the ribosomal A-site and forms an interaction
platform for ABCE1 to establish the 80S pre-splitting complex. ABCE1 works with the
A-site factor to divide the pre-splitting complex into small and large ribosomal subunits.

6.2. Binding Partners, Signaling Network, and Function

The ABCE1 protein is a highly conserved ATPase, integral to various stages of protein
synthesis, including translation initiation, termination, and ribosome recycling. Beyond
its canonical roles, ABCE1 interacts with multiple proteins, forming a complex signaling
network that influences cellular homeostasis and stress responses. ABCE1 binds with eIF2α
and eIF5 factors to form a pre-initiation complex, facilitating the assembly of the 43S pre-
initiation complex essential for translation initiation. ABCE1 interacts with components of
the eIF3 complex, aiding in the recruitment of the 40S ribosomal subunit and other initiation
factors during the early stages of translation. ABCE1 associates with the small ribosomal
subunit, playing a crucial role in ribosome recycling by facilitating the dissociation of post-
termination ribosomal complexes. ABCE1 forms a heterodimer with RNase L to inhibit
the interferon-dependent 2-5A/RNase L pathway, thereby regulating diverse biological
processes such as viral infection, tumor cell proliferation, and resistance to apoptosis [71].
ABCE1 has also been shown to regulate long non-coding RNA (lncRNAs). LncABCE1-5
was significantly downregulated in Idiopathic pulmonary fibrosis lung tissues compared
to donor control. Functional assays showed that lncABCE1-5 silencing enhanced cell
migration, apoptosis, and extracellular matrix protein expression, while its overexpression
suppressed TGF-β-induced fibrogenesis in vitro and alleviated bleomycin-induced lung
fibrosis in vivo. Furthermore, lncABCE1-5 binds to keratin 14 mRNA, reducing its stability
and expression. Loss of lncABCE1-5 elevated krt14 levels, activating the mTOR/AKT
signaling pathway [72]. Collectively, these findings underscore ABCE1’s multifaceted role
as a central regulator of translation, immune signaling, and non-coding RNA-mediated
gene expression, highlighting its therapeutic potential in fibrotic diseases and cancer.

6.3. ABCE1’s Role in Cancer

Functionally, ABCE1 has been implicated in promoting cancer cell proliferation, sur-
vival, and chemoresistance across various tumor types. In lung cancer, ectopic ABCE1
expression enhances clonogenicity and anchorage-independent growth via suppression
of the tumor suppressor gene GADD45α [73]. In gastric adnocarcinoma, ABCE1 silencing
markedly reduces cell proliferation, migration, and invasion, while also enhancing the
sensitivity of cancer cells to paclitaxel and cisplatin. Interestingly, ABCE1 knockdown was
also associated with the promotion of EMT, suggesting a complex role in tumor progres-
sion and therapy resistance [74]. In glioma, ABCE1 is significantly upregulated in tumor
tissues and cell lines. Its inhibition not only reduces resistance to temozolomide in vitro
and in vivo but also affects downstream signaling through the PI3K/Akt/NF-κB pathway.
Taken together, these findings underscore the oncogenic potential of ABCE1 and support
its candidacy as a promising therapeutic target across multiple cancer types, including
lung cancer, gastric adenocarcinoma, and glioma [75]. ABCE1 contains two iron-sulfur
(Fe-S) clusters that are essential for its function in ribosome dissociation and translation
reinitiation. Interestingly, a study by Yu et al. has shown that Fe-S clusters are critical for
ABCE1’s binding to β-actin. Overexpression of wild-type ABCE1 significantly enhanced
cell proliferation, migration, and cytoskeletal polymerization; in contrast, deletion of the
Fe-S clusters reversed these effects, indicating that these domains are indispensable for
ABCE1-mediated tumor-promoting functions. This study highlights the crucial role of
ABCE1’s Fe-S clusters as potential therapeutic targets to inhibit lung cancer metastasis [76].
In CRC, ABCE1 has been shown as a potential oncogenic driver. Silencing of ABCE1

https://doi.org/10.3390/uro6010008

https://doi.org/10.3390/uro6010008


Uro 2026, 6, 8 13 of 34

has been shown to activate the p53 signaling pathway, reduce cell proliferation, suppress
aerobic glycolysis, and induce apoptosis. These findings highlight ABCE1 as a promising
biomarker and therapeutic target in CRC [77]. Further research is essential to delineate
the conditions under which ABCE1 acts as an oncogene versus a tumor suppressor, which
could inform therapeutic strategies targeting ABCE1 in a cancer-type-specific manner. Col-
lectively, while ABCE1 has emerged as a compelling oncogenic factor in multiple cancers,
current studies remain limited in scope and depth. Addressing these open questions could
significantly enhance our understanding of ABCE1’s multifaceted roles in cancer biology
and its potential for therapeutic exploitation.

7. Listerin
7.1. Structure

Listerin (Ltn1) is a RING finger E3 ubiquitin ligase. Ltn1 is a 180-kDa protein con-
taining various HEAT repeats, a RING finger, and WD-domain-containing proteins and
a DEAD-like helicase domain (RWD) that immediately precedes its C-terminal RING E3
ligase domain. Ltn1 exhibits minimal affinity for isolated 60S ribosomal subunits or intact
ribosomes; its recruitment has been shown to be mediated by the NEMF M-domain, which
anchors the N-terminus of Ltn1 [17]. This anchoring allows the RWD domain to sandwich
between two ribosomal proteins, positioning the RING domain near the ribosomal exit
tunnel. Most of Ltn1 makes limited or no direct contact with the 60S subunit. Together,
NEMF and Ltn1 establish at least eight distinct contact points with the 60S subunit and
associated peptidyl-tRNA. While each individual interaction is weak, collectively they form
a stable complex that recognizes aberrant 60S subunits, prevents re-association with the
40S subunit, and strategically positions the Ltn1 RING domain to recruit E2-Ub conjugates
and mediate ubiquitylation of the stalled nascent polypeptide chain [17].

7.2. Binding Partners, Signaling Network, and Function

The study by Qin et al. has shown that Ltn1 recruits TRIM27, which initiates K63-
linked polyubiquitination of cyclic GMP-AMP synthase (cGAS), subsequently promoting
its sorting and degradation on the endosome via an endosomal sorting complex required
for transport (ESCRT)-dependent pathway. In Ltn1-deficient mice, there was a marked
increase in neuroinflammation and more severe amylotrophic lateral sclerosis-related
neurobehavioral symptoms. These findings highlight the importance of Ltn1 in maintaining
cellular homeostasis by controlling cGAS degradation and suggest that targeting Ltn1 may
offer a promising therapeutic approach to reduce inflammation [78]. Another recent study
demonstrated the role of Ltn1 in modulating Alzheimer’s disease (AD) pathology. It has
been shown that Ltn1 inhibits brain inflammation and cognitive decline. Microglia-specific
Ltn1 knockout worsens cognitive deficits following extracellular Aβ or lipopolysaccharide
(LPS) treatment. Further, it was shown that Ltn1 binds Toll-like receptor (TLR4) mRNA
and promotes its IRE1α-dependent cleavage and degradation, thereby suppressing TLR4-
mediated inflammatory signaling [79]. These findings establish Ltn1 as a key inhibitor of
microglial inflammation and a promising therapeutic target for AD [67]. These findings
position Ltn1 as a promising therapeutic target for conditions like ALS and Alzheimer’s
disease. However, to fully understand the breadth of Ltn1’s biological roles, further research
is needed to elucidate its detailed molecular mechanisms and expand its investigation
across diverse pathological conditions and cellular stress.

