UC San Diego
UC San Diego Previously Published Works

Title
Protecting the proteome: Eukaryotic cotranslational quality control pathways

Permalink
https://escholarship.org/uc/item/3vg753hj

Journal
Journal of Cell Biology, 204(4)

ISSN
0021-9525

Authors

Lykke-Andersen, Jens
Bennett, Eric |

Publication Date
2014-02-17

DOI
10.1083/jcb.201311103

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3vq753hj
https://escholarship.org
http://www.cdlib.org/

>
o
o
-l
o
o
-l
-l
L
o
LL
@)
-l
<
2
o
>
o
-
Ll
I
[

R Quality control

Review

Protecting the proteome: Eukaryotic cotranslational

quality control pathways

Jens Lykke-Andersen and Eric J. Bennett

Division of Biological Sciences, University of California, San Diego, La Jolla, CA 92093

The correct decoding of messenger RNAs (mRNAs) into
proteins is an essential cellular task. The translational pro-
cess is monitored by several quality control (QC) mecha-
nisms that recognize defective translation complexes in
which ribosomes are stalled on substrate mRNAs. Stalled
translation complexes occur when defects in the mRNA tem-
plate, the translation machinery, or the nascent polypeptide
arrest the ribosome during translation elongation or termi-
nation. These QC events promote the disassembly of the
stalled translation complex and the recycling and/or deg-
radation of the individual mRNA, ribosomal, and/or nascent
polypeptide components, thereby clearing the cell of im-
proper translation products and defective components of
the translation machinery.

Quality control pathways monitor

protein synthesis

The correct translation of messenger RNAs (mRNAs) into func-
tional proteins requires the precise coordination of staggeringly
complex molecular factors that govern protein biogenesis. De-
fects in protein synthesis can lead to the production of poten-
tially toxic defective translation products whose unregulated
accumulation can negatively impact nearly every cellular path-
way. In addition, RNAs and proteins involved in translation are
subject to damage by irradiation and chemical modification that
can negatively impact protein biogenesis. An important set of
quality control (QC) pathways specializes in cotranslationally
monitoring protein synthesis to prevent deleterious production
of erroneous translation products (Fig. 1). Translational stalling
provides an opportunity for the QC machinery to engage the
translational machinery and subvert the normal translational
process. Once recruited to stalled translation complexes, the
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QC pathways disassemble the defective translation complex
and recycle and/or degrade its individual components. A subset
of these pathways acts to degrade defective nascent polypep-
tides that fail to undergo proper cotranslational folding. Another
subset resolves stalls in translation elongation or termination
that arise from defects in the mRNA template, translation ma-
chinery, or nascent polypeptide. Collectively, these cotransla-
tional QC pathways protect the proteome by clearing defective
mRNAs, ribosomes, and polypeptides.

When mRNA defects stall the ribosome:
Cotranslational mRNA QC pathways
Nonsense-mediated decay. There are at least three types
of defects in mRNAs that stall the translating ribosome and
activate cotranslational QC pathways in eukaryotes. The first
type to be discovered was defects in the mRNA that lead to the
generation of premature termination codons (PTCs), which
cause premature translation termination and activate the nonsense-
mediated mRNA decay (NMD) pathway (Fig. 2; Losson
and Lacroute, 1979; Maquat et al., 1981). There are multiple
mechanisms by which PTCs can arise in mRNAs. The most
common in organisms with high intron frequencies is thought to
be cryptic or alternative splicing events. These splicing changes
give rise to PTCs by either causing frame shifting within the
coding region, or exposing stop codons within retained introns
or alternative exons (Lareau et al., 2007; McGlincy and Smith,
2008; Sayani et al., 2008). In addition, PTCs can arise from
transcription errors, genetic mutations, or recombination events
(Chang et al., 2007; Isken and Maquat, 2007; Rebbapragada
and Lykke-Andersen, 2009; Schweingruber et al., 2013). More-
over, a subset of seemingly normal endogenous mRNAs is tar-
geted by the NMD pathway (Mendell et al., 2004; Guan et al.,
2006; Johansson et al., 2007). When a ribosome terminates
translation at a PTC, a set of NMD factors—the Upf and Smg
proteins (Leeds et al., 1991, 1992; Pulak and Anderson, 1993)—
associate with the PTC-containing mRNA and target it for
degradation by RNA decay enzymes. Degradation of NMD
substrates is initiated by endonucleolytic cleavage, decapping,
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Figure 1.
defective nascent polypeptides, ribosomes, and mRNAs.

or deadenylation depending on the specific mRNA and organ-
ism (Muhlrad and Parker, 1994; Chen and Shyu, 2003; Mitchell
and Tollervey, 2003; Gatfield and Izaurralde, 2004). The sub-
sequent degradation of the mRNA body involves disassembly
of the mRNA—-protein (mRNP) complex, which is dependent
on the ATPase activity of the central NMD factor Upf1 (Franks
et al., 2010).

The specific mechanism by which Upf/Smg proteins dis-
tinguish premature from normal termination events remains
under investigation. Current evidence suggests that the transla-
tion termination event performed by the eRF1-eRF3 termina-
tion complex at a PTC is rendered inefficient due to the absence
of a normal 3"UTR, which at regular termination codons stimu-
lates the termination process (Amrani et al., 2004). One factor
that is associated with 3'UTRs and is thought to stimulate effi-
cient translation termination on normal mRNAs is cytoplasmic
poly(A)-binding protein (PABPC; Amrani et al., 2004). When
PABPC is positioned in proximity to the translation termination
event it antagonizes NMD, whereas the same protein when
located distal to translation termination fails to do so and allows
assembly of NMD factors (Amrani et al., 2004; Behm-Ansmant
et al., 2007; Eberle et al., 2008; Ivanov et al., 2008; Singh et al.,
2008). In metazoans, NMD is further stimulated when termina-
tion occurs upstream of exon—exon junctions, which are marked
by the exon—junction complex that is deposited during pre-
mRNA splicing in the nucleus and interacts with Upf proteins in
the cytoplasm (Kim et al., 2001; Le Hir et al., 2001; Lykke-
Andersen et al., 2001; Gehring et al., 2003; Singh et al., 2007).
Although PABPC and the exon—junction complex are well-
established factors in NMD, evidence suggests the existence of
additional mRNP components that serve to distinguish normal
mRNAs from those targeted for NMD (Gonzilez et al., 2000;
Meaux et al., 2008; Singh et al., 2008). In addition to mRNA
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degradation, there is evidence that the NMD pathway actively
represses recruitment of new ribosomes to the target mRNA
(Muhlrad and Parker, 1999; Isken et al., 2008). Moreover, as
discussed in more detail later, there is evidence suggesting that
the native polypeptide produced from a PTC-containing mRNA
might be subjected to proteolysis in a manner stimulated by
the central NMD factor Upf1 (Kuroha et al., 2009, 2013; Verma
et al., 2013).

Non-stop decay. Another type of defect that subjects
mRNAs to cotranslational QC is a defect that results in the ab-
sence of a termination codon. The resulting “non-stop” mRNAs
are subjected to the non-stop decay (NSD) pathway once the
translating ribosome reaches the mRNA 3’ end without encoun-
tering a termination codon (Fig. 3; Frischmeyer et al., 2002; van
Hoof et al., 2002). Non-stop mRNAs likely arise primarily by
processing errors where polyadenylation occurs prematurely
within the mRNA coding region (Frischmeyer et al., 2002; van
Hoof et al., 2002). Another possible source of NSD substrates
are truncated mRNAs resulting from endonucleolytic cleavage
events within the protein coding region (Tsuboi et al., 2012;
Matsuda et al., 2014). However, an mRNA endonucleolytically
cleaved by a hammerhead ribozyme is efficiently degraded by
cellular exonucleases and does not require the NSD machinery
for rapid degradation, suggesting that general exonucleolytic
mRNA decay pathways may dominate over the NSD pathway
on such substrates (Meaux and Van Hoof, 2006).

