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Abstract

Translating ribosomes accompany co-translational regulation of nascent polypeptide chains,
including subcellular targeting, protein folding, and covalent modifications. Ribosome-
associated quality control (RQC) is a co-translational surveillance mechanism triggered by
ribosomal collisions, an indication of atypical translation. The ribosome-associated E3 ligase
ZNF598 ubiquitinates small subunit proteins at the stalled ribosomes. A series of RQC factors
are then recruited to dissociate and triage aberrant translation intermediates. Regulatory
ribosomal stalling may occur on endogenous transcripts for quality gene expression, whereas
ribosomal collisions are more globally induced by ribotoxic stressors such as translation
inhibitors, ribotoxins, and UV radiation. The latter are sensed by ribosome-associated kinases
GCN2 and ZAKa, activating integrated stress response (ISR) and ribotoxic stress response
(RSR), respectively. Hierarchical crosstalks among RQC, ISR, and RSR pathways are readily
detectable since the collided ribosome is their common substrate for activation. Given the strong
implications of RQC factors in neuronal physiology and neurological disorders, the interplay
between RQC and ribosome-associated stress signaling may sustain proteostasis, adaptively
determine cell fate, and contribute to neural pathogenesis. The elucidation of underlying
molecular principles in relevant human diseases should thus provide unexplored therapeutic

opportunities.



Introduction

Ribosomes are macromolecular machinery that decodes the genetic information embedded in
nucleotide sequences of messenger RNAs (MRNASs) and translates it into polymers of amino
acids. This genetic decoding is not a one-dimensional amplification process since three-
dimensional structures of the gene products dictate specific biological functions. Accordingly,
translation kinetics, messenger ribonucleoprotein remodeling, and co-translational regulations of
nascent polypeptide chains are all coordinated at the translating ribosome level to achieve quality
gene expression as needed (1, 2). Translating ribosomes also serve as an essential medium for
quality control pathways and proteostasis as erroneous gene products are generated by genetic
mutations or inaccurate processing during gene expression. The mRNA surveillance pathways
sense different types of faulty mRNAs during translation and promote their degradation via
nonsense-mediated decay, nonstop decay (NSD), or no-go decay (NGD) mechanisms (3, 4). The
ribosome-associated quality control (RQC) pathway recognizes non-functional ribosome stalling
and collisions on mMRNAs as faulty translational events (5-8). Sequential action of several RQC
factors leads to the dissociation of stalled ribosomes for recycling while targeting aberrant
translation intermediates for degradation. Moreover, ribotoxic stressors, like translation
inhibitors, ribotoxins, or UV radiation, induce global ribosome collisions that activate ribosome-
associated kinases for specific stress signaling events (9-11). Translating ribosomes and their
biochemical states thus serve as an integrating hub for quality gene expression and cellular
homeostasis. Here, we discuss recent findings on molecular mechanisms of RQC and ribosome-
associated stress signaling in mammalian models and their implications in a range of physiology

from cell-fate decisions to neurological disorders.



Sensing and Splitting of Stalled Ribosomes during Aberrant Translation
Ribosomal stalling occurs when translating ribosomes encounter molecular lesions in their
MRNA substrates. These include 1) specific codon sequences and their translation intermediates
(e.g., polylysine chains translated from polyadenylated residues on mRNA), 2) secondary RNA
structures, 3) RNA truncation (e.g., endonucleolytic intermediates in RNA-decaying processes or
premature polyadenylation), 4) RNA damage (e.g., chemical modifications, UV radiation), and
5) aminoacyl-tRNA deficiency (5, 12, 13). In addition, translation inhibitors induce ribosomal
stalling globally, depending on their dosage and mode of translation repression (14-19). Cells
have evolved distinct mechanisms that sense and “rescue” the stalled ribosomes for recycling
while selectively triaging aberrant mMRNAs and translation intermediates.

The RING E3 ubiquitin ligase zinc finger 598 (ZNF598) is central to the RQC pathway
(20, 21) (Fig. 1A). Ribosomal stalling on an mRNA molecule leads to collisions of the two
consecutive translation machineries. ZNF598 binds to the 40S-40S interface of collided
ribosomes and mediates the ubiquitination of specific small ribosomal subunit proteins in the
disomal context (i.e., RPS3, RPS10, RPS20) (16, 17, 20-22). The ZNF598-dependent stalling
mark in the 40S ribosomal subunit is recognized by the RQC-trigger (RQT) complex that
subsequently facilitates ribosomal splitting (Fig. 1B). The RQT complex includes two
components of the activating signal cointegrator complex (ASCC), ASCC2 and ASCC3,
necessary for RQC function (23-25). The ATPase activity of helicase ASCC3 is important for
dissociating stalled ribosomes in a ZNF598-dependent manner, whereas it remains to be clarified
if the RQC activity requires ASCC2 binding to the ubiquitinated ribosomal proteins (23, 24).
Other ASCC-associating factors such as thyroid hormone receptor interactor 4 (also known as

ASC-1) and ASCCL1 are likely dispensable for RQC-relevant ASCC function. Stop-codon



readthrough or endonucleolytic RNA cleavage at the stalled ribosomes could further lead to
ribosomal stalling at the 3’-end of mMRNA molecules (6, 26, 27) (Fig. 1C and F). The 3’-end
stalling may not necessarily accompany ribosomal collisions; however, it requires a complex of
pelota mRNA surveillance and ribosome rescue factor (PELO) and HBS1 like translational
GTPase (HBSL1L) that subsequently recruits ATP-binding cassette subfamily E member 1
(ABCEL1) for the ribosomal disassembly and RQC function (Fig. 1D).