7.3. Listerin’s Role in Cancer

Only limited studies have investigated the role of Ltn1 in cancer, leaving its contri-
bution to tumorigenesis largely unclear. Peng et al. (2023) identified Ltn1 as a tumor
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suppressor in hepatocellular carcinoma (HCC) using an in vivo CRISPR knockout library
screen [80]. The authors have shown that Ltn1 expression correlates with fair patient prog-
nosis. Mechanistically, Ltn1 directly interacts and ubiquitinates Insulin-like growth factor
2 mRNA-binding protein 1 (IGF2BP1), an oncogenic RNA-binding protein that stabilizes
transcripts like c-Myc and insulin growth factor 1 receptor (IGF-1R). By promoting IGF2BP1
degradation, Ltn1 downregulates these proliferative pathways [80]. These findings position
Ltn1 as a key negative regulator of tumor growth in HCC and a potential therapeutic target.
Further studies are needed to delineate its broader role in different cancer types.

8. ASCC3
8.1. Structure

The Activating Signal Cointegrator 1 Complex (ASC-1 complex), composed of ASCC1,
ASCC2, ASCC3, and TRIP4, is a multifunctional regulatory complex involved in tran-
scriptional coactivation, alkylation damage repair, and RQC. Within this complex, ASCC3
plays a central role, particularly through its long isoform, which possesses helicase activity,
while the shorter isoform, lacking helicase domains, is more associated with transcriptional
regulation. Structurally, ASCC3 contains distinct functional domains that underpin its
activity in RQC. The N-terminal region (residues 1-207) is critical for its interaction with
ASCC2. This interaction is essential for recruiting ASCC3 to sites of ribosome stalling or
DNA damage. The central region contains two RecA-like helicase domains, which provide
3′–5′ ATP-dependent helicase activity. This core is essential for unwinding structured
RNA or disassembling stalled ribosome-mRNA complexes during RQC. The C-terminal
region is less well characterized but may facilitate additional protein–protein interactions
or regulatory functions, potentially involving co-factors in RNA metabolism or transla-
tion surveillance. In the context of RQC, the ASC-1 complex is recruited on the collided
ribosomes following ZNF598-mediated ubiquitination of stalled 40S subunits. ASCC2
recognizes these ubiquitin marks and recruits the helicase-active ASCC3 to the stalled trans-
lation machinery. ASCC3 then likely remodels ribonucleoprotein complexes or unwinds
obstructive RNA structures to promote ribosome disassembly and recycling. This function
is coordinated with other RQC components, including HBS1L and PELOTA. Loss or dys-
function of ASCC3 disrupts ribosome clearance and sensitizes cells to translation inhibitors,
highlighting its essential role in maintaining translational homeostasis and cellular fitness,
particularly in cancer cells.

8.2. Binding Partners, Signaling Network, and Function

ASCC3 plays a vital role in genome maintenance, gene expression processes, ribosome
surveillance, and transcriptional regulation. As part of the RQC pathway, ASCC3 interacts
with several proteins, including ASCC1, ASCC2, ASCC4, and ZNF598, facilitating the
resolution of ribosomal collisions. It helps dissociate stalled ribosomal subunits, often in
binding with eIF3j and ribosomal proteins such as RPS3 and RPL10, thereby maintaining
translational fidelity under various stress conditions. ASCC3 also plays a critical role
in DNA alkylation damage repair, where its helicase activity unwinds DNA to facilitate
AlkB-mediated demethylation, ensuring genomic stability [81]. In another study by Jia
et al. showed that Thyroid Hormone Receptor Interactor 4 (TRIP4) interacts with ASCC3
through a zinc finger domain and enhances its helicase activity by positioning an ASC-1
homology domain adjacent to ASCC3’s C-terminal helicase cassette to facilitate substrate
engagement and promoting DNA exit. Notably, TRIP4 and the DNA/RNA dealkylase
ALKBH3 bind to ASCC3 in a mutually exclusive manner, thereby directing ASCC3 toward
distinct functional pathways [82]. Collectively, ASCC3 involvement in these interconnected
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networks highlights ASCC3 as a potential regulatory node at the interface of translation,
DNA repair, and transcriptional responses.

8.3. ASCC3’s Role in Cancer

A recent study by Ao et al. (2024) [83] identified ASCC3 as a key driver of tumor
progression and immune evasion in non-small cell lung cancer (NSCLC). ASCC3 is overex-
pressed in NSCLC and correlates with poor prognosis. Mechanistically, it stabilizes STAT3
via Cullin-associated and neddylation dissociated 1 (CAND1) recruitment, which inhibits
ubiquitin-mediated degradation of STAT3, suppressing type I interferon responses and re-
ducing immune cell infiltration. ASCC3 knockdown inhibited tumor growth and enhanced
the efficacy of anti-PD1 immunotherapy, suggesting its potential as both a prognostic
marker and therapeutic target in NSCLC. Another study by Jia et al. (2020) [84] sheds light
on how cancer-associated mutations can impair DNA repair by disrupting the interaction
between two key RQC proteins: ASCC2 and ASCC3. ASCC3 acts as a helicase that unwinds
damaged DNA, allowing the repair enzyme AlkBH3 to remove harmful alkylation lesions.
This process depends on a stable complex formed between ASCC3 and ASCC2, which regu-
lates and activates ASCC3’s helicase function. The crystal structure of this complex showed
that many of the amino acids at the interaction surface are highly conserved and frequently
found to be mutated in cancer. These mutations weaken the ASCC2-ASCC3 interaction,
likely preventing ASCC3 from being properly recruited to damage sites and limiting its
ability to unwind DNA for repair. As a result, DNA damage may go unrepaired, leading to
mutational accumulation and genomic instability. This study highlights a clear mechanistic
link between cancer-associated mutations and defective DNA repair, providing insight into
how disruptions in this pathway may contribute to tumor development. Another study by
Dango et al. (2011) [81] demonstrated how ASCC3 plays a critical role in helping cancer cells
repair alkylation-induced DNA damage. ASCC3 functions as a 3′ to 5′ DNA helicase and
forms part of a repair complex with the demethylase ALKBH3. ASCC3 unwinds damaged
double-stranded DNA in this interaction, allowing ALKBH3 to assess and demethylate
alkylated bases on the single-stranded DNA. When ASCC3 or ALKBH3 is depleted, cells
accumulate DNA lesions such as 3-methylcytosine, triggering DNA damage responses (like
increased γH2A.X and 53BP1 foci) and reducing cell proliferation. This study highlights
how ASCC3 supports genome stability by facilitating ALKBH3 function, particularly in
tumor cells that rely on this repair mechanism to survive alkylation stress, underscoring
its relevance in cancer biology. Another interesting study by Cao et al. (2025) [85] iden-
tified a p53-driven mechanism of chemoresistance involving a circular RNA, circASCC3,
derived from the ASCC3 locus. Upon genotoxic stress, p53 promotes circASCC3 expression,
stabilizing the RNA helicase DEAD-Box Helicase 5 (DDX5) by preventing degradation.
Stabilized DDX5 resolves harmful R-loops, maintaining genomic stability under stress.
Although circASCC3 has minimal effect under normal conditions, it significantly enhances
cancer cell survival during chemotherapy. Clinically, higher circASCC3 levels are observed
in colorectal tumors and correlate with poorer prognosis. Overall, this study pinpoints the
p53–circASCC3–DDX5 axis as a key player in chemoresistance and a potential therapeutic
target in colorectal tumor. Collectively, these studies underscore the dual roles of ASCC3, in
both its linear and circular forms, in promoting tumor progression, impairing DNA repair,
evading immune responses, and conferring chemoresistance. Given its central involvement
in genomic stability and immune modulation, ASCC3 represents a promising biomarker
and therapeutic target across various cancer types.
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9. PELOTA
9.1. Structure