NSD has been most intensely investigated in Saccharomyces
cerevisiae, where studies have revealed a critical role for the
GTPase Ski7, a homologue of the translation termination factor
eRF3 (van Hoof et al., 2002). In addition to a C-terminal eRF3-
like GTPase domain, Ski7 contains an N-terminal domain im-
portant for the catalytic activity of the cytoplasmic form of the
S. cerevisiae 3'-to-5' exonuclease exosome complex (van Hoof
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et al., 2000, 2002). Deletion of any one of these Ski7 domains,
as well as inactivation of exosome components, stabilizes
mRNAs targeted for NSD (van Hoof et al., 2002; Schaeffer and
van Hoof, 2011). Based on these observations, and the similar-
ity with eRF3, Ski7 is hypothesized to enter the empty A-site of
ribosomes that are stalled at the 3" end of nonstop mRNAs and
recruit the exosome to activate mRNA degradation (van Hoof
et al., 2002). Recent studies also suggest a potential role for
another eRF3-homologous factor, Hbs1, and its associated eRF1-
related factor Dom34, in S. cerevisiae NSD. Deletion of these
factors, when combined with deletions in 5’-to-3" or 3’-to-5’
exonucleases, lead to increased stability of NSD substrates and
accumulation of degradation intermediates (Tsuboi et al., 2012).
Moreover, the Hbs1-Dom34 complex, along with the ribosome-
recycling ATPase Rlil (called ABCEI in human), promote dis-
assembly of ribosomes when stalled at, or near, the 3" end of
mRNA in vitro (Pisareva et al., 2011; Shoemaker and Green,
2011). Taken together, these observations indicate that active
release of the ribosome by Hbs1-Dom34 and Rlil might be a
prerequisite for efficient degradation of an mRNA targeted for
NSD. However, the exact nature of the interplay between Ski7
and Hbs1-Dom34 in NSD remains to be fully understood.

In addition to degradation of the mRNA, evidence suggests
that NSD substrates are subjected to translational repression
(Inada and Aiba, 2005; Akimitsu et al., 2007), but the mechanism
remains uncharacterized. Beyond S. cerevisiae, NSD has also
been observed in human tissue culture cells (Frischmeyer et al.,
2002; Saito et al., 2013), although some studies observed no
effect of the absence of a stop codon on the decay rate of spe-
cific mRNASs in human cells (Akimitsu et al., 2007; Torres-
Torronteras et al., 2011). One possible explanation that could
reconcile these observations is that the relative contribution of
translation repression and mRNA decay to the silencing of non-
stop mRNAs is substrate dependent. The SKI7 gene is unique to

Figure 2. Nonsense-mediated mRNA decay
(NMD). Premature termination codon (PTC)-
containing mRNAs are degraded when a
stall in the eRF1/eRF3-dependent translation
termination process is defected by Upf and
Smg proteins. Some evidence suggests that the
resulting truncated protein product can be tar-
geted for ubiquitylation and destroyed by the
proteasome in a Upf1- and Cdc48-dependent
fashion. m7G refers to the mRNA 7-methyl
guanosine cap; AAAAA refers to the poly(A)-
tail; Ter indicates a normal termination codon.

AAAAA —> it

mRNA decay

a subset of Saccharomycetaceae including all Saccharomyces
species (van Hoof, 2005; Atkinson et al., 2008; Marshall et al.,
2013), whereas other fungi—and possibly other eukaryotes—
produce Ski7 and Hbs1 proteins by alternative splicing from a
single HBS1 gene (Marshall et al., 2013). Correspondingly, evi-
dence suggests that siRNA-mediated depletion of Hbs1 or Pelota
(the human orthologue of Dom34) in human tissue culture cells
results in impaired NSD (Saito et al., 2013).

No-go decay. A third type of mRNA defect that acti-
vates cotranslational QC causes ribosomes to stall during trans-
lation elongation and activates the no-go decay (NGD) pathway
(Fig. 4). This pathway was first discovered with the observation
that insertion of a stable RNA hairpin structure that inhibits
translation elongation in the S. cerevisiae PGK1 mRNA causes
endonucleolytic cleavage and accelerated degradation of the
mRNA (Doma and Parker, 2006). In addition to RNA structural
elements, rare codons and polylysine—codon tracts (Tsuboi
et al., 2012), as well as mRNA depurination by a viral enzyme
(Gandhi et al., 2008), have been shown to active the NGD path-
way. A possible important role of the NGD pathway is to clear the
cell of mRNAS that have been subjected to chemical or irradiation-
mediated RNA damage (Doma and Parker, 2006; Harigaya
and Parker, 2010). Interestingly, the observation that translation
of a polylysine tract within the nascent polypeptide activates
the NGD pathway (Tsuboi et al., 2012) raises the question of
whether a non-stop mRNA produced by premature polyadenyl-
ation within the coding region, thereby producing a polypeptide
with a terminal polylysine tract, can be a target of either NGD or
NSD pathways depending on whether the ribosome stalls while
translating the poly(A)-tail or after reaching the mRNA 3’ end.

NGD is initiated by endonucleolytic cleavage near the ri-
bosome stall site as evidenced by the size of mRNA degradation
intermediates that accumulate when 5'-to-3’ or 3'-to-5" exonu-
cleases are inactivated in S. cerevisiae (Doma and Parker, 2006;
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Figure 3. Non-stop mRNA decay (NSD) and
protein destruction. mMRNAs on which the ribo-
some reaches the 3’ end without encountering
a stop codon are detected by the eRF3-like
factor Ski7 and targeted for mRNA decay by
the exosome. The stalled ribosome is thought
to be released by the Hbs1-Dom34-Rli1 com-
plex. Extraction and destruction of the defec-
tive protein products arising from NSD mRNA
substrates is mediated by ubiquitin pathway
components Lin1 and Cdc48.
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Tsuboi et al., 2012). The Hbs1-Dom34 complex plays an impor-
tant role in the NGD pathway as inactivation of either of these
factors stabilizes NGD substrates (Doma and Parker, 2006;
Passos et al., 2009). Genetic deletion analyses suggest that Hbs1
and Dom34 stimulate an initial endonucleolytic cleavage event
within the NGD substrate (Doma and Parker, 2006; Passos et al.,
2009; Tsuboi et al., 2012), as well as the subsequent degradation
of the mRNA 5’ fragment by the exosome (Tsuboi et al., 2012).
It remains unknown whether any of these effects are a conse-
quence of direct activation of nucleases by Hbs1-Dom34, analo-
gous to Ski7 in NSD, or instead a secondary consequence of
ribosome disassembly by the Hbs1-Dom34 complex. One report
presented evidence for in vitro endonucleolytic activity of
Dom34 (Lee et al., 2007); however, a later report saw no evi-
dence for such an activity (Passos et al., 2009). Moreover, genetic
and in vitro evidence demonstrated that cleavage of the NGD
mRNA can be triggered by the stalled ribosome even in the ab-
sence of Dom34 or Hbsl1, suggesting that these factors are not
essential for endonucleolytic cleavage of NGD substrates (Passos
et al., 2009; Tsuboi et al., 2012). The observation that the Hbs1—
Dom34 complex stimulates separation of stalled ribosomes
in vitro only when the 3’ end of the mRNA extending from the
stalled ribosome is short (Pisareva et al., 2011; Shoemaker and
Green, 2011) suggests that endonucleolytic cleavage must pre-
cede ribosome recycling by Hbs1-Dom34. Establishing the iden-
tity of the endonuclease involved in NGD is an important goal for
future study. Beyond S. cerevisiae, NGD has been detected in
Drosophila S2 cells (Passos et al., 2009), but little is currently
known about the NGD pathway in metazoans.

When ribosomal RNA defects impair the
ribosome: Ribosome QC pathways

Ribosomal RNAs (rRNAs) make up more than three quarters of
the total RNA in cells and are likely a major target for damage
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mediated by irradiation and chemical modification (Brégeon
and Sarasin, 2005; Feyzi et al., 2007; Kong et al., 2008). A num-
ber of pathways for ribosomal QC have been described, some
of which occur during ribosome biogenesis in the nucleus
(Houseley et al., 2006; Reinisch and Wolin, 2007) and others after
transport of ribosomal subunits to the cytoplasm (LaRiviere
et al., 2006; Cole et al., 2009; Fujii et al., 2009, 2012; Lebaron
et al., 2012; Strunk et al., 2012). One ribosome QC pathway
that occurs cotranslationally was discovered when the effect of
inserting point mutations into the decoding center of the small
ribosomal subunit 18S rRNA was monitored in S. cerevisiae
(LaRiviere et al., 2006; Cole et al., 2009). Such mutant 18S
rRNAs are subject to rapid degradation by a pathway that has
been named 18S nonfunctional rRNA decay (18S NRD). This
occurs cotranslationally, as evidenced by the inhibition of the
pathway by chemicals that block translation initiation or elon-
gation (Cole et al., 2009). Interestingly, 18S NRD is impaired
upon depletion of Hbs1 or Dom34 (Cole et al., 2009). This has
led to the hypothesis that 18S NRD is related to NGD and raises
the interesting question of whether the 18S NRD and NGD
pathways are capable of distinguishing which component is
responsible for a stall in translation elongation (Fig. 4; Cole
et al., 2009; Swisher and Parker, 2009). Alternatively, fully
functional components of the stalled translation complexes might
be degraded as collateral damage with those nonfunctional com-
ponents that cause the stall. However, a study of point mutations
in Hbsl has demonstrated that at least some aspects of these
pathways are separable, suggesting that NGD and 18S NRD
might not fully overlap (van den Elzen et al., 2010).