In fact, the ubiquitination of small ribosomal subunit proteins (RPSs) occurs
hierarchically upon genetic or physiological perturbations. For instance, RPS3 or RPS10
ubiquitination precedes that of RPS2 and RPS20 (14, 28). The ubiquitination status of small
ribosomal subunits is also balanced by the opposing activities of ribosome-associated E3 ligases
(e.g., ZNF598) and deubiquitinases (DUBS) (Fig. 1A). It has been shown that ovarian tumor
deubiquitinase 3 and ubiquitin-specific peptidase 21 deubiquitinate RPS10 and RPS20,
antagonizing ZNF598 function in the RQC pathway (14). A complex of G3BP stress granule
assembly factor and ubiquitin-specific peptidase 10 also deubiquitinates the rate-limiting RPS3
in the dissociated 40S ribosomal subunit, thereby protecting it from lysosomal degradation and

promoting 40S recycling (28).

Alternative Sensors for Ribosomal Stalling and Co-translational Regulation

In addition to the E3 ubiquitin ligase activity on stalled ribosomal proteins, ZNF598 associates
with a translational repressor complex of GRB10 interacting GYF protein 2 (GIGYF2) and
eukaryotic translation initiation factor 4E family member 2 (EIF4E2; also known as 4EHP) to
suppress translation initiation or trigger MRNA decay (29-31) (Fig. 1A). This mode of ZNF598

function likely attenuates the translational burden on mRNAs harboring stalled ribosomes while



promoting the removal of problematic transcripts. Interestingly, ZNF598-dependent translational
repression is sensitive to the type of ribosome stalling (e.g., NSD vs. NGD substrates) and does
not require its ubiquitin ligase activity (29), indicating a mechanism independent of ribosomal
ubiquitination and disassembly. It has been further shown that stalled ribosomes recruit the
GIGYF2-EIF4E2 complex in a ZNF598-independent manner to suppress translation from the
stalling mRNAs (29, 30, 32) (see below).

While ZNF598 plays a key role in initiating the RQC pathway, the amount of
endogenous ZNF598 protein is likely limiting since ZNF598 overexpression phenotypes are
readily detected in translational stalling reporters as well as RPS ubiquitination (21, 33). It is thus
plausible that cells employ additional sensors to monitor a myriad of ribosomal events for
aberrant translation. Makorin Ring Finger Protein 1 (MKRNZ1) is an E3 ubiquitin ligase that
likely acts as a sequence-specific sensor for the RQC substrate. MKRN1 forms a complex with
poly(A)-binding protein C1 (PABPC1) and associates with translating polyribosomes (34). It has
been proposed that direct binding of the MKRN1-PABPC1 complex to poly(A) tracks may
interfere with ribosomal readthrough, preceding ZNF598-dependent RQC activity (34). MKRN1
substrates for ubiquitination include RPS10 and PABPC1. However, MKRN1-dependent
ubiquitination sites in RPS10 (K53/K107) are distinct from ZNF598-dependent ones
(K138/K139) and their functional hierarchy following ribosome stalling and RQC activation
remains to be determined (14, 33-35).

Biochemical approaches have revealed that endothelial differentiation-related factor 1
(EDF1) associates preferably with collided ribosomes and subsequently recruits the GIGYF2-
EIF4E2 complex for feedback inhibition of translation initiation (30, 32) (Fig. 1A). EDF1

function is independent of ZNF598, likely acting upstream of ZNF598-dependent ribosomal



ubiquitination and disassembly. Given the abundance of EDF1 molecules in the cells, it has been
proposed that EDF1 acts as a primary sensor for ribosomal collisions, reducing ribosomal density
on the affected mRNA via translation inhibition by the GIGYF2-EIF4E2 complex (30, 32).
Persistent ribosomal stalling may increase the probability of EDF1-dependent recruitment of
ZNF598 to collided ribosomes, triggering ZNF598-dependent RPS ubiquitination, ribosomal

disassembly, and the canonical RQC pathway.