Pelota (PELO) is an mRNA surveillance factor involved in ribosomal recycling to
ensure proper ribosome turnover after translation termination. PELO is a structurally
conserved protein that exhibits significant similarity to eukaryotic release factor 1 (eRF1).
Its eRF1-like domain is organized into three conserved segments: the N-terminal domain
(NTD; eRF1-1), the central M domain (eRF1-2), and the C-terminal domain (eRF1-3). This
domain organization allows PELO to structurally resemble eRF1 and engage stalled ri-
bosomes in a similar manner [86]. The central M domain is responsible for binding the
GTPase Hbs1, while the NTD contributes to substrate specificity and interactions with other
components of the mRNA surveillance machinery. These domains are highly conserved
across various species, underscoring PELO’s essential and evolutionarily conserved role
in translational quality control. Importantly, mutations within the N-terminal region can
impair PELO’s ability to bind ribosomes and mediate decay processes, potentially affecting
its function in pathological conditions.

9.2. Binding Partners, Signaling Network, and Function

PELO forms a heterodimeric complex with the GTPase Hbs1 (Hsp70 subfamily B sup-
pressor 1), acting as a central component of the NGD and NMD pathways. Upon detection
of abnormal ribosomal stalling, the PELO-HBS1 complex initiates endonucleolytic cleavage
of the defective mRNA. Following cleavage, the resulting 3′ RNA fragment is degraded
by the 5′-3′ exonuclease XRN4, while the 5′ fragment is processed by a 3′-5′ exonuclease
complex in a SKI2-dependent manner. A study by O’Connel et al. identified a novel human
phenotype linked to a mutation in the Hbs1L gene, characterized by facial dysmorphism,
severe growth restriction, hypotonia, developmental delay, and retinal pigmentary de-
posits [87]. These mutations led to reduced expression of HBS1L transcripts V1 and V2,
with complete loss of Hbs1L protein in patient cells. Polysome profiling revealed abnormal
80S monosome accumulation and increased rRNA translation efficiency. Concomitantly, up-
regulation of mTOR and 4-EBP expression was also observed. Notably, PELO protein levels
were depleted despite unchanged PELO mRNA [87]. This finding suggests that, beyond its
canonical role in mRNA surveillance, PELO has also been implicated in several essential
cellular and developmental processes, including regulation of the cell cycle, embryogenesis,
meiosis, organismal growth, and maintenance of genomic integrity. Dysregulation of PELO
or its cofactors may impair ribosomal homeostasis, contributing to diseases such as cancer
and neurodegeneration, where abnormal translation or defective protein clearance is a
hallmark.

9.3. PELOTA’s Role in Cancer

So far, no study has documented the role of PELO in cancer. However, considering its
essential function in resolving ribosomal stalling, PELO may indirectly influence cancer by
regulating cellular homeostasis and stress signaling pathways. Further research is needed
to clarify PELO’s specific contributions to cancer, particularly in clinical settings, and to
explore its potential as a therapeutic target.

10. VCP
10.1. Structure

The Valosin-Containing Protein (VCP), also known as p97, is a highly conserved
member of the ATPase family, playing a central role in numerous cellular processes that
require mechanical unfolding or disassembly of protein complexes. VCP regulates several
quality control pathways, including RQC, mainly through acting as a ‘segregase’ to extract
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ubiquitinated proteins from protein complexes, as well as by functioning as a molecular
chaperone to deliver targets for proteasomal degradation. Structurally, VCP consists of
three main domains: an N-terminal domain (N-domain), a first ATPase domain (D1), and a
second ATPase domain (D2). In the context of RQC, the N-domain is primarily involved
in substrate recognition and interacts with various cofactors, such as Ufd1 and Npl4. The
heterodimeric Ufd1–Npl4 complex acts as an ubiquitin-binding adaptor that specifically
recognizes K48-linked polyubiquitin chains on stalled nascent polypeptides and facilitates
their recruitment to the VCP for processing [88]. The D1 domain is essential for ATP
binding and is crucial for the hexameric assembly of VCP, while the D2 domain provides
the main mechanical force for substrate processing through ATP hydrolysis. The protein
assembles into a homohexameric ring structure, with the D1 and D2 domains stacking
to form two-tiered rings and a central pore through which substrates are threaded. VCP
contains key functional motifs, including Walker A and B motifs in both D1 and D2 for ATP
binding and hydrolysis, as well as arginine fingers that facilitate communication between
subunits. Structural studies using cryo-electron microscopy and X-ray crystallography have
revealed that VCP undergoes large conformational changes during its ATPase cycle, which
are critical for its function. Through interactions with specific cofactors, VCP can also be
directed to diverse cellular pathways, including protein degradation and membrane fusion.

10.2. Binding Partner, Signaling Network, and Function

VCP is a highly conserved and essential ATPase involved in numerous cellular pro-
cesses through its role in protein quality control. In the RQC pathway, VCP helps to extract
stalled nascent chains from 60S ribosomal subunits under translational stress. Acting as a
molecular segregase, VCP recognizes and remodels ubiquitinated protein substrates, often
targeting them for degradation via the ubiquitin–proteasome system or autophagolyso-
some. Its functional versatility is driven by its ability to interact with a wide range of
binding partners that determine its localization, substrate specificity, and participation in
distinct signaling pathways. Key VCP-binding partners include Ufd1-Npl4 complex, which
facilitates the extraction of polyubiquitinated proteins. Other notable partners include
NSFL1C (p47) and members of the UBX Domain Protein 10 (UBXN) protein family (such
as UBXN1 and UBXN6), which regulate VCP’s roles in membrane fusion, trafficking, and
autophagy. VCP also associates with Polylactic Acid (PLAA) and SprT-Like N-Terminal
Domain (SPRTN) during DNA repair processes, and ASPL has been shown to regulate
VCP oligomer disassembly. Additionally, its interaction with the deubiquitinase ATXN3
fine-tunes the processing of ubiquitinated substrates.