Another cytoplasmic QC pathway that monitors defective
ribosomes is the 25S NRD pathway, which targets large ribo-
somal subunits with inactivating nucleotide substitutions in the
peptidyl transferase center of the large rRNA (LaRiviere et al.,
2006; Cole et al., 2009; Fujii et al., 2009, 2012). This pathway
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Figure 4. No-go mRNA decay (NGD) and protein destruction. Diverse mRNA or nascent chain features (*) that result in terminally stalled translation
elongation complexes are resolved by a host of MRNA and protein destruction factors. Initial mMRNA cleavage by unknown endonuclease(s) allows the al-
ternative ribosome release factors, Hbs1 and Dom34 to mediate ribosomal splitting via Rli1 (ABCE1) and subsequent mRNA decay by RNA exonucleases.
The nascent polypeptide is targeted for ubiquitylation by the Ltn1-containing ribosome quality control complex (RQC) and Not4. Hel2 and Asc1 putatively

target nascent chains for ubiquitylation before and independent of the RQC.

activates degradation of the large rRNA in a process that in-
volves ubiquitylation of large ribosomal subunit proteins and
requires the activity of the proteasome (Fujii et al., 2009, 2012).
Rtt101 was identified as a cullin family ubiquitin ligase involved
in this process together with a cofactor Mms!1 (Fujii et al., 2009)
and the AAA ATPase Cdc48-Npl4-Ufdl complex, which was
found to promote the release of the targeted large ribosomal
subunit from the small subunit (Fujii et al., 2012). Interestingly,
the ubiquitin ligase components, the Cdc48 complex, and the
proteasome are all required for degradation of the defective
large rRNA, suggesting that removal of protein components
from the rRNP is required for rRNA degradation (Fujii et al.,
2012), reminiscent of the role of mRNP disassembly in NMD
(Franks et al., 2010). Similar to 18S NRD substrates, 25S NRD
substrates can be observed in the cytoplasm by in situ hybrid-
ization, but unlike 18S NRD, 25S NRD is not inhibited by
chemicals that block translation initiation or elongation (Cole
et al., 2009). This indicates that 25S NRD occurs in the cyto-
plasm before the large subunit engages in active translation,
which raises the interesting question of how the activity of the
peptidyl transferase center can be monitored pre-translation.
Another pre-translation cytoplasmic ribosome QC pathway was
recently discovered, which involves eIF5SB-dependent assembly
of an 80S-like ribosome followed by Dom34- and Rlil-dependent
disassembly, to monitor maturation of small ribosomal subunits

before translation (Lebaron et al., 2012; Strunk et al., 2012).
Future studies should reveal the fate of 40S subunits that
fail this QC step, and whether the large ribosomal subunit is
also monitored in such a step, for example, as part of the 25S
NRD pathway.

When the nascent polypeptide is defective:
Cotranslational protein QC pathways

Despite the presence of a variety of proofreading steps that
serve to monitor the correct charging of tRNAs and delivery of
cognate tRNAs during translation elongation (Zaher and Green,
2009; Yadavalli and Ibba, 2012), compared with the low muta-
tion rates associated with DNA replication processes, mRNA
translation is many orders of magnitude more error-prone, re-
sulting in the continual production of incorrectly synthesized
proteins (Drummond and Wilke, 2009). These defective transla-
tion products can arise from a plethora of sources including
amino acid misincorporation by noncognate aminoacylated
tRNAs, defective cotranslational protein folding, stop codon
read-through, and ribosome elongation stalling, as well as from
mRNA defects discussed earlier. The vectorial nature of protein
biogenesis requires the activity of various protein homeostasis
factors associated with actively translating ribosomes to facili-
tate the proper production of folded and active protein prod-
ucts (Kramer et al., 2009; Pechmann et al., 2013). For example,
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N-terminal acetyltransferases, N-terminal aminopeptidases,
and nascent chain-binding complexes physically interact with
the emerging nascent chain and the ribosomal exit tunnel to
both modify the potentially labile N terminus of the protein and
shield the nascent chain from premature degradation before
translation termination, protein folding, and assembly into pro-
tein complexes (Pechmann et al., 2013). Defective protein prod-
ucts can either be targeted for degradation as they arise from the
ribosome, or after the emergence of an entire protein product
that is otherwise unable to acquire a natively folded state. The
combined activity of ribosome-associated chaperones and ubiq-
uitin ligases play important roles in the targeting of both co-
translational and post-translational substrates for ubiquitylation
followed by proteolysis, and as such, the principles governing
post-translational protein QC pathways will likely apply to co-
translational degradation pathways.

Quantifying cotranslational ubiquitylation and
degradation. The selective recognition and removal of defec-
tive translation products presents a potentially demanding task
for protein homeostasis pathways. Initial studies examining the
fate of newly translated proteins in mammalian cells suggested
that as much as 30% of all nascent chains are targeted for ubig-
uitin-dependent proteasomal degradation (Schubert et al., 2000).
Subsequent studies have suggested that a smaller portion of na-
scent chains are targeted for degradation and it is likely that the
extent of nascent chain degradation is highly dependent upon
the cellular and organismal context (Vabulas and Hartl, 2005;
Yewdell and Nicchitta, 2006). Further, it is unknown what frac-
tion of these degraded newly synthesized proteins is targeted
cotranslationally. To begin to address this question, two recent
studies directly quantified the extent of nascent chain ubiquity-
lation associated with ribosomes in S. cerevisiae and mamma-
lian cells (Duttler et al., 2013; Wang et al., 2013). Studies in
mammalian cells using puromycin labeling of nascent chains
followed by capture of exogenously expressed ubiquitin indi-
cated that 12-15% of nascent chains are ubiquitylated (Wang
etal., 2013). Interestingly, the amount of cotranslational ubiqui-
tylation was stimulated by addition of translation elongation in-
hibitors (Wang et al., 2013), suggesting that ribosome stalling in
itself is a signal for nascent chain ubiquitylation. The extent of
cotranslational ubiquitylation and the production of defective
translation products are likely to vary between tissues and or-
ganisms depending on both the translational fidelity rates and
the capacity of the recognition and degradation systems. Indeed,
the extent of cotranslational ubiquitylation was lower in S. cere-
visiae than in mammalian cells (Duttler et al., 2013). Utilization
of genomic methods to identify transcripts that were enriched
with ubiquitin-associated ribosomal complexes from S. cerevisiae
extracts enabled the bioinformatic analysis of transcript and
protein features that may direct ubiquitylation of defective na-
scent chains (Duttler et al., 2013). One finding from this analy-
sis was that mRNA transcripts coding for longer proteins were
enriched within ubiquitin-associated ribosomal complexes
compared with the average protein length within the proteome.
In agreement with this, early studies using synthetic substrates
with destabilizing N-terminal amino acids (termed N-end rule
substrates) demonstrated that large protein substrates based on
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[B-galactosidase were targeted for cotranslational degradation to
a greater extent than small substrates based on Ura3p (Turner
and Varshavsky, 2000). Interestingly, in wild-type S. cerevisiae
strains, 40% of the N-end rule 3-galactosidase substrate was
subject to cotranslational degradation, indicating that the extent
of cotranslational ubiquitylation will likely largely depend
upon the individual substrate being interrogated (Turner and
Varshavsky, 2000).