Triaging Aberrant Translation Intermediates

Regardless of their nature (e.g., NGD vs. NSD), the disassembly of stalled ribosomes should be
followed by the clearance of translation intermediates from the two ribosomal subunits before
recycling. In particular, the 60S subunit associates with a nascent polypeptide that carries a
peptidyl-tRNA conjugate and further recruits specific enzymatic activities for proteasomal
degradation (Fig. 1B and D). The co-translational elimination of the aberrant intermediate
minimizes any proteotoxic effects while efficiently recycling the stalled ribosomes (36). Nuclear
export mediator factor (NEMF) plays a key role in this process. NEMF has a stronger binding
affinity to the dissociated 60S subunit than the 80S ribosome and stabilizes the association of E3
ubiquitin ligase listerin 1 (LTN1) with the ribosome exit channel (37-42) (Fig. 1E). Subsequent
ubiquitination of the 60S-associating nascent chain by LTN1 targets it for proteasomal
degradation. In fact, the nascent chain release from the 60S subunit requires additional enzymes
such as ankyrin repeat and zinc finger peptidyl tRNA hydrolase 1 (ANKZF1) and valosin-
containing protein (VCP). ANKZF1 is a mammalian homolog of yeast Vms1 that hydrolyzes the
peptidyl-tRNA conjugate (43-45). The ATPase VCP complex (a mammalian homolog of Cdc48

in yeast) further facilitates the extraction of nascent chains from the 60S subunit (39, 46).



Together with sensing and splitting of the stalled ribosomes, the series of these molecular events
represent a canonical RQC pathway.

Some RQC substrates, however, may lack a lysine residue near the ribosome exit
channel upon ribosomal stalling, limiting LTNZ1-dependent ubiquitination. NEMF displays
selective biochemical affinity to tRNA-alanine among other tRNA species and mediates mMRNA
template-independent addition of alanine residues to the C-terminus of a nascent chain stalled on
the 60S subunit (47, 48). The C-terminal modification of RQC substrates designated as C-
terminal alanine/threonine (CAT)- or CAT-like tailing is conserved across species, including
bacteria and yeast (42, 49-53). This NEMF-dependent process is thought to drive the stalled
nascent chain out of the 60S subunit, thereby exposing the internal lysine residues to LTN1-
dependent ubiquitination for proteasomal degradation (Fig. 1E). Furthermore, the C-terminal
alanine tail in NEMF-dependent RQC substrates associates with other E3 ligases such as ring
finger and CHY zinc finger domain containing 1 (RCHY1; also known as PIRH2) and kelch
domain containing 10 (KLHDC10), leading to ubiquitin-dependent proteasomal degradation (47)
(Fig. 1E). KLHDC10 acts as an important E3 ligase component that recognizes select C-terminal
degrons in the C-end rule pathway for protein stability (54-56). The two RQC pathways (i.e.,
LTN1-dependent vs. RCHY1/KLHDC10-dependent) downstream of NEMF may thus operate in
parallel and act as a fail-safe mechanism for triaging C-terminally modified RQC substrates.
Additional factors important for RNA degradation (e.g., Xrn1/5'-3' exoribonuclease 1, Ski2/the
exosome-associating helicase, Cue2/endonuclease) or 40S ribosome recycling (e.g., Tma20,
Tma22, Tma64) have been identified in yeast studies (22, 26, 57, 58) (Fig. 1F). Future studies
should demonstrate whether mammalian models and their homologous gene products have

evolved similar mechanisms at the appropriate steps of RQC pathways.



Subtypes of RQC pathways: ER-RQC

Translation of non-cytoplasmic proteins (e.g., organellar, secretory, or membrane proteins)
intrinsically accompanies ribosomal stalling during their subcellular targeting or co-translational
translocation (59, 60). Mammalian cells express a substantial number of mRNAs that are co-
translationally translocated into ER (61, 62). Consequently, ribosomal stalling and its
downstream RQC occur robustly at the cytoplasm-ER interface, defining ER-RQC that may play
an important role in ER physiology. Transcriptome-wide mapping of ribosomal collisions or
PELO targets has also revealed an ER stress-responsive transcription factor (i.e., X-box binding
protein 1) as an endogenous RQC substrate (63, 64), further linking RQC function to ER stress
via the unfolded protein response. Several studies have elucidated the relevance of ER-RQC to
the canonical RQC in the cytoplasm or the ER-associated protein degradation (ERAD) pathway
for the proteasomal clearance of misfolded ER proteins (65-68).

The key RQC factors NEMF and LTN1 associate biochemically with ER in a ribosome-
dependent manner, while 60S-associating nascent polypeptides are polyubiquitinated at the ER
translocon (69). LTN1, VCP/p97, and the proteasome are responsible for the degradation of ER-
RQC substrates. The ER chaperone heat shock protein family A member 5 (also known as
BiP/GRP78) and deubiquitinase YOD1 mediate both ER-RQC and ERAD pathways (66).
Nonetheless, it remains elusive whether or not the co-translational ER-RQC is indeed linked to
the post-translational ERAD pathway (66, 70). A yeast homolog of the ribosome collision sensor
ZNF598 has also been shown to titrate the expression of misfolded ER transporter (70) and
associate with mRNAs encoding secretory proteins to minimize their defective targeting to

mitochondria (71). However, the latter may not occur at the ER translocon.