Functionally, VCP is a central player in several critical cellular networks. In ERAD,
it removes misfolded proteins from the ER membrane for proteasomal degradation. It
also plays a significant role in the DNA damage response, where it regulates the turnover
of DNA repair proteins and chromatin dynamics. VCP contributes to autophagy and
mitophagy by facilitating the clearance of protein aggregates and damaged organelles,
often in coordination with ubiquitin-binding autophagy receptors such as p62/SQSTM1.
Moreover, VCP is involved in regulating NF-κB signaling through stabilization of IκB
kinase complexes and contributes to cell cycle progression by controlling the degradation
of cyclins and other regulators. Due to its central role in maintaining cellular proteostasis
and stress responses, dysregulation of VCP is implicated in several diseases, including
neurodegenerative disorders like ALS and inclusion body myopathy, as well as in var-
ious cancers. Its enzymatic domains and functional flexibility make VCP an attractive
target for therapeutic development in diseases characterized by protein misfolding and
impaired proteostasis.
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10.3. VCP Role in Cancer

Beyond its well-established role in proteostasis, VCP has emerged as a potential anti-
cancer drug target. A study by Parzych et al. demonstrated that cancer cell dependency on
VCP for maintaining proteostasis was heightened under glucose and glutamine deprivation.
This stress not only increases reliance on VCP function but also activates compensatory
pathways to maintain cellular homeostasis. In this context, the amino acid-sensing kinase
GCN2 mitigated stress responses and cell death induced by VCP inhibition and nutrient
deprivation. GCN2 was also demonstrated to modulate ERK signaling, autophagy, and gly-
colytic metabolic flux. Collectively, these findings highlight an integrated role for VCP and
GCN2 in coordinating metabolic and proteostatic adaptation in cancer cells [89]. In triple-
negative breast cancer, TMEM63A (transmembrane protein 63A) is identified as a novel
oncogene. TMEM63A localizes on the endoplasmic reticulum and lysosomal membranes,
where it interacts with VCP and its cofactor derlin 1 (DERL1). TMEM63A is degraded via
the autophagy receptor TOLLIP, but is stabilized by VCP, which prevents its lysosomal
turnover. Importantly, pharmacological inhibition of VCP using CB-5083 or knockdown of
DERL1 partially reverses the oncogenic effects of TMEM63A in both in vitro and in vivo
models. Together, these findings uncover a previously unknown role of TMEM63A in
triple negative breast cancer progression and suggest that targeting the TMEM63A-VCP-
DERL1 axis may offer a novel therapeutic strategy in triple negative breast cancer [90].
Another interesting study by Wang et al. showed that VCP undergoes UFMylation at
lysine 109 by the E3 ligase UFM1-specific ligase 1 (UFL1), promotes Beclin1 stabilization
and facilitates assembly of the PtdIns3K complex via ataxin 3-mediated deubiquitination,
thereby contributing to autophagy initiation. These findings highlight VCP UFMylation as
a crucial regulator of autophagy initiation and a potential therapeutic target in diseases
linked to autophagy dysfunction [91]. Poly (ADP-ribose) polymerase (PARP) inhibitors
are effective against homologous recombination-deficient cancers by trapping PARP1 on
chromatin. PARP1 has been shown to interact with VCP. Mechanistically, PARP1 is first
SUMOylated by Protein Inhibitor of Activated STAT 4 (PIAS4) and then ubiquitylated by
the SUMO-targeted E3 ligase RNF4, which facilitates VCP recruitment and subsequent
removal of PARP1 from chromatin. Inhibition of the VCP complex by disulfiram prolonged
PARP1 trapping on the chromosome and increased the cytotoxic effects of PARP inhibitors
in homologous recombination-deficient cancer cells and patient-derived organoids. These
findings establish VCP as a key regulator of chromatin-trapped PARP1 and a potential
target to enhance PARP inhibitor efficacy in cancer therapy [92]. In colorectal cancer,
XIAP-associated factor 1 (XAF1) has been shown to function as a novel adaptor for VCP, fa-
cilitating VCP-dependent deubiquitination of the E3 ligase RNF114. This, in turn, enhances
RNF114-mediated K48-linked ubiquitination and degradation of junction plakoglobin
(JUP), a protein known to suppress cell migration. Disruption of the XAF1-VCP-RNF114-
JUP axis significantly impairs CRC cell migration and metastasis [93]. The VCP role has also
been investigated in the cancer stem cell population. VCP expression positively correlates
with histological grade, tumor size, and lymph node metastasis in breast cancer. VCP is
highly expressed in CSC populations, and its levels are positively associated with SOX2,
a key stemness factor. VCP inhibition activated the UPR pathway and various stemness
regulators, including C/EBPδ, c-MYC, SOX2, and SKP2. In conclusion, VCP plays a central
role in maintaining breast cancer stem cell integrity through regulation of ER proteostasis
and UPR signaling [94]. Given its broad impact on tumor biology, VCP has emerged as
a promising therapeutic target. Small-molecule VCP inhibitors, CB-5083 and CB-5339,
which reached clinical trials by demonstrating effective anti-tumor activity across various
tumor models, provide an effective alternative to targeting protein degradation for cancer
therapy [95]. However, toxicity concerns and off-target effects have posed challenges in
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clinical translation. Ongoing efforts focus on developing selective VCP modulators and
exploring combination strategies to enhance anticancer efficacy while minimizing adverse
effects. Although numerous studies have highlighted the role of VCP in cancer progression
via autophagy, our current review has focused on presenting a broader overview of the
diverse signaling pathways involving VCP in cancer progression. Due to space constraints
and the scope of this article, we were unable to include all relevant publications. We
acknowledge the valuable contributions of many researchers in this field and apologize for
any omissions.

11. HBS1L
11.1. Structure

HBS1-like translational GTPase (HBS1L) is a GTP-binding protein that plays a pivotal
role in RQC by facilitating the rescue of stalled ribosomes. Structurally, HBS1L comprises a
conserved GTPase domain, essential for its interaction with the ribosome and its function in
translation surveillance pathways. This domain enables HBS1L to bind and hydrolyze GTP,
a critical step in the disassembly of stalled ribosomal complexes. Additionally, HBS1L forms
a complex with PELO to recognize and resolve translational stalling, thereby maintaining
the fidelity of protein synthesis. Despite significant progress in understanding HBS1L’s
function in ribosomal rescue, several open questions remain unanswered. One central
area of inquiry is how HBS1L is specifically recruited to stalled ribosomes across different
cellular contexts. The precise molecular cues and recognition mechanisms that guide
its localization to translationally arrested complexes are not fully elucidated. Another
unresolved question is whether additional, unidentified cofactors or signaling molecules
exist that modulate HBS1L activity during ribosomal rescue.