Ribosome-associated protein QC pathways:
Targeting polypeptides within stalled translation
complexes. Whereas the study of mRNA QC pathways has
historically focused on mechanisms of mRNA turnover, the fate
of the protein products arising from defective mRNAs has been
the subject of several recent studies. As discussed earlier, a sub-
set of mRNA substrates for the NSD pathway are generated
from premature polyadenylation within the protein coding re-
gion. On such mRNAs, the absence of a termination codon
causes translation to continue into the poly(A)-tail and the addi-
tion of a polylysine tract to the nascent polypeptide. Recent
studies have demonstrated that polybasic sequences cause ribo-
some stalling and cotranslational ubiquitylation and turnover
of the native polypeptide (Ito-Harashima et al., 2007; Wilson
et al., 2007; Kuroha et al., 2009; Bengtson and Joazeiro, 2010;
Matsuda et al., 2014). This pathway is often referred to as NSD;
however, evidence has shown that proteins containing polybasic
tracts are targeted for degradation independently of whether
they are produced from mRNAs that are substrates of the NSD
pathway, or from non-NSD mRNAs that encode internal or ter-
minal polybasic tracts regardless of whether the polybasic tract
consists of lysines or arginines (Ito-Harashima et al., 2007,
Dimitrova et al., 2009; Bengtson and Joazeiro, 2010; Kuroha
et al., 2010). Moreover, recent evidence suggests that this pathway
targets truncated polypeptides produced from mRNAs targeted
for NSD or NGD, regardless of the presence of polybasic tracts
(Tsuboi et al., 2012; Shao et al., 2013; Matsuda et al., 2014). Thus,
an important question for future study is what is the specificity
of this QC pathway? Does it target polypeptides associated with
stalled translation complexes in general, or is it specific to a
specific subset of polypeptides containing specific biochemical
properties that lead to translational stalling, such as those con-
taining polybasic tracts?

The Not4 component of the Ccr4-Not deadenylase com-
plex was originally identified as an E3 ubiquitin ligase that
targets polybasic-containing nascent chains (Dimitrova et al.,
2009). Subsequent studies suggest that Not4 might play a role
in the targeting of polypeptides produced from a subset of NGD
substrates containing translation stall-inducing elements distant
from the 3’ end, but not polypeptides produced from NSD sub-
strates (Matsuda et al., 2014). Further, Not4 is likely involved
in the ubiquitylation of other ribosome-associated substrates
(Panasenko et al., 2009; Panasenko and Collart, 2012). Recently,
the ubiquitin ligase Ltn1 was demonstrated to cotranslationally
ubiquitylate and activate degradation of proteins containing
polybasic tracts (Wilson et al., 2007; Bengtson and Joazeiro,
2010), as well as other polypeptides produced from NGD
or NSD substrate mRNAs (Figs. 3 and 4; Shao et al., 2013;
Matsuda et al., 2014). Ltnl was shown to physically associate



with both the targeted polypeptide and 80S or 60S ribosomal
particles in density gradient centrifugation experiments (Bengtson
and Joazeiro, 2010; Brandman et al., 2012). This suggests that
polysomal collapse into monosomes may precede ubiquity-
lation and extraction of defective translational products. Recent
studies have described a larger Ltnl-containing ribosome QC
complex (RQC) comprised of Ltnl, two scaffolding proteins,
Tae2 and Rqcl, and the AAA ATPase Cdc48 (Fig. 4; Brandman
et al., 2012; Defenouillere et al., 2013). Although the RQC was
subsequently demonstrated to be required for the cotranslational
degradation of model polybasic-containing proteins, it is worth
noting that the complex was originally identified in a yeast ge-
netic screen aimed at identifying novel modulators regulating
the activity of the thermal stress-inducible transcription factor,
Hsfl (Brandman et al., 2012). This suggests that the RQC may
play a more general role in sensing protein homeostasis stress at
the level of the ribosome and communicating the ribosomal
stress signal to Hsf1. The observation that the Rqc1 component
of the RQC contains its own polybasic sequence suggests an
interesting feedback loop where RQC activity controls its own
abundance through Rqcl targeting. Indeed, Rqcl levels are
elevated in Ltnl- and Tae2-deficient strains (Brandman et al.,
2012). The same genetic screen identified a second ubiquitin li-
gase, Hel2, as well as the previously implicated Ascl (Kuroha
et al., 2010) as proteins that participate in polybasic-containing
polypeptide destruction. Hel2 was also identified in a separate
study as a ubiquitin ligase that, when deleted, reduced the
amount of ribosome-associated polyubiquitylated polypeptides
(Duttler et al., 2013). Deletion of Hel2 or Ascl results in the
stabilization of polybasic-containing polypeptides despite the
presence of wild-type RQC function (Brandman et al., 2012).
Other studies have demonstrated that loss of Ascl results in
the increased accumulation of full-length protein from NGD re-
porter mRNAs (Kuroha et al., 2010; Matsuda et al., 2014). This
observation is in contrast to the accumulation of shorter stalled
polypeptide products observed upon loss of Ltnl or Not4 that
occurs without accumulation of the full-length protein. This
suggests that Hel2 and Ascl promote ribosome stalling and may
be initially recruited to stalled ribosomes before monosome col-
lapse and recruitment of the RQC (Fig. 4). However, complete
definition of this model will require further experimentation.
The ubiquitylated nascent chain must be extracted from
the ribosome to allow for ribosome recycling. The presence of
the AAA ATPase Cdc48 (VCP/p97 in mammals) within the
RQC immediately suggested that Cdc48 might provide the
force necessary to extract defective translation products from
stalled ribosomal complexes, allowing for ribosome recycling.
Consistent with this, loss of Cdc48, or its associated proteins
Npl4 and Ufdl1, results in the accumulation of ubiquitylated
polypeptides associated with ribosomes in excess to what was
observed with loss of proteasome activity (Verma et al., 2013),
although given the role of Cdc48 in the 25S NRD pathway
(Fujii et al., 2012) a portion of the ubiquitylated material could
have originated from the ubiquitylation of ribosomal subunits.
Interestingly, inactivation of Cdc48 also results in the accumu-
lation of both full-length polybasic proteins and a peptidyl-
tRNA linked product (Verma et al., 2013). This suggests that

Cdc48 activity is needed to extract the peptidyl-tRNA product
from stalled ribosomal complexes before hydrolysis of the pep-
tidyl-tRNA bond and subsequent degradation of the defective
translational product. It is possible that Cdc48 plays a more
general role in targeting diverse defective nascent chain sub-
strates, in addition to polybasic substrates. In agreement with
this, loss of Cdc48 or Ufd1, but not Ltn1, results in stabilization
of a truncated protein produced from an NMD mRNA substrate
(Verma et al., 2013). Interestingly, the ubiquitin ligase Ubrl
was also demonstrated to target the truncated protein product from
an NMD mRNA substrate, arguing that a combination of ligases
likely act to remove diverse defective nascent chain substrates
(Inada, 2013). Although studies suggest that Cdc48 recruitment
into the RQC requires Ltn1 and Rqcl, a separate Cdc48-containing
complex may target non-NSD and -NGD substrates.

The order of events leading to eventual defective transla-
tion product removal is not fully understood. Early experiments
indicated that the RQC associated with both 80S and 60S sub-
units in density gradient experiments (Bengtson and Joazeiro,
2010; Brandman et al., 2012; Defenouillere et al., 2013; Verma
et al., 2013). Recent in vitro studies suggest that Ltnl primarily
associates with the 60S ribosomal subunit in a manner that is
stimulated by ribosomal stalling (Shao et al., 2013). Further, Ltn1
recruitment requires the activity of Hbs1 (Shao et al., 2013),
and biochemical studies have revealed that ribosome release by
the Hbs1-Dom34-Rlil complex occurs in the absence of cleav-
age of the peptidyl-tRNA linkage and results in the retention of
the peptidyl-tRNA product with the released 60S ribosome
(Shoemaker et al., 2010; Pisareva et al., 2011; Shoemaker and
Green, 2011, 2012). Taken together, these observations suggest
a model in which ribosomal stalling leads to monosome collapse
and subsequent ribosome splitting by Hbs1-Dom34-Rlil, which
acts to recruit Ltn1, and presumably the RQC, to free 60S parti-
cles containing a peptidyl tRNA-linked defective nascent chain
(Fig. 4). Structural studies revealed that Ltn1 adopts an extended
flexible structure similar to other HEAT repeat—containing pro-
teins (Lyumkis et al., 2013). This type of structure could allow
Ltnl to make contacts with the ribosomal region surrounding
the nascent chain exit tunnel and distant 60S regions within an
individual 60S or 80S ribosomal complex. Detailed structural
analysis of an Ltn1-bound ribosome should shed more light on
possible RQC recruitment mechanisms.