Interestingly, ribosomal stalling during co-translational translocation at ER leads to the
covalent linkage of ubiquitin fold modifier 1 (UFM1) to RPL26 in the 80S or 60S ribosomal
subunits (72). The ER-localizing UFM1 ligase mediates this unique post-translational
modification of stalling ribosomes that could be reversed by the UFM1-specific peptidase 2.
Importantly, RPL26 UFMylation destabilizes the translationally arrested products at the ER
translocon and targets them for lysosomal degradation (72). This process is likely independent of
the canonical RQC or ERAD pathways that involve proteasomal degradation of aberrant
translation intermediates. Accordingly, we speculate that the complexity of the proteome
biogenesis at the cytoplasm-ER interface (e.g., polytopic membrane proteins) has co-evolved
with distinct mechanisms and relevant factors for protein quality control upon individual

ribosome stalling events at the ER translocon.

Subtypes of RQC pathways: mito-RQC

Yeast cells produce substantial amounts of aberrant mitochondrial proteins from ribosome
stalling even under non-stress conditions. Ribosomal stalling during co-translational
translocation of mitochondrial proteins is accompanied by NEMF-dependent CAT tailing. LTN1
ubiquitinates these nascent chains for proteasomal degradation. However, CAT-tailed products
can escape the LTN1-dependent pathway, translocate into mitochondria, form protein
aggregates, and contribute to mitochondrial dysfunction. Vms1 suppresses NEMF association
with 60S ribosomes (73, 74), thereby inhibiting CAT-tailing. The quality-controlling activities of
the key RQC factors at mitochondrial translocon thus define mito-RQC (73), possibly
overlapping with ER-RQC. Of note, Vms1 also localizes to the ER membrane and is expected to

play a similar role in ER-RQC.
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Complex-I 30 kDa subunit (C-130) constitutes the core assembly of human
mitochondrial complex-I. C-130 translation is regulated by PTEN induced kinase 1 (PINK1) and
parkin RBR E3 ubiquitin-protein ligase, two gene products relevant to Parkinson's disease (PD)
(75). Mitochondrial damage induces translational stalling of C-130 mRNA on the mitochondrial
outer membrane and recruits NGD-related RQC factors including PELO, ABCE1, and CCR4-
NOT transcription complex subunit 4 (CNOT4) to the ribonucleoprotein (RNP) complex (76).
Depletion of these RQC factors reduces the polyubiquitin levels associated with damaged
mitochondria or with the C-130 containing RNP complex, inhibiting mitophagy. These processes
require PINK1 and are likely mediated by CNOT4-dependent polyubiquitination of ABCE1 that
subsequently recruits autophagy receptors. On the other hand, the overexpression of PELO,
ABCE1, or CNOT4 induces mitophagy in Drosophila mutants of Pink1 and rescues their
mitochondrial aggregation and neuronal loss. In addition, mitochondrial stress impairs translation
termination by the eukaryotic translation termination factor 1 and ABCE1 and extends the C-
terminus of C-130 protein via a NEMF-dependent CAT-tailing-like process (75). This non-
templated addition of amino acids to the full-length C-130 protein is distinct from those added to
nascent polypeptides during CAT-tailing. Nonetheless, both C-terminal modifications lead to
loss-of-function effects or protein aggregation (49, 53, 77). Consistent with these observations,
PD brain samples display low expression of ABCE1 and HBSL1L (76), while aged PD patient
fibroblasts exhibit more C-terminal extensions and insolubility of mitochondrial proteins (75),
implicating mito-RQC in PD pathogenesis.

These observations suggest that RQC may accompany translational activities in various
subcellular compartments. It is thus likely that context-specific substrates and trans-acting factors

define the RQC subtypes, diversifying their underlying principles and physiological significance.
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For instance, defective ribosomal products (DRiP) have been proposed as a significant self-
peptide source for MHC-1 mediated antigen presentation (78, 79). The definition of DRiPs
suggests their analogy to aberrant translation intermediates generated by co-translational RQC.
LTN1 indeed contributes to shaping the pool of antigens presented with MHC class | (80).
LTN1-dependent immune peptides correspond to the middle parts of proteins and over-represent
membrane proteins with multiple transmembrane domains, indicating the role of ER- or mito-

RQC in this process.