11.2. Binding Partner, Signaling Network, and Function

HBS1L plays a critical role in maintaining translational fidelity and ribosomal home-
ostasis, particularly under stress conditions. It functions primarily in the ribosomal rescue
pathway by recognizing stalled ribosomes and promoting their disassembly to sustain effi-
cient protein synthesis. A key binding partner of HBS1L is PELOTA. Together, HBS1L and
PELO form a functional complex where HBS1L provides the GTPase activity necessary for
ribosomal splitting. This process is essential in mRNA surveillance pathways such as NGD
and NMD, which target faulty mRNAs for degradation. In addition to PELO and ABCE1,
HBS1L functions within a broader network that includes upstream ribosomal-collision
sensors such as RACK1 and ZNF598. Overall, HBS1L serves as a key translational regulator
and quality control factor essential for cellular adaptation to stress. Another study by Saita
et al. demonstrates that unstable non-stop mRNAs are degraded in a translation-dependent
manner. This decay process requires the HBS1, its partner Dom34, and components of the
exosome-Ski complex, including Ski2/Mtr4 and Dis3, to mediate mRNA degradation [96].
Beyond its role in translation, genetic variations in the HBS1L gene have been linked to
hematological traits, such as fetal hemoglobin levels and erythrocyte counts, indicating its
broader significance in human physiology.

11.3. HBS1L Role in Cancer

While HBS1L’s well-established functions centre on RQC and mRNA surveillance, its
potential involvement in cancer is only beginning to emerge. To date, only one study has
reported an association between elevated HBS1L expression and unfavorable prognosis in
acute lymphoblastic leukemia [97]. However, the mechanistic basis of HBS1L’s role in cancer
remains largely unexplored. Further studies are needed to elucidate how HBS1L contributes
to tumorigenesis and whether it plays a broader role across different cancer types.

https://doi.org/10.3390/uro6010008

https://doi.org/10.3390/uro6010008


Uro 2026, 6, 8 20 of 34

12. eRF1
12.1. Structure

Eukaryotic release factor 1 (eRF1) comprises three domains: the N-terminal (N) do-
main, essential for stop-codon recognition; the middle (M) domain, which contains the
highly conserved GGQ motif responsible for catalyzing peptide release; and the C-terminal
(C) domain, which mediates interactions with the class-II release factor eRF3 and the
ribosome recycling factor ABCE1. eRF1 is delivered to the ribosomal A-site as part of
a ternary complex with the GTPase eRF3. Upon stop-codon recognition by eRF1, eRF3
hydrolyzes GTP to GDP and dissociates from the ribosome. eRF1 then adopts an extended
conformation within the A-site, positioning its M domain’s GGQ motif into the peptidyl
transferase center to facilitate peptide release. Following this, ABCE1 binds to the ribosome-
eRF1 complex, further promotes peptide release, and initiates ribosome recycling through
subunit dissociation [86,98]. Extensive biochemical and mutational studies have identified
several conserved motifs within the N domain, specifically, the TAS-NIKS motif (residues
58–64), the GTS loop (residues 31–33), and the YxCxxxF motif (residues 125–131), as critical
for stop-codon recognition.

12.2. Binding Partners, Signaling Network, and Function

eRF1 plays a central role in translation termination by functioning as a critical binding
partner of eRF3. The interaction between eRF1 and eRF3 enhances the stability of GTP
binding to eRF3 by facilitating the formation of a stable eRF1-eRF3-GTP ternary complex.
Although not directly involved in stop codon recognition, eRF1 can associate indirectly
with Poly (A)-Binding Protein (PABP) via eRF3, linking translation termination to mRNA
deadenylation and decay. In addition, eRF1 is also implicated in the NMD pathway, where
it transiently interacts with the Upf1-Upf2-Upf3 complex to facilitate the degradation
of aberrant mRNAs. Through these interactions, eRF1 coordinates multiple processes
beyond peptide release, integrating translation termination with ribosome recycling and
mRNA surveillance mechanisms. Despite these critical functions, studies investigating the
signaling roles and regulatory dynamics of eRF1 remain limited. The current understanding
is largely structural and mechanistic, with minimal exploration into how eRF1 might
be regulated under stress or pathological conditions. Given its central position at the
interface of translation and mRNA quality control, eRF1 warrants deeper investigation
as a potential node in stress signaling and disease progression, particularly in cancer and
neurodegeneration.

12.3. eRF1 Role in Cancer

Given eRF1’s involvement in fundamental cellular processes such as ribosome recy-
cling, mRNA surveillance, NMD, and translation termination, it is plausible that dysregula-
tion of eRF1 function could impact oncogenic pathways. However, its contribution to tumor
progression remains uncharacterized. This notable gap in the literature underscores the
need for focused mechanistic studies to investigate whether and how eRF1 may influence
cancer-related signaling networks. Uncovering such roles may reveal novel therapeutic
vulnerabilities in malignancies where translational control is deregulated.

13. XRN1
13.1. Structure

Xrn1 is a large, evolutionarily conserved 5′–3′ exoribonuclease that plays a central role
in cytoplasmic mRNA degradation. The human XRN1 protein is approximately 1706 amino
acids long, with a molecular weight of ~194 kDa. Structurally, Xrn1 consists of several
domains that coordinate RNA binding, catalysis, and interactions with other regulatory
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proteins. The N-terminal region (residues ~1–250) contains the highly conserved catalytic
domain, known as the DEDD-type nuclease domain, which forms a deep groove accommo-
dating the 5′-monophosphorylated RNA substrate, followed by a zinc finger domain that
aids substrate binding and specificity. The central region includes additional exoribonu-
clease domains, contributing to its enzymatic activity. The C-terminal region, spanning
roughly residues 1200–1706, is less conserved, highly disordered, and rich in short linear
motifs (SLiMs) that mediate interactions with RNA decay machinery components, such
as DCP1A/B and EDC4 in P-bodies. This C-terminal domain, unique to Xrn1 compared
to Xrn2, facilitates protein-protein interactions critical for mRNA decay pathways, includ-
ing decapping and deadenylation-dependent degradation. Structural studies, including
cryo-EM data, reveal a compact active site with a winged-helix domain that enhances RNA
threading. Xrn1 localizes primarily to the cytoplasm and P-bodies, with post-translational
modifications like phosphorylation (~20 sites) and ubiquitination (~8 sites) regulating its
stability and activity. Mutations or dysregulation of Xrn1 are associated with diseases like
osteosarcoma and developmental disorders, highlighting its role in RNA homeostasis and
cellular function.