Conclusions and perspectives

The emerging picture is that of a complex set of QC pathways
dedicated to monitor the translation process in eukaryotes
(Figs. 1-4). Given the number of QC pathways that have evolved
to monitor this process, there appears to be high selective pres-
sure on the ability to resolve protein synthesis defects. This
point is further supported by the existence of related pathways
in bacteria (Moore and Sauer, 2007). Most of the eukaryotic co-
translational QC pathways have been studied by introducing
mutations or specific elements into RNAs that cause stalls in the
translation process. Important areas of future studies include
measuring the extent to which stalled translation complexes
occur as a result of naturally occurring RNA damage, for example
from irradiation or chemical modification, such as by reactive
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oxygen species, and the importance of QC pathways for resolv-
ing such events. Another important question is whether defects
in components of the translation machinery other than mRNAs
and the 18S rRNA decoding center activate cotranslational
QC. For example, decay pathways that target defective tRNAs
before their entry into the translation cycle have been described
(Alexandrov et al., 2006; Wilusz et al., 2011); could defects in
tRNAs occur that stall translation complexes and cause cotrans-
lational QC? Similarly, could defects in translation initiation,
elongation, or termination factors, or in ribosomal proteins or
rRNA regions additional to the 18S rRNA decoding region be
targets of cotranslational QC pathways?

In the case of cotranslational native polypeptide QC path-
ways, it is worth noting that the majority of studies have relied
upon synthetic model substrates containing a defined lesion
within the mRNA. These synthetic substrates have been instru-
mental in the identification of a subset of the machinery target-
ing defective translational products in S. cerevisiae. However,
these same substrates have been infrequently used in mamma-
lian studies and it is unclear if this small subset of defined model
substrates faithfully represents all the features that typify endog-
enous defective translation products. In support of the idea that
more pathways have yet to be discovered, knockdown or ge-
netic loss of known ribosome-associated ubiquitin ligases did
not result in a significant reduction in ubiquitylated nascent
chains associated with ribosomes in S. cerevisiae or mammalian
cells (Duttler et al., 2013; Wang et al., 2013). This result sug-
gests that a combination of ubiquitin ligases, both known and
unknown, likely contribute to defective nascent chain ubiquity-
lation. Systematic studies using both diverse model substrates
and endogenous defective nascent chain substrates are needed
to clearly define the breadth of substrates targeted by individual
ribosome-associated QC components.

Another key topic for future study is the specific mecha-
nisms by which defective nascent polypeptides are detected by QC
pathways, and whether there are central components that tie to-
gether RNA and protein QC pathways. The selective recognition of
mRNA decay substrates, the recruitment of mRNA decay factors,
and the subsequent cleavage and destruction of the target mRNAs
are central features of all mMRNA QC pathways. Analogous events
must also occur for the selective destruction of defective protein
products. One possibility is that defective nascent chain—targeting
machineries may use mRNA QC factors to identify terminally
stalled ribosomal complexes and activate subsequent defective
translation product removal. Conversely, defective features of the
nascent chain may serve as the recognition event to recruit mRNA
decay factors. An example of this was recently reported for nascent
chains that contain mutations within their N-terminal signal se-
quences rendering them incapable of binding to the signal receptor
particle (SRP). The mutated signal sequence generated a signal to
degrade the mRNA in a manner dependent on the RNA silencing
protein Ago2 (Karamyshev at al. 2014). This example suggests that
careful determination of the codependence of mRNA and defective
nascent polypeptide QC factors for proper targeting of the mRNA
or nascent polypeptide is needed to understand the mechanisms
used to recruit QC factors to terminally stalled ribosomal com-
plexes. Finally, an important question is, to what extent are fully
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functional components of stalled translation complexes recycled?
Does a stall in translation generally lead to degradation of all com-
ponents of the translation complex, or are QC pathways capable of
identifying and degrading specifically those components that are
defective while recycling those components that remain functional?
Future research should establish the responsible factors and de-
tailed mechanisms of the cotranslational mRNA, ribosome, and
native polypeptide QC pathways and to what extent they act coop-
eratively to ensure faithful clearance of potentially harmful defec-
tive translational products and machinery without compromising
the performance of fully functional factors.

EJ. Bennett is funded by New Scholar awards from the Sidney Kimmel
Foundation for Cancer Research and the Ellison Medical Foundation. Work
on mRNA quality control in the J. Lykke-Andersen laboratory is supported by
National Institutes of Health grant ROT GM0O99717.

The authors declare no competing financial interests.

Submitted: 25 November 2013
Accepted: 23 January 2014

References

Akimitsu, N., J. Tanaka, and J. Pelletier. 2007. Translation of nonSTOP mRNA
is repressed post-initiation in mammalian cells. EMBO J. 26:2327-2338.
http://dx.doi.org/10.1038/sj.emboj.7601679

Alexandrov, A., I. Chernyakov, W. Gu, S.L. Hiley, T.R. Hughes, E.J. Grayhack,
and E.M. Phizicky. 2006. Rapid tRNA decay can result from lack of
nonessential modifications. Mol. Cell. 21:87-96. http://dx.doi.org/
10.1016/j.molcel.2005.10.036

Amrani, N., R. Ganesan, S. Kervestin, D.A. Mangus, S. Ghosh, and A. Jacobson.
2004. A faux 3'-UTR promotes aberrant termination and triggers nonsense-
mediated mRNA decay. Nature. 432:112—-118. http://dx.doi.org/10.1038/
nature03060

Atkinson, G.C., S.L. Baldauf, and V. Hauryliuk. 2008. Evolution of nonstop,
no-go and nonsense-mediated mRNA decay and their termination factor-
derived components. BMC Evol. Biol. 8:290. http://dx.doi.org/10.1186/
1471-2148-8-290

Behm-Ansmant, I, D. Gatfield, J. Rehwinkel, V. Hilgers, and E. Izaurralde. 2007.
A conserved role for cytoplasmic poly(A)-binding protein 1 (PABPC1) in
nonsense-mediated mRNA decay. EMBO J. 26:1591-1601. http://dx.doi
.org/10.1038/sj.emboj.7601588

Bengtson, M.H., and C.A. Joazeiro. 2010. Role of a ribosome-associated E3
ubiquitin ligase in protein quality control. Nature. 467:470-473. http://
dx.doi.org/10.1038/nature09371

Brandman, O., J. Stewart-Ornstein, D. Wong, A. Larson, C.C. Williams, G.W.
Li, S. Zhou, D. King, P.S. Shen, J. Weibezahn, et al. 2012. A ribosome-
bound quality control complex triggers degradation of nascent peptides
and signals translation stress. Cell. 151:1042-1054. http://dx.doi.org/
10.1016/j.cell.2012.10.044

Brégeon, D., and A. Sarasin. 2005. Hypothetical role of RNA damage avoidance
in preventing human disease. Mutat. Res. 577:293-302. http://dx.doi
.org/10.1016/j.mrfmmm.2005.04.002

Chang, Y.F., J.S. Imam, and M.F. Wilkinson. 2007. The nonsense-mediated
decay RNA surveillance pathway. Annu. Rev. Biochem. 76:51-74. http://
dx.doi.org/10.1146/annurev.biochem.76.050106.093909

Chen, C.Y., and A.B. Shyu. 2003. Rapid deadenylation triggered by a nonsense
codon precedes decay of the RNA body in a mammalian cytoplasmic
nonsense-mediated decay pathway. Mol. Cell. Biol. 23:4805—4813. http://
dx.doi.org/10.1128/MCB.23.14.4805-4813.2003

Cole, S.E., F.J. LaRiviere, C.N. Merrikh, and M.J. Moore. 2009. A convergence
of rRNA and mRNA quality control pathways revealed by mechanistic
analysis of nonfunctional rRNA decay. Mol. Cell. 34:440-450. http:/
dx.doi.org/10.1016/j.molcel.2009.04.017

Defenouillere, Q., Y. Yao, J. Mouaikel, A. Namane, A. Galopier, L. Decourty,
A.Doyen, C. Malabat, C. Saveanu, A. Jacquier, and M. Fromont-Racine.
2013. Cdc48-associated complex bound to 60S particles is required for
the clearance of aberrant translation products. Proc. Natl. Acad. Sci. USA.
110:5046-5051. http://dx.doi.org/10.1073/pnas.1221724110