RQC Function in Neurons and Neurological Disorders
Emerging evidence supports RQC function in neural physiology and neurological disorders
(Table 1). A recessive “lister” mutant phenotype was originally isolated from the forward genetic
screen in mice. The corresponding genetic mutation was mapped to a locus encoding the E3
ubiquitin ligase, and the gene was accordingly designated as Ltn1 (81). Lister mutants display
age-dependent decline in motor function and motor neuron degeneration. Reactive astrogliosis,
dystrophic neuronal processes, vacuolated mitochondria, and hyperphosphorylated tau are also
observed in the brainstem and spinal cord of lister mutants (81). In yeast, loss of Itn1 function
induces the pathogenic aggregation of CAT-tailed RQC substrates (49). CAT-tailing has been
proposed to serve as a mechanism for increasing the amyloid-aggregation propensity of RQC
substrates, sequestering the CAT-tailed products for aggrephagy-mediated degradation, and
sustaining proteostasis. However, inclusions of CAT-tailed RQC intermediates also sequester
chaperone proteins non-functionally, thereby inducing proteotoxic stress (49, 53, 77).
CAT-tailed nonstop products are similarly prone to aggregate in mammalian cell

cultures, forming nonstop foci (48). NEMF and LTN1 act as positive and negative regulators,
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respectively, to set a steady-state level of the endogenous RQC intermediates. Moreover, the
overexpression of nonstop proteins or alanine-tailed proteins is sufficient to cause caspase-3
dependent apoptosis. LTN1 depletion consistently impairs neurite outgrowth and neuronal
survival in mouse primary neuron cultures, and the Ltn1 phenotypes are rescued by NEMF
depletion (48). Importantly, NEMF variants associate with a spectrum of central neurological
disorders in humans, including intellectual disability, developmental delay, and juvenile
neuromuscular disease (82-84). While NEMF is broadly expressed in the human brain, its strong
enrichment in the newborn excitatory neurons suggests a role in early neurodevelopment (82,
85). Homozygous Nemf mice carrying CAT-tailing-defective mutations display progressive
motor neuron degeneration (84). NEMF depletion in mouse primary neuron cultures also leads to
the impairments of axonal outgrowth and synapse development, and these phenotypes are
rescued by human NEMF overexpression (82).

Additional evidence for RQC implication in neuronal homeostasis is derived from
elegant epistatic analyses of a neurodegenerative mouse model. Genetic mutations in a central
nervous system (CNS)-specific arginyl-tRNA gene and the PELO-interacting GTP binding
protein 2 (Gtpbp2) together lead to ribosomal stalling and neurodegeneration phenotypes in
mice, including short life span and age-dependent locomotor deficits (86). The ribosomal stalling
is accompanied by GCN2-mediated phosphorylation of eukaryotic translation initiation factor 2
subunit o (eIF2a; also known as EIF2S1) and the ISR activation that feeds back to inhibit
neurodegeneration in Gtpbp2 mutant mice (87). The CNS-specific tRNA deficiency in Gtpbpl
mutant mice also causes ribosomal stalling, ISR activation, and neurodegeneration, indicating the
non-redundant role of these two ribosome-rescue factors (i.e., GTPBP1 and GTPBP2) (88). Not

surprisingly, mutant alleles in human GTPBP2 have been shown to associate with Jaberi-Elahi
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syndrome, and the affected individuals manifest prenatal onset neurological dysfunction with an
age-dependent accumulation of brain iron (89-91). Pathogenic HBS1L variants also associate
with multiple congenital anomalies, including microcephaly and general developmental delay
(92, 93). Although genomic deletion of Hbs1l or Pelo in mice causes embryonic lethality, their
conditional deletion consistently leads to abnormal cerebellar development with neurogenesis
defects (92, 94).

The direct relevance of ribosomal stalling and RQC function to well-established
neurological disorders has been further documented. Altered expression of RQC-relevant factors
(e.g., ABCEL and HBS1L) and C-terminally extended mitochondrial proteins in PD models
suggests implications of mito-RQC in PD pathogenesis (75, 76). The same group has also
elucidated the role of mito-RQC and CAT-tailing in Drosophila models of COORF72-associated
amyotrophic lateral sclerosis/frontotemporal dementia (95). Mouse neuronal cells expressing
mutant huntingtin (mHtt) exhibit a high ratio of polysome to monosome but a low rate of protein
synthesis, suggesting ribosomal stalling (96). mHtt indeed interacts with ribosomes and slows
down their translocation. Consistently, ribosomal footprinting has revealed a Huntington disease-
specific profile toward 5’- or 3’-end as well as single-codon pauses on select MRNAs. On the
other hand, Itn1 deletion in yeast enhances the nuclear accumulation of Htt polyglutamine
(polyQ) protein via RQC2-mediated CAT-tailing (97, 98). LTN1 thus exhibits a neuroprotective
function against the cytotoxicity of nuclear polyQ protein.

Finally, the RQC-relevant translational repressor GIGYF2 has been linked to
neurodevelopmental disorders such as autism spectrum disorder (99, 100) and schizophrenia
(101), although its implications for PD remain unclear (102). While homozygous Gigyf2 mutant

mice display early post-natal lethality, heterozygous mutants show age-dependent motor
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dysfunction, adult-onset neurodegeneration, and defective signaling for the insulin-like growth
factor (103). The phenotypic screen in zebrafish mutants of human schizophrenia-associated
genes also suggests a role of GIGYF2 homolog in forebrain development and behavioral
pathogenesis relevant to schizophrenia (101). Taken together, these observations convincingly
demonstrate the conserved roles of RQC in neuronal development, homeostasis, and

degeneration.