13.2. Binding Partners, Signaling Network, and Function

Xrn1 plays a pivotal role in coordinating the expression of mRNAs encoding mem-
brane proteins by promoting both their translation and localization to the endoplasmic
reticulum, where membrane protein synthesis occurs. These mRNAs typically possess long,
highly structured 5′UTRs that pose barriers to translation initiation. Xrn1 overcomes these
challenges through a physical and functional interaction with the translation initiation fac-
tor eIF4G, facilitating efficient translation. Notably, the same group of mRNAs also shows
strong dependence on Xrn1 for their transcription and decay, revealing a tightly linked
regulatory network. This coordinated control of transcription, translation, and degradation
by Xrn1 ensures balanced production of membrane proteins and may serve to prevent
their toxic aggregation, thereby maintaining cellular homeostasis [99]. Another study
demonstrates that the cytoplasmic 5′-3′ exoribonuclease Xrn1 in Saccharomyces cerevisiae
acts as a NAD cap decapping (deNADding) enzyme, releasing intact NAD prior to RNA
degradation. A deNADding-deficient Xrn1 mutant, retaining normal 5′-monophosphate
exonuclease activity, reveals that Xrn1’s deNADding function is essential for proper growth
on non-fermentable carbon sources and for regulating mitochondrial NAD-capped RNA
levels. This activity may also influence mitochondrial NAD homeostasis. These findings
highlight a previously unrecognized role of Xrn1 in linking RNA metabolism to cellular
NAD regulation through its deNADding function [100]. The removal of the 5′ cap from
mRNA by the decapping enzyme DCP2 triggers rapid 5′-3′ degradation by XRN1, indi-
cating that these processes are tightly coordinated, though the precise mechanism has
remained unclear. It has now been shown that XRN1 directly interacts with decapping
activators, EDC4 in human cells and DCP1 in Drosophila melanogaster. In Drosophila, this
interaction is mediated by the EVH1 domain of DCP1 and a conserved DCP1-binding motif
(DBM) within the C-terminal region of XRN1. Structural analysis showed that the DBM
binds to a conserved aromatic cleft in the EVH1 domain, a common site for recognizing
proline-rich motifs. These findings uncover a direct molecular link between decapping
and 5′-3′ exonucleolytic decay, positioning XRN1 as an integral component of the mRNA
turnover machinery [101]. Based on the collective studies, XRN1 emerges as a multifaceted
regulator of gene expression, extending beyond its canonical role in mRNA decay to actively
coordinate transcription, translation, and RNA metabolism. These findings position XRN1
as a central hub linking RNA processing to protein synthesis and mitochondrial function,
with potential implications for understanding stress responses and disease pathogenesis.
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13.3. Xrn1 Role in Cancer

Recent CRISPR-based analysis identified XRN1 as a potential cancer target, particu-
larly in certain non-small cell lung cancer cell lines, where its loss impairs proliferation,
induces apoptosis, and activates innate immune sensors such as pPKR and MDA5. To
advance XRN1 as a therapeutic target, researchers developed robust assays and charac-
terized the non-selective nuclease inhibitor pAp as a nanomolar inhibitor, supported by a
co-crystal structure showing its binding within the XRN1 active site, paving the way for
the development of selective XRN1 inhibitors for cancer therapy [102]. Despite the success
of immune checkpoint blockade therapy, its efficacy remains limited to a subset of patients.
Accumulation of aberrant RNA can activate interferon (IFN) signaling and enhance im-
mune responses, suggesting that disrupting RNA decay pathways could sensitize tumors to
immunotherapy. In this context, XRN1 was identified as a promising therapeutic target by
Ran et al. study. Silencing XRN1 enhanced the efficacy of immunotherapy in immunocom-
petent mouse models, but not in immunodeficient mice, underscoring the role of immune
engagement. XRN1 depletion activated IFN signaling via RIG-I/MAVS-dependent sensing
of aberrant RNAs, which was essential for the observed immune activation. Pan-cancer
CRISPR screening further confirmed that XRN1 loss consistently triggers IFN signaling
across various cancer types. These findings highlight the immunomodulatory role of XRN1
and provide a compelling rationale for targeting XRN1 in combination with immunother-
apy to enhance antitumor immune responses [103].

14. Emerging Hypothesis and Research Gap
The RQC pathway in cancer not only maintains proteostasis but also actively rewires

cellular signaling to promote immune evasion, chemotherapy resistance, and therapy
failure. Hyperactivation or dysregulation of RQC factors drives selective stabilization
of oncogenic or repair-promoting translation products, while accelerating the removal
of immunogenic or pro-apoptotic nascent peptides. This tumor-specific “oncoselective”
RQC is shaped by altered post-translational modifications, modified collision-recognition
thresholds, and differential cofactor expression. Therapeutically, reversing this biased RQC
should restore antigen presentation, increase proteotoxic stress, and sensitize tumors to
chemotherapy and immunotherapy to overcome resistance.

Recent studies strongly implicate the critical role of RQC mechanisms that handle
stalled ribosomes and ribosome collisions in the maintenance of proteostasis, and de-
fects in these mechanisms can contribute to the pathogenesis of various diseases, from
neurodegenerative diseases to cancer (Figure 2, Table 1). These studies have begun to
offer new RQC-based strategies for treating major diseases. Our understanding of the
mechanisms and function of RQC in mammalian systems remains fragmentary and far
from complete, mainly because most of the initial studies of RQC were done in yeast and
bacteria using artificial mRNA substrates. There is emerging evidence that mammalian
RQC may deploy mechanisms distinct from those in yeast or bacteria. Further studies of
RQC in mammalian systems will help address many unanswered questions, including but
not limited to the following: (1) Do RQC factors work through similar mechanisms and
pathways under pathological conditions as during RQC in normal cells? (2) How is RQC
activity compartmentalized between cytosolic, ER-bound, and mitochondrial ribosomes,
and how does this change during disease progression? (3) What are the upstream signaling
cascades that regulate RQC in settings of neurodegeneration and oncogenesis? (4) What
are the structural determinants of RQC components that confer disease-specific functions?
(5) How do tumor-microenvironmental factors such as hypoxia, nutrient deprivation, in-
flammatory signals, and metabolic reprogramming influence RQC activity? (6) How do
post-translational modifications such as ubiquitination, phosphorylation, SUMOylation,
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NEDDylation, and acetylation dynamically regulate RQC factor activity? (7) What are the
consequences of chronic ribosome collisions in tissues with high translational demand, such
as neurons, muscle, and proliferating tumor cells? (8) Can aberrant RQC generate defective
ribosomal products (DRiPs) for alteration of antigen presentation and influence immune
recognition of tumors? (9) Which RQC components or collision signatures could serve as
non-invasive biomarkers for early disease detection or treatment response? (10) How can
patient-specific defects in RQC be mapped and matched with tailored therapeutic strategies
in cancer? (11) Can small molecules or gene therapies safely modulate RQC activity to
restore proteostasis without causing its collapse? (12) Does RQC efficiency decline with age,
and could enhancing RQC extend healthy lifespan or delay age-related diseases? Answers
to these questions may lead to a new understanding of translational control mechanisms in
proteostasis regulation under normal conditions and may offer new clues on how this fresh
insight can be harnessed to combat major diseases.

Table 1. RQC proteins and its association with cancer.

Protein Function Role & Function Cancer
Relevance/Type

Structural
Domains

Post-Translational
Modifications Refs.