Dimitrova, L.N., K. Kuroha, T. Tatematsu, and T. Inada. 2009. Nascent peptide-
dependent translation arrest leads to Not4p-mediated protein degrada-
tion by the proteasome. J. Biol. Chem. 284:10343-10352. http://dx.doi
.org/10.1074/jbc.M808840200


http://dx.doi.org/10.1038/sj.emboj.7601679
http://dx.doi.org/10.1016/j.molcel.2005.10.036
http://dx.doi.org/10.1016/j.molcel.2005.10.036
http://dx.doi.org/10.1038/nature03060
http://dx.doi.org/10.1038/nature03060
http://dx.doi.org/10.1186/1471-2148-8-290
http://dx.doi.org/10.1186/1471-2148-8-290
http://dx.doi.org/10.1038/sj.emboj.7601588
http://dx.doi.org/10.1038/sj.emboj.7601588
http://dx.doi.org/10.1038/nature09371
http://dx.doi.org/10.1038/nature09371
http://dx.doi.org/10.1016/j.cell.2012.10.044
http://dx.doi.org/10.1016/j.cell.2012.10.044
http://dx.doi.org/10.1016/j.mrfmmm.2005.04.002
http://dx.doi.org/10.1016/j.mrfmmm.2005.04.002
http://dx.doi.org/10.1146/annurev.biochem.76.050106.093909
http://dx.doi.org/10.1146/annurev.biochem.76.050106.093909
http://dx.doi.org/10.1128/MCB.23.14.4805-4813.2003
http://dx.doi.org/10.1128/MCB.23.14.4805-4813.2003
http://dx.doi.org/10.1016/j.molcel.2009.04.017
http://dx.doi.org/10.1016/j.molcel.2009.04.017
http://dx.doi.org/10.1073/pnas.1221724110
http://dx.doi.org/10.1074/jbc.M808840200
http://dx.doi.org/10.1074/jbc.M808840200

Doma, M.K., and R. Parker. 2006. Endonucleolytic cleavage of eukaryotic
mRNAs with stalls in translation elongation. Nature. 440:561-564.
http://dx.doi.org/10.1038/nature04530

Drummond, D.A., and C.O. Wilke. 2009. The evolutionary consequences
of erroneous protein synthesis. Nat. Rev. Genet. 10:715-724. http://
dx.doi.org/10.1038/nrg2662

Duttler, S., S. Pechmann, and J. Frydman. 2013. Principles of cotranslational
ubiquitination and quality control at the ribosome. Mol. Cell. 50:379—
393. http://dx.doi.org/10.1016/j.molcel.2013.03.010

Eberle, A.B., L. Stalder, H. Mathys, R.Z. Orozco, and O. Miihlemann. 2008.
Posttranscriptional gene regulation by spatial rearrangement of the 3’
untranslated region. PLoS Biol. 6:€92. http://dx.doi.org/10.1371/journal.
pbio.0060092

Feyzi, E., O. Sundheim, M.P. Westbye, P.A. Aas, C.B. Vagbg, M. Otterlei,
G. Slupphaug, and H.E. Krokan. 2007. RNA base damage and re-
pair. Curr. Pharm. Biotechnol. 8:326-331. http://dx.doi.org/10.2174/
138920107783018363

Franks, T.M., G. Singh, and J. Lykke-Andersen. 2010. Upf1 ATPase-dependent
mRNP disassembly is required for completion of nonsense- mediated
mRNA decay. Cell. 143:938-950. http://dx.doi.org/10.1016/j.cell
.2010.11.043

Frischmeyer, P.A., A. van Hoof, K. O’Donnell, A.L. Guerrerio, R. Parker, and
H.C. Dietz. 2002. An mRNA surveillance mechanism that eliminates
transcripts lacking termination codons. Science. 295:2258-2261. http://
dx.doi.org/10.1126/science.1067338

Fujii, K., M. Kitabatake, T. Sakata, A. Miyata, and M. Ohno. 2009. A role for
ubiquitin in the clearance of nonfunctional rRNAs. Genes Dev. 23:963—
974. http://dx.doi.org/10.1101/gad.1775609

Fujii, K., M. Kitabatake, T. Sakata, and M. Ohno. 2012. 40S subunit dis-
sociation and proteasome-dependent RNA degradation in nonfunc-
tional 25S rRNA decay. EMBO J. 31:2579-2589. http://dx.doi.org/
10.1038/embo;j.2012.85

Gandhi, R., M. Manzoor, and K.A. Hudak. 2008. Depurination of Brome mosaic
virus RNA3 in vivo results in translation-dependent accelerated degra-
dation of the viral RNA. J. Biol. Chem. 283:32218-32228. http://dx.doi
.org/10.1074/jbc.M803785200

Gatfield, D., and E. Izaurralde. 2004. Nonsense-mediated messenger RNA decay
is initiated by endonucleolytic cleavage in Drosophila. Nature. 429:575-
578. http://dx.doi.org/10.1038/nature02559

Gehring, N.H., G. Neu-Yilik, T. Schell, M.W. Hentze, and A.E. Kulozik. 2003.
Y14 and hUpf3b form an NMD-activating complex. Mol. Cell. 11:939—
949. http://dx.doi.org/10.1016/S1097-2765(03)00142-4

Gonzilez, C.I.,, M.J. Ruiz-Echevarria, S. Vasudevan, M.F. Henry, and S.W.
Peltz. 2000. The yeast hnRNP-like protein Hrp1/Nab4 marks a transcript
for nonsense-mediated mRNA decay. Mol. Cell. 5:489-499. http://dx.doi
.org/10.1016/S1097-2765(00)80443-8

Guan, Q., W. Zheng, S. Tang, X. Liu, R.A. Zinkel, K.W. Tsui, B.S. Yandell,
and M.R. Culbertson. 2006. Impact of nonsense-mediated mRNA decay
on the global expression profile of budding yeast. PLoS Genet. 2:¢203.
http://dx.doi.org/10.1371/journal.pgen.0020203

Harigaya, Y., and R. Parker. 2010. No-go decay: a quality control mechanism for
RNA in translation. Wiley Interdiscip Rev RNA. 1:132-141.

Houseley, J., J. LaCava, and D. Tollervey. 2006. RNA-quality control by the
exosome. Nat. Rev. Mol. Cell Biol. 7:529-539. http://dx.doi.org/10
.1038/nrm1964

Inada, T. 2013. Quality control systems for aberrant mRNAs induced by ab-
errant translation elongation and termination. Biochim. Biophys. Acta.
1829:634-642. http://dx.doi.org/10.1016/j.bbagrm.2013.02.004

Inada, T., and H. Aiba. 2005. Translation of aberrant mRNAs lacking a termina-
tion codon or with a shortened 3'-UTR is repressed after initiation in yeast.
EMBO J. 24:1584-1595. http://dx.doi.org/10.1038/sj.emboj.7600636

Isken, O., and L.E. Maquat. 2007. Quality control of eukaryotic mRNA: safe-
guarding cells from abnormal mRNA function. Genes Dev. 21:1833—
1856. http://dx.doi.org/10.1101/gad. 1566807

Isken, O., Y.K. Kim, N. Hosoda, G.L. Mayeur, J.W. Hershey, and L.E. Maquat.
2008. Upfl phosphorylation triggers translational repression during
nonsense-mediated mRNA decay. Cell. 133:314-327. http://dx.doi
.org/10.1016/j.cell.2008.02.030

Ito-Harashima, S., K. Kuroha, T. Tatematsu, and T. Inada. 2007. Translation of
the poly(A) tail plays crucial roles in nonstop mRNA surveillance via
translation repression and protein destabilization by proteasome in yeast.
Genes Dev. 21:519-524. http://dx.doi.org/10.1101/gad.1490207

Ivanov, P.V., N.H. Gehring, J.B. Kunz, M.W. Hentze, and A.E. Kulozik. 2008.
Interactions between UPF1, eRFs, PABP and the exon junction complex
suggest an integrated model for mammalian NMD pathways. EMBO J.
27:736-747. http://dx.doi.org/10.1038/embo;j.2008.17

Johansson, M.J., F. He, P. Spatrick, C. Li, and A. Jacobson. 2007. Association of
yeast Upf1p with direct substrates of the NMD pathway. Proc. Natl. Acad.
Sci. USA. 104:20872-20877. http://dx.doi.org/10.1073/pnas.0709257105