Two Signaling Pathways from Ribosomal Collisions: Integrated Stress Response (ISR) and
Ribotoxic Stress Response (RSR)

Ribosomal collisions trigger the RQC pathway via ZNF598-dependent ubiquitination of specific
ribosomal proteins. Dissociation of the stalled ribosomes is followed by mechanistic cascades
that triage aberrant translation intermediates and rescue the stalled ribosomal subunits for
recycling. This cotranslational quality control of individual translation events is essential for
sustaining proteostasis. On the other hand, a range of ribotoxic stressors (e.g., translation
inhibitors, ribotoxins, UV radiation) induces global ribosome stalling (10) (Fig. 2). Dedicated
ribosome-associated factors then initiate cellular stress signaling to regulate the general tone of
the translational environment for cellular homeostasis or determine cell fate (e.g., survival vs.
apoptosis) (9-11).

Integrated stress response (ISR) is one of the two signaling pathways that are activated
by ribosomal collisions, leading to the phosphorylation of translation initiation factor elF2a (Fig.
2). The stable complex of the phospho-eIF2a and elF2B is inhibitory to the formation of the
elF2-GTP/Met-tRNA initiator ternary complex, thereby suppressing global translation initiation

(104-106). General amino acid control nondepressible 2 (GCN2; also known as EIF2AK4) is one
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of the four elF2a kinases (EIF2AKs) that phosphorylate elF2a in a stress-specific manner.
GCN2 displays homology to histidyl-tRNA synthetase, and both bind deacylated tRNAs, likely
leading to GCN2 activation upon amino acid deprivation (107). It has been further shown that
direct interaction between GCN2 and the ribosomal P-stalk induces a conformational change in
the GCN2 kinase domain, activating the GCN2-dependent ISR pathway (108). Modest inhibition
of the ribosomal peptidyl transferase activity by anisomycin leads to elF2a phosphorylation in a
GCN2-dependent manner. However, potent ribosomal stalling by a high concentration of
anisomycin does not accompany ISR activation, suggesting the role of ribosomal collisions in the
activation process (18). Given that the ribosomal P-stalk is usually occupied by the translation
elongation factors eEF1A and eEF2, GCN2 likely acts as a ribosomal collision sensor for the
ribosome-derived ISR pathway (108, 109).

Ribotoxic stress response (RSR) is the other signaling pathway that is activated upon
ribosomal collisions (Fig. 2). RSR is triggered by the ribosome-associating leucine zipper and
sterile-alpha motif kinase ZAK (also known as MAP3K20), a member of the mitogen-activated
protein kinase kinase kinase (MAP3K) family (17, 18, 110, 111). There are two major splicing
isoforms, ZAKa and ZAKP. The flexible C-terminal arm in the longer isoform ZAKa binds to a
specific region in the 18S rRNA at ribosomal intersubunit space (17). Consistently, ZAKa but
not ZAKJ associates with ribosomes where phosphorylated ZAKa is highly enriched in collided
ribosome fractions (18). Ribosomal collisions induced by modest ribotoxic stressors such as
anisomycin treatment, amino acid deprivation, or UV exposure lead to ZAKa
autophosphorylation and activate the RSR pathway via the MAPK cascade (17, 18). Downstream

of the ZAK activation is the phosphorylation and activation of the two stress-activated protein
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kinases (SAPKSs), p38 and c-Jun N-terminal kinase (JNK), that are implicated in inflammation

and cell-fate decision (10, 112, 113).

Hierarchical Crosstalk of the Ribosomal Surveillance Pathways
All three ribosome-associated surveillance pathways are triggered by their own molecular
sensors for ribosomal collisions (i.e., EDF1 and ZNF598 for RQC; GCN2 for ISR; and ZAK for
RSR). Accordingly, their responses to different types and ranges of ribotoxic stresses may vary
in sensitivity and kinetics (9). For instance, RQC activation (i.e., ZNF598-dependent RPS10
ubiquitination) is detected only upon modest ribosomal collisions, whereas RSR activation
persists over a range of ribosomal collisions (17). Also, the three surveillance pathways share
collided ribosomes as the common substrate for activation, raising the possibility of crosstalk in
their initiation threshold and downstream signaling (Fig. 2). Mutually antagonistic effects
between RQC and ISR pathways have been described in yeast. In fact, the yeast genome encodes
a single elF2a kinase (i.e., GCN2) for ISR activation but not a ZAK homolog for RSR activation
(19, 114). A current yeast model proposes that the low frequency of ribosomal collisions may be
resolved by RQC activity, thereby elevating the threshold for the collision-activated ISR (19). A
high frequency of ribosomal collisions then activates ISR to block general translation initiation
via elF2a phosphorylation, suppress additional ribosome loading on mRNA, and subsequently
lower the probability of disome formation for RQC activation.