ZNF598 E3 ubiquitin
ligase

Senses ribosome
collision;

ubiquitinates uS10 on
40S to initiate RQC

Glioblastoma,
breast; supports
survival under

translation stress

C2H2 zinc finger,
RING-type

domain

Autoubiquitination;
phosphorylation
(regulatory sites)

[35,36]

RACK1
Ribosomal
scaffolding

protein

Recruits ZNF598 to
stalled ribosomes;
links signaling to

ribosomes

HCC, glioma,
breast; regulates

oncogene
translation

WD40 repeats
Phosphorylation

(PKC sites),
ubiquitination

[48,49]

NEMF
Co-translational
quality control

factor

Core RQC complex
member; binds

nascent chains on 60S,
recruits LTN1

Breast, prostate;
loss induces

proteotoxic stress

Coiled-coil,
N-terminal Rqc2

domain

Ubiquitination,
SUMOylation (stress

response)
[70]

LTN1 E3 ubiquitin
ligase

Ubiquitinates
aberrant nascent
chains on stalled

ribosomes for
degradation

HCC, Cancer
progression, neu-
rodegeneration

RING-type E3
ligase domain

Ubiquitination,
phosphorylation [80]

PELOTA Ribosome rescue
factor

Recognizes stalled
ribosomes with

HBS1L; promotes
ribosome recycling

Leukemia,
lymphoma;

maintains stem
cell homeostasis

eRF1-like domain
Phosphorylation
during ribosome

rescue
No study yet.

HBS1L GTPase

Partners with
PELOTA in ribosome

rescue and mRNA
surveillance

Hematologic
cancers;

polymorphisms
affect stress

response

GTPase domain
GTP-

binding/hydrolysis
regulated

[97]

ABCE1 ATPase; ribosome
recycling factor

Promotes dissociation
of ribosomal subunits
post-termination or

stalling

Gastric, lung,
colorectal;

supports high
translational

demand

Fe-S cluster
binding domain,

ATP-binding
domain

Phosphorylation,
oxidative

modifications
[74,75,77]

ANKZF1
Peptidyl-tRNA

hydrolase domain
protein

Cleaves
peptidyl-tRNA on
collided ribosomes;
acts downstream of

ZNF598

ccRCC; enables
adaptation to

translation stress

Peptidyl-tRNA
hydrolase-like

domain

Phosphorylation,
potential

ubiquitination
[65]

VCP
AAA ATPase;

protein
disaggregase

Extracts ubiquitinated
substrates from
ribosomes for
proteasomal
degradation

Breast, colorectal;
therapeutic target

in cancer

AAA+ ATPase
domains,

N-terminal UBX
domain

Ubiquitination,
phosphorylation

(regulates activity)
[90,93]
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Figure 2. Cancer relevance of RQC pathway components. The schematic outlines key molecu-
lar players in the RQC pathway, organized by their functional roles and associated cancer types.
(I) ZNF598, an E3 ubiquitin ligase that senses collided ribosomes and initiates RQC, linked to glioblas-
toma and ERα-positive breast cancer. (II) RACK1, a ribosomal scaffold involved in collision sensing
and signaling (PKC, Src, FAK, STAT3, eIF4E), associated with HCC, ESCC, NSCLC, OSCC, breast
cancer, and neuroblastoma. (III) ABCE1, a ribosome recycling factor promoting subunit dissociation,
associated with gastric adenocarcinoma, glioma, and CRC. (IV) HBS1L, a ribosome rescue factor
acting with PELOTA, linked to acute lymphoblastic leukemia. (V) ASCC3, a helicase resolving stalled
ribosomes, associated with NSCLC and colorectal tumors. (VI) PELOTA (PELO), a ribosome rescue
protein; cancer relevance remains unclear. (VII) eRF1, a translation termination factor involved
in quality control; oncogenic association not yet defined. (VIII) NEMF, a core RQC factor medi-
ating CAT-tail elongation, linked to RCC, lung and gastric cancers, PDAC, and B-cell lymphoma.
(IX) Listerin (LTN1), an E3 ligase targeting aberrant nascent chains, associated with HCC. (X) VCP
(p97), an ATPase mediating extraction and degradation of ubiquitinated nascent chains, linked
to triple-negative breast cancer and CRC. (XI) ANKZF1, an RNA cleavage factor releasing stalled
nascent chains, associated with ccRCC, CRC, and glioblastoma. (XII) XRN1, a 5′–3′ exoribonuclease
involved in mRNA decay after ribosome stalling, implicated in melanoma.
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15. Computational Modeling as an Emerging Lens for
RQC-Cancer Mechanisms

Computational modeling has emerged as a pivotal tool in elucidating the intricate
dynamics of the Ribosome-associated Quality Control (RQC) pathway, bridging molecular
mechanisms with disease implications, particularly in cancer. Kinetic simulations of RQC
factors, such as those employing stochastic modeling or ordinary differential equations,
enable researchers to predict the temporal orchestration of events like Rqc2-mediated CAT
tailing and Ltn1-dependent ubiquitination on stalled ribosomes, revealing rate-limiting
steps and potential bottlenecks under proteotoxic stress. Complementarily, biophysical
models of ribosome collisions, often utilizing molecular dynamics simulations or coarse-
grained approaches, simulate the spatial and energetic consequences of queue formation
on polysomes, quantifying how factors like ZNF598 and Hel2 sense and resolve these
collisions to prevent aberrant protein synthesis. These computational methods provide
in-depth insights into RQC dysregulation in cancer, where hyperactive translation in
malignant cells exacerbates ribosome stalling; for instance, simulations have demonstrated
how impaired RQC leads to accumulation of toxic protein aggregates that fuel genomic
instability and oncogenic signaling, while also highlighting adaptive scenarios where cancer
cells exploit partial RQC functionality to tolerate proteotoxic burdens, thereby promoting
tumor progression and therapeutic resistance. By integrating experimental data with
predictive modeling, these approaches not only decipher the mechanistic links between
RQC perturbations and malignant adaptation but also guide the development of targeted
interventions to restore proteostatic balance in diseased states.