Karamyshev, A.L., A.E. Patrick, Z.N. Karamysheva, D.S. Griesemer, H.
Hudson, S. Tjon-Kon-Sang, I. Nilsson, H. Otto, Q. Liu, S. Rospert, et al.
2014. Inefficient SRP interaction with a nascent chain triggers a mRNA
quality control pathway. Cell. 156:146—-157. http://dx.doi.org/10.1016/
j.cell.2013.12.017

Kim, V.N., N. Kataoka, and G. Dreyfuss. 2001. Role of the nonsense-mediated
decay factor hUpf3 in the splicing-dependent exon-exon junction complex.
Science. 293:1832-1836. http://dx.doi.org/10.1126/science.1062829

Kong, Q., X. Shan, Y. Chang, H. Tashiro, and C.L. Lin. 2008. RNA oxida-
tion: a contributing factor or an epiphenomenon in the process of neu-
rodegeneration. Free Radic. Res. 42:773-777. http://dx.doi.org/10.1080/
10715760802311187

Kramer, G., D. Boehringer, N. Ban, and B. Bukau. 2009. The ribosome as a plat-
form for co-translational processing, folding and targeting of newly syn-
thesized proteins. Nat. Struct. Mol. Biol. 16:589-597. http://dx.doi.org/
10.1038/nsmb.1614

Kuroha, K., T. Tatematsu, and T. Inada. 2009. Upf1 stimulates degradation of
the product derived from aberrant messenger RNA containing a specific
nonsense mutation by the proteasome. EMBO Rep. 10:1265-1271. http://
dx.doi.org/10.1038/embor.2009.200

Kuroha, K., M. Akamatsu, L. Dimitrova, T. Ito, Y. Kato, K. Shirahige, and T. Inada.
2010. Receptor for activated C kinase 1 stimulates nascent polypeptide-
dependent translation arrest. EMBO Rep. 11:956-961. http://dx.doi.org/
10.1038/embor.2010.169

Kuroha, K., K. Ando, R. Nakagawa, and T. Inada. 2013. The Upf factor com-
plex interacts with aberrant products derived from mRNAs containing a
premature termination codon and facilitates their proteasomal degrada-
tion. J. Biol. Chem. 288:28630-28640. http://dx.doi.org/10.1074/jbc
.M113.460691

Lareau, L.F., A.N. Brooks, D.A. Soergel, Q. Meng, and S.E. Brenner. 2007.
The coupling of alternative splicing and nonsense-mediated mRNA
decay. Adv. Exp. Med. Biol. 623:190-211. http://dx.doi.org/10.1007/978-
0-387-77374-2_12

LaRiviere, F.J., S.E. Cole, D.J. Ferullo, and M.J. Moore. 2006. A late-acting qual-
ity control process for mature eukaryotic RNAs. Mol. Cell. 24:619-626.
http://dx.doi.org/10.1016/j.molcel.2006.10.008

Le Hir, H., D. Gatfield, E. Izaurralde, and M.J. Moore. 2001. The exon-exon
junction complex provides a binding platform for factors involved in
mRNA export and nonsense-mediated mRNA decay. EMBO J. 20:4987—
4997. http://dx.doi.org/10.1093/emboj/20.17.4987

Lebaron, S., C. Schneider, R.W. van Nues, A. Swiatkowska, D. Walsh,
B. Bottcher, S. Granneman, N.J. Watkins, and D. Tollervey. 2012.
Proofreading of pre-40S ribosome maturation by a translation initiation
factor and 60S subunits. Nat. Struct. Mol. Biol. 19:744-753. http://dx.doi
.org/10.1038/nsmb.2308

Lee, H.H., Y.S. Kim, K.H. Kim, I. Heo, S.K. Kim, O. Kim, H.K. Kim, J.Y. Yoon,
H.S. Kim, J. Kim, et al. 2007. Structural and functional insights into
Dom34, a key component of no-go mRNA decay. Mol. Cell. 27:938-950.
http://dx.doi.org/10.1016/j.molcel.2007.07.019

Leeds, P., S.W. Peltz, A. Jacobson, and M.R. Culbertson. 1991. The product of
the yeast UPF1 gene is required for rapid turnover of mRNAs containing
a premature translational termination codon. Genes Dev. 5:2303-2314.
http://dx.doi.org/10.1101/gad.5.12a.2303

Leeds, P., J.JM. Wood, B.S. Lee, and M.R. Culbertson. 1992. Gene products that
promote mRNA turnover in Saccharomyces cerevisiae. Mol. Cell. Biol.
12:2165-2177.

Losson, R., and F. Lacroute. 1979. Interference of nonsense mutations with eu-
karyotic messenger RNA stability. Proc. Natl. Acad. Sci. USA. 76:5134—
5137. http://dx.doi.org/10.1073/pnas.76.10.5134

Lykke-Andersen, J., M.D. Shu, and J.A. Steitz. 2001. Communication of the
position of exon-exon junctions to the mRNA surveillance machin-
ery by the protein RNPS1. Science. 293:1836-1839. http://dx.doi.org/
10.1126/science.1062786

Lyumkis, D., S.K. Doamekpor, M.H. Bengtson, J.W. Lee, T.B. Toro, M.D.
Petroski, C.D. Lima, C.S. Potter, B. Carragher, and C.A. Joazeiro. 2013.
Single-particle EM reveals extensive conformational variability of the
Ltnl E3 ligase. Proc. Natl. Acad. Sci. USA. 110:1702-1707. http://dx.doi
.org/10.1073/pnas.1210041110

Magquat, L.E., A.J. Kinniburgh, E.A. Rachmilewitz, and J. Ross. 1981. Unstable
beta-globin mRNA in mRNA-deficient beta o thalassemia. Cell. 27:543—
553. http://dx.doi.org/10.1016/0092-8674(81)90396-2

Marshall, A.N., M.C. Montealegre, C. Jiménez-Lépez, M.C. Lorenz, and A.
van Hoof. 2013. Alternative splicing and subfunctionalization generates
functional diversity in fungal proteomes. PLoS Genet. 9:¢1003376. http://
dx.doi.org/10.1371/journal.pgen.1003376

Eukaryotic cotranslational quality control pathways ¢ Lykke-Andersen and Bennett

475


http://dx.doi.org/10.1073/pnas.0709257105
http://dx.doi.org/10.1016/j.cell.2013.12.017
http://dx.doi.org/10.1016/j.cell.2013.12.017
http://dx.doi.org/10.1126/science.1062829
http://dx.doi.org/10.1080/10715760802311187
http://dx.doi.org/10.1080/10715760802311187
http://dx.doi.org/10.1038/nsmb.1614
http://dx.doi.org/10.1038/nsmb.1614
http://dx.doi.org/10.1038/embor.2009.200
http://dx.doi.org/10.1038/embor.2009.200
http://dx.doi.org/10.1038/embor.2010.169
http://dx.doi.org/10.1038/embor.2010.169
http://dx.doi.org/10.1074/jbc.M113.460691
http://dx.doi.org/10.1074/jbc.M113.460691
http://dx.doi.org/10.1007/978-0-387-77374-2_12
http://dx.doi.org/10.1007/978-0-387-77374-2_12
http://dx.doi.org/10.1016/j.molcel.2006.10.008
http://dx.doi.org/10.1093/emboj/20.17.4987
http://dx.doi.org/10.1038/nsmb.2308
http://dx.doi.org/10.1038/nsmb.2308
http://dx.doi.org/10.1016/j.molcel.2007.07.019
http://dx.doi.org/10.1101/gad.5.12a.2303
http://dx.doi.org/10.1073/pnas.76.10.5134
http://dx.doi.org/10.1126/science.1062786
http://dx.doi.org/10.1126/science.1062786
http://dx.doi.org/10.1073/pnas.1210041110
http://dx.doi.org/10.1073/pnas.1210041110
http://dx.doi.org/10.1016/0092-8674(81)90396-2
http://dx.doi.org/10.1371/journal.pgen.1003376
http://dx.doi.org/10.1371/journal.pgen.1003376
http://dx.doi.org/10.1038/nature04530
http://dx.doi.org/10.1038/nrg2662
http://dx.doi.org/10.1038/nrg2662
http://dx.doi.org/10.1016/j.molcel.2013.03.010
http://dx.doi.org/10.1371/journal.pbio.0060092
http://dx.doi.org/10.1371/journal.pbio.0060092
http://dx.doi.org/10.2174/138920107783018363
http://dx.doi.org/10.2174/138920107783018363
http://dx.doi.org/10.1016/j.cell.2010.11.043
http://dx.doi.org/10.1016/j.cell.2010.11.043
http://dx.doi.org/10.1126/science.1067338
http://dx.doi.org/10.1126/science.1067338
http://dx.doi.org/10.1101/gad.1775609
http://dx.doi.org/10.1038/emboj.2012.85
http://dx.doi.org/10.1038/emboj.2012.85
http://dx.doi.org/10.1074/jbc.M803785200
http://dx.doi.org/10.1074/jbc.M803785200
http://dx.doi.org/10.1038/nature02559
http://dx.doi.org/10.1016/S1097-2765(03)00142-4
http://dx.doi.org/10.1016/S1097-2765(00)80443-8
http://dx.doi.org/10.1016/S1097-2765(00)80443-8
http://dx.doi.org/10.1371/journal.pgen.0020203
http://dx.doi.org/10.1038/nrm1964
http://dx.doi.org/10.1038/nrm1964
http://dx.doi.org/10.1016/j.bbagrm.2013.02.004
http://dx.doi.org/10.1038/sj.emboj.7600636
http://dx.doi.org/10.1101/gad.1566807
http://dx.doi.org/10.1016/j.cell.2008.02.030
http://dx.doi.org/10.1016/j.cell.2008.02.030
http://dx.doi.org/10.1101/gad.1490207
http://dx.doi.org/10.1038/emboj.2008.17