RQC activation does not require RSR in mammalian cells and vice versa (17).
Nevertheless, RSR activation is more potent in ZNF598-deleted cells (18). Similar to the yeast
model, it is likely that RQC activity clears any stalled ribosomes and reduces local ribosome

density, thereby suppressing the disome formation for ISR or RSR activation. On the other hand,
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ISR activation is compromised in ZAK-deleted cells (18). It could be explained by the ZAKa-
dependent association of the GCN2 activator GCN1 with disomes. These observations indicate
that RQC titrates RSR activation, whereas RSR supports ISR activation (Fig. 2).
Pharmacological inhibition of the ISR pathway indeed generates more disomes upon amino acid
deprivation and potentiates the RSR activation (18), further validating the antagonistic effects of

ISR on RSR activation (Fig. 2).

Concluding Remarks

Transcriptome-wide disome profiling reveals widespread ribosomal collisions on endogenous
MRNASs (64, 114-116). The collision loci include specific codon pairs (e.g., proline/aspartic
acid/glycine-containing motifs), lysine/arginine-rich polybasic tracts, and stop codons in general,
while select MRNA species may display the collision signatures corresponding to ribosomal
pausing for co-translational regulation (e.g., organellar or membrane proteins). In addition,
transcriptional errors or post-transcriptional mis-processings (e.g., splicing errors, premature
polyadenylation) generate substantial amounts of aberrant translation substrates (117). Basal
RQC activity may deal with mRNA-specific ribosomal stalling and aberrant translation for
proteostasis. However, ribotoxic cellular stresses may induce ribosomal collisions more globally,
exceeding the capacity of RQC-dependent surveillance. The activation of ribosome-associated
GCN2 and the ISR pathway may then lower ribosomal density on mRNA and suppress
ribosomal collisions by blocking translation initiation while promoting cellular survival via
stress-specific translational/transcriptional programs (e.g., cap-independent translation of
activating transcription factor 4 and induction of its transcriptional targets) (118-120). Persistent

ribosomal collisions may switch the tone of systemic response from ISR-dependent survival to
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RSR-dependent apoptotic signaling. This hierarchical model for the three ribosomal surveillance
pathways is tempting, yet their response kinetics and scales can vary depending on the types of
translation inhibitors or ribotoxins (17-19). Future studies should thus define the quality or
structural signature of ribosomal collisions that lead to the activation of pathway-specific sensors
and determine how ribosome-associating factors and cellular context (e.g., cell type,
physiological conditions) tune the output of the three pathways.

Another outstanding question will be the physiological significance of the ribosomal
surveillance pathways. As discussed above, evidence for RQC function in neuronal physiology
and neurological disorders has exploded since the original description of neurodegenerative
phenotypes in Ltn1 mutant mice (81). In addition, mutant alleles of the key RSR factor ZAKa
have been associated with abnormal limb development in humans and genome-edited mouse
models (17, 121). zak-1 deletion sensitizes Caenorhabditis elegans to anisomycin-induced stress
and shortens its lifespan (17). This mutant phenotype is consistent with observations in
mammalian cell cultures (18), indicating conservation of the RSR pathway in vertebrate
development and homeostatic recovery from ribosomal stress. The RSR-relevant SAPKSs and
ISR pathway are strongly implicated in neuroinflammation, neurodevelopment, and synaptic
plasticity, and their activation is commonly associated with major neurodegenerative diseases
(113, 118, 119, 122, 123). Accordingly, pharmacological inhibition of SAPK activity or the ISR
pathway has been proposed as a therapeutic strategy for suppressing their pathogenesis and
neuronal loss. Nonetheless, various cellular stresses of non-ribosomal origin also activate the
SAPK and ISR pathways. We anticipate that animal models for the ribosome-specific factors and
their genetic assessments will validate the direct relevance of the two ribosomal surveillance

pathways to specific neural physiology. We also note that RQC and ISR are conserved across
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species, including yeast, whereas ZAK homologs are found in select species. It will be
interesting to determine if RSR has acquired any distinct function during the evolution of animal

species.
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Figure Legends

Figure 1. An overview of the RQC pathway. (A and C) Ribosomal collisions occur when the
preceding ribosome stalls during translation. In addition, stop-codon readthrough or
endonucleolytic mRNA cleavage at the internally stalled ribosomes leads to 3’-end ribosome
stalling. The collided ribosomes are detected by ribosome-associated collision sensors (e.g.,
ZNF598, EDF1). The cap-binding translation repressor complex of EIF4E2 and GIGYF2 is then
recruited to the stalled ribosomes, blocking additional ribosome loading. (B and D) The RQT
complex consisting of ASCC2 and ASCC3 likely senses ZNF598-dependent ubiquitination of
specific ribosomal proteins (e.g., RPS10) at internally stalled ribosomes and triggers their
disassembly. On the other hand, the PELO-HBS1L complex senses 3’-end ribosome stalling and
recruits ABCE1 for the ribosome disassembly. (E) Nascent polypeptide chains associating with
the 60S subunit undergo ubiquitin-dependent proteasomal degradation via three distinct
pathways: 1) LTN1-dependent ubiquitination of the nascent chain for degradation (RQC-L); 2)
NEMF-dependent C-terminal alanine/threonine (CAT)-tailing of the nascent chain, followed by
RQC-L; and 3) NEMF-dependent alanine-tailing of the nascent chain, followed by the C-end
rule pathway for protein degradation (RQC-C). Light and dark purple circles depict alanine and
threonine residues, respectively, added to C-terminus of the nascent chain by NEMF activity. (F)

The mRNAs are also degraded by exo- and endonucleases.