16. RQC Pathways from Bench to Bed
RQC is increasingly being recognized as a critical driver of cancer biology, offering

unique opportunities for therapeutic translation in cancer diagnosis, treatment, and overall
disease management. One of the most direct applications lies in using these proteins as
biomarkers for diagnosis and prognosis. For instance, elevated expression of ZNF598,
ABCE1, or VCP in tumor tissues could reflect heightened adaptation to translational stress,
a hallmark of aggressive cancers. These proteins could be measured using techniques
like immunohistochemistry, RNA sequencing, or proteomic profiling of biopsy samples,
helping stratify patients based on tumor biology. Moreover, many RQC components rep-
resent novel therapeutic targets (Figure 3). Compounds such as emetine, anisomycin,
and homoharringtonine (HHT) inhibit translation elongation, thereby indirectly affect-
ing RACK1 and ABCE1 function, while olaparib interferes with Ltn1 activity via PARP1
inhibition. VCP inhibitors, including CB-5083, CB-5339, and disulfiram, disrupt protein
quality control and proteostasis, leading to cancer cell vulnerability. This approach is
particularly promising in cancers with high translational demand, such as triple-negative
breast cancer, bladder cancer, and multiple myeloma. Tumors with compromised NEMF
function may be highly vulnerable to inhibitors of ABCE1 or VCP, leading to a collapse
in proteostasis and selective tumor cell death, similar to how PARP inhibitors are used in
BRCA-deficient cancers. Other agents, such as trichostatin A (ASCC3 inhibitor), BTYNB
(IGF2BP1-mediated NEMF inhibition), CA3/CIL56 (YAP1-dependent ANKZF1 inhibi-
tion), and RU.521 (direct NEMF inhibitor), specifically modulate RQC effectors or their
upstream regulators. ZNF598 can be suppressed by adenosine 3′,5′-bisphosphate, while
harringtonolide blocks cGAS to indirectly inhibit Ltn1. These inhibitors, by targeting key
translational surveillance and protein homeostasis pathways, represent a novel therapeutic
frontier for selectively impairing cancer cell survival while sparing normal cells. Further-
more, RQC profiling may guide precision medicine approaches by informing treatment
choices based on a patient’s tumor-specific expression of these factors. Combining RQC
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component inhibitor with chemotherapy or radiotherapy, which induces protein damage,
may increase therapeutic effectiveness. Similarly, impairing protein quality control can
augment immunotherapy responses by enhancing tumor antigen presentation. From a
translational research perspective, this knowledge enables the development of diagnostics
to guide the use of RQC-targeted therapies (Figure 4). Diagnostic kits using antibodies
or transcript-level profiling could be integrated into clinical workflows to personalize
treatment plans. Furthermore, in elderly cancer patients, who often have diminished
proteostasis capacity, modulating RQC pathways could help reduce off-target toxicity and
allow for dose-adjusted regimens that maintain efficacy with fewer side effects. Finally, a
rational clinical implementation strategy would begin with preclinical validation in patient-
derived cell cultures and animal models, followed by biomarker-based correlation studies
using patient datasets like TCGA. In the bench-to-bedside framework, repurposing FDA-
approved drugs that modulate RQC components offers a time- and cost-efficient strategy
for preclinical validation, accelerating the path toward clinical application while mini-
mizing developmental risks. However, extensive preclinical validation is still required to
establish the safety and efficacy of FDA-approved drugs for repurposing. Proof-of-concept
studies should be expanded, and comprehensive pharmacokinetic and pharmacodynamic
evaluations must be undertaken before considering RQC-targeting drugs for human clinical
trials and eventual clinical application.

 

Figure 3. Cont.
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Figure 3. Pharmacological inhibitors targeting components of the ribosomal quality control pathway
in cancer. Schematic representation of small molecules that directly or indirectly inhibit key RQC
factors. (I) RACK1 inhibitors, including M435-1279 and harringtonolide, and (II) ABCE1 inhibitors
emetine, anisomycin, and homoharringtonine (HHT). (III) VCP inhibitors, including CB-5083 and
CB-5339 (direct ATP-competitive inhibitors) and disulfiram, which indirectly inhibits VCP via targeting
its adaptor NPL4. (IV) ASCC3 inhibition by trichostatin A via suppression of ASCC2. (V) XRN1
inhibition by adenosine 3′,5′-bisphosphate. (VI) Listerin inhibition by RU.521 through cGAS block-
ade. (VII,VIII) NEMF inhibition by spautin-1 via targeting UFM1 and BTYNB via IGF2BP1 blockade
(IX) ANKZF1 inhibition by CA3 (CIL56) through YAP1 targeting and (X) ZNF598 inhibition by arsenite.

From a translational perspective, this mechanistic insight enables a pipeline from
“bench to bedside” encompassing biomarker discovery through proteomic profiling,
immune-histochemistry, and patient stratification studies, functional validation in pre-
clinical cancer models, and the development of small-molecule inhibitors targeting key
RQC proteins. Ultimately, integrating prognostic, diagnostic, and therapeutic applications
of RQC modulation could transform these molecular mechanisms into precision oncology
interventions, paving the way for first-in-class RQC-targeting drugs in the clinic. Impor-
tantly, RQC research in cancer remains at an early and largely descriptive stage, with no
systems-level framework currently available to define its integration with other cellular
quality control pathways. While individual core RQC factors have been implicated in
cancer progression, how RQC functions as a coordinated regulatory network in tumor cells
remains unexplored. Addressing this gap will be essential for establishing the global role
of RQC in cancer and its potential therapeutic relevance.
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Figure 4. Ribosome-associated quality control (RQC) pathways in cancer: from bench to bedside.
(I) Mechanistic drivers of RQC in cancer. Schematic representation of translation stalling, ribo-
some collision, and ribotoxic stress responses activating core RQC components, including ZNF598,
RACK1, NEMF, Ltn1, PELO, ABCE1, ANKZF1, VCP, and XRN1. These proteins mediate processes
such as stalled ribosome rescue, 40S subunit recycling (ABCE1, eRF1), and degradation of nascent
polypeptides (Ltn1, NEMF, ANKZF1) via the proteasome. Dysregulation of these pathways pro-
motes tumor growth, metastasis, and therapy resistance. (II) From mechanism to medicine. Clinical
applications include: (A) Prognostic studies, population-based biomarker analysis using IHC microar-
rays, proteomic profiling, and DNA sequencing to stratify patients based on RQC factor expression;
(B) Therapeutic strategies-pharmacological targeting of RQC proteins such as ZNF598, RACK1,
ABCE1, VCP, ANKZF1, and NEMF to induce tumor cell death; and (C) Diagnostic studies, biopsy-
based molecular profiling to guide precision oncology approaches. Together, these panels illustrate
how mechanistic insights into RQC biology can be translated into biomarker discovery, patient
stratification, and targeted therapies for cancer.

17. Conclusions
The RQC pathway is an emerging pivotal regulatory mechanism in cancer biology,

highlighting the connection between protein translation accuracy, cellular stress responses,
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and tumor progression. Dysregulation of RQC components plays a significant role in
various cancer types, contributing to processes like oncogenic transformation, resistance
to stress-induced apoptosis, and adaptation to proteotoxic environments. Additionally,
several RQC factors actively modulate critical signaling pathways, including the integrated
stress response, unfolded protein response, and DNA damage response. Recognizing
that cancer cells often exploit translational reprogramming to sustain growth and evade
immune detection, targeting components of the RQC machinery holds potential to be a
game changer in precision oncology, offering a new dimension to therapeutic management
in cancer treatment. By mapping the tumor-specific dependencies within translational
surveillance and proteostasis networks, RQC research may facilitate the way for innovative
therapeutic strategies that selectively target cancer cells while minimizing harm to normal
tissues. Although emerging studies suggest a potential role for RQC in cancer adaptation
to translational stress, this field remains largely exploratory. Direct mechanistic evidence
linking RQC to cancer stem cell maintenance is currently lacking, underscoring the need
for future studies to determine whether RQC pathways contribute to CSC-driven therapy
resistance and disease recurrence. Moreover, a comprehensive systems-level understanding
of how RQC integrates with tumor progression and microenvironmental stress remains to
be established. The identification of druggable RQC components and their integration as
biomarkers can refine patient stratification, guide treatment selection, and enable dynamic
monitoring of therapeutic responses. Furthermore, the strategic use of both novel agents
and repurposed FDA-approved drugs targeting RQC pathways can expedite clinical trans-
lation, reduce developmental costs, and overcome treatment resistance. With continued
mechanistic and preclinical validation, RQC-targeted interventions have the potential to
significantly uplift therapeutic management, offering more effective, personalized, and
durable outcomes in cancer treatment.
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