476

Matsuda, R., K. Ikeuchi, S. Nomura, and T. Inada. 2014. Protein quality control
systems associated with no-go and nonstop mRNA surveillance in yeast.
Genes Cells. 19:1-12. http://dx.doi.org/10.1111/gtc.12106

McGlincy, N.J., and C.W. Smith. 2008. Alternative splicing resulting in nonsense-
mediated mRNA decay: what is the meaning of nonsense? Trends
Biochem. Sci. 33:385-393. http://dx.doi.org/10.1016/j.tibs.2008.06.00 1

Meaux, S., and A. Van Hoof. 2006. Yeast transcripts cleaved by an internal
ribozyme provide new insight into the role of the cap and poly(A) tail
in translation and mRNA decay. RNA. 12:1323-1337. http://dx.doi.org/
10.1261/rna.46306

Meaux, S., A. van Hoof, and K.E. Baker. 2008. Nonsense-mediated mRNA decay
in yeast does not require PAB1 or a poly(A) tail. Mol. Cell. 29:134-140.
http://dx.doi.org/10.1016/j.molcel.2007.10.031

Mendell, J.T., N.A. Sharifi, J.L. Meyers, F. Martinez-Murillo, and H.C. Dietz.
2004. Nonsense surveillance regulates expression of diverse classes of
mammalian transcripts and mutes genomic noise. Nat. Genet. 36:1073—
1078. http://dx.doi.org/10.1038/ng1429

Mitchell, P., and D. Tollervey. 2003. An NMD pathway in yeast involving accel-
erated deadenylation and exosome-mediated 3'—>5" degradation. Mol.
Cell. 11:1405-1413. http://dx.doi.org/10.1016/S1097-2765(03)00190-4

Moore, S.D., and R.T. Sauer. 2007. The tmRNA system for translational sur-
veillance and ribosome rescue. Annu. Rev. Biochem. 76:101-124. http://
dx.doi.org/10.1146/annurev.biochem.75.103004.142733

Muhlrad, D., and R. Parker. 1994. Premature translational termination triggers
mRNA decapping. Nature. 370:578-581. http://dx.doi.org/10.1038/
370578a0

Muhlrad, D., and R. Parker. 1999. Recognition of yeast mRNAs as “nonsense
containing” leads to both inhibition of mRNA translation and mRNA
degradation: implications for the control of mRNA decapping. Mol. Biol.
Cell. 10:3971-3978. http://dx.doi.org/10.1091/mbc.10.11.3971

Panasenko, O.0., and M.A. Collart. 2012. Presence of Not5 and ubiqui-
tinated Rps7A in polysome fractions depends upon the Not4 E3
ligase. Mol. Microbiol. 83:640-653. http://dx.doi.org/10.1111/j.1365-
2958.2011.07957.x

Panasenko, O.0., EP. David, and M.A. Collart. 2009. Ribosome association
and stability of the nascent polypeptide-associated complex is dependent
upon its own ubiquitination. Genetics. 181:447-460. http://dx.doi.org/
10.1534/genetics.108.095422

Passos, D.O., M.K. Doma, C.J. Shoemaker, D. Muhlrad, R. Green, J. Weissman,
J. Hollien, and R. Parker. 2009. Analysis of Dom34 and its function in
no-go decay. Mol. Biol. Cell. 20:3025-3032. http://dx.doi.org/10.1091/
mbc.E09-01-0028

Pechmann, S., F. Willmund, and J. Frydman. 2013. The ribosome as a hub
for protein quality control. Mol. Cell. 49:411-421. http://dx.doi.org/
10.1016/j.molcel.2013.01.020

Pisareva, V.P., M.A. Skabkin, C.U. Hellen, T.V. Pestova, and A.V. Pisarev. 2011.
Dissociation by Pelota, Hbsl and ABCEI of mammalian vacant 80S
ribosomes and stalled elongation complexes. EMBO J. 30:1804—-1817.
http://dx.doi.org/10.1038/emboj.2011.93

Pulak, R., and P. Anderson. 1993. mRNA surveillance by the Caenorhabditis
elegans smg genes. Genes Dev. 7:1885-1897. http://dx.doi.org/10.1101/
gad.7.10.1885

Rebbapragada, 1., and J. Lykke-Andersen. 2009. Execution of nonsense-
mediated mRNA decay: what defines a substrate? Curr. Opin. Cell Biol.
21:394-402. http://dx.doi.org/10.1016/j.ceb.2009.02.007

Reinisch, K.M., and S.L. Wolin. 2007. Emerging themes in non-coding RNA
quality control. Curr. Opin. Struct. Biol. 17:209-214. http://dx.doi.org/
10.1016/j.sbi.2007.03.012

Saito, S., N. Hosoda, and S. Hoshino. 2013. The Hbs1-Dom34 protein complex
functions in non-stop mRNA decay in mammalian cells. J. Biol. Chem.
288:17832-17843. http://dx.doi.org/10.1074/jbc.M112.448977

Sayani, S., M. Janis, C.Y. Lee, I. Toesca, and G.F. Chanfreau. 2008. Widespread
impact of nonsense-mediated mRNA decay on the yeast intronome. Mol.
Cell. 31:360-370. http://dx.doi.org/10.1016/j.molcel.2008.07.005

Schaeffer, D., and A. van Hoof. 2011. Different nuclease requirements for
exosome-mediated degradation of normal and nonstop mRNAs. Proc.
Natl. Acad. Sci. USA. 108:2366-2371. http://dx.doi.org/10.1073/pnas
1013180108

Schubert, U., L.C. Antén, J. Gibbs, C.C. Norbury, J.W. Yewdell, and J.R.
Bennink. 2000. Rapid degradation of a large fraction of newly synthe-
sized proteins by proteasomes. Nature. 404:770-774. http://dx.doi.org/
10.1038/35008096

Schweingruber, C., S.C. Rufener, D. Ziind, A. Yamashita, and O. Miihlemann.
2013. Nonsense-mediated mRNA decay - mechanisms of substrate mRNA
recognition and degradation in mammalian cells. Biochim. Biophys. Acta.
1829:612-623. http://dx.doi.org/10.1016/j.bbagrm.2013.02.005

JCB « VOLUME 204 « NUMBER 4 « 2014

Shao, S., K. von der Malsburg, and R.S. Hegde. 2013. Listerin-dependent na-
scent protein ubiquitination relies on ribosome subunit dissociation. Mol.
Cell. 50:637-648. http://dx.doi.org/10.1016/j.molcel.2013.04.015

Shoemaker, C.J., and R. Green. 2011. Kinetic analysis reveals the ordered cou-
pling of translation termination and ribosome recycling in yeast. Proc.
Natl. Acad. Sci. USA. 108:E1392-E1398. http://