Figure 2. Ribosomal collisions trigger RQC, ISR, and RSR pathways. Ribotoxic stresses
induce ribosomal collisions, and their distinct quality (e.g., scale, kinetics) and molecular
signatures (e.g., structural changes in the collided ribosomes) may lead to differential activation

of the three ribosomal surveillance pathways. RQC is responsible for the tonic control of
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ribosomal stalling and the quality expression of nascent chains to sustain proteostasis. ISR shuts
down general translation via GCN2-dependent elF2a phosphorylation upon global ribosome
collisions while elevating the homeostatic stress response for cell survival. ZAK-initiated RSR
activates SAPKSs (i.e., INK and p38) via the MAPK cascade, stimulating pro-inflammatory and
pro-apoptotic pathways for cell-fate decisions. Antagonistic or cooperative crosstalks among the

three ribosomal surveillance pathways have been documented and depicted accordingly.
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Table 1. Implications of ribosome-associated surveillance factors in neurological disorders.

Gene Pathway Relevance to neurological disorders References

e Age-dependent decline in motor function and
motor neuron degeneration in Ltn1 mutant mice
e Reactive astrogliosis, dystrophic neuronal
processes, vacuolated mitochondria, and
hyperphosphorylated tau in the brainstem and
spinal cord of Ltn1 mutant mice (48, 81,
e Impairment of neurite outgrowth and neuronal 97, 98)
survival in LTN1-depleted mouse primary
neurons
e Nuclear aggregation of huntingtin
polyglutamine (Htt polyQ) protein in /tn/
mutant yeast
e Pathogenic NEMF variants associated with
intellectual disability, developmental delay, and
juvenile neuromuscular disease
e Progressive motor neuron degeneration in Nemf
mutant mice defective for CAT-tailing
e Impairment of axonal outgrowth and synapse
development in NEMF-depleted mouse primary
neurons
e GTPBP2 alleles associated with Jaberi-Elahi
syndrome and prenatal-onset neurological
dysfunction including developmental delay,
intellectual disability, motor defects, and age-
dependent accumulation of brain iron
e Age-dependent locomotor deficits, (86, 89-
neurodegeneration, and short longevity in 91)
double mutant mice of Gtpbp2 and the CNS-
specific tRNAA® gene n-Tr20
e Ribosomal stalling, GCN2-mediated elF2a
phosphorylation, and ISR activation in double
mutant mice of Gtpbp2 and n-7r20
e Ribosome stalling, ISR activation, and
GTPBP1 RQC neurodegeneration in double mutant mice of (88)
Gtpbpl and n-Tr20
e Low expression levels of ABCE1 mRNA in PD
brain tissue
ABCE1 RQC e Rescue of mitochondrial aggregation and (75, 76)
neuronal loss by ABCEL overexpression in
Drosophila PD model of Pinkl

LTNL RQC

NEMF RQC (82-84)

GTPBP2 RQC
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e Hypoplastic cerebellum/midbrain and
PELO RQC neurogenesis defects in conditional Pelo- (94)
deletion mice
e Pathogenic HBS1L variants associated with
multiple congenital anomalies including
microcephaly and general developmental delay
e Low expression levels of HBS1L mRNA in PD
brain tissue (92-04)
e Abnormal cerebellar development in conditional
Hbs1l-deletion mice; facial dysmorphism and
retinal anomalies in hypomorphic Hbs1l mutant
mice; failure of embryonic development in
Hbs1I-deletion mice
e GIGYF2 variants associated with autism
spectrum disorder and schizophrenia
e Age-dependent motor dysfunction and adult-
onset neurodegeneration in heterozygous Gigyf2
GIGYF2 RQC mutant mice; early post-natal lethality in (99-103)
homozygous mutants
e Forebrain atrophy and schizophrenia-relevant
behavioral changes (i.e., decreased prepulse
inhibition) in gigyf2 mutant zebrafish
o MAP3K20/ZAK mutant alleles associated with
split-foot malformation with mesoaxial
polydactyly, nail abnormalities, and hearing
impairment
MAP3K20/ZAK RSR e Abnormal limb development and low Trp63 (17, 121)
expression in Zak-deleted mice
e Short life span and high sensitivity to
anisomycin-induced ribosomal stress in zak-1
mutant worms

HBS1L RQC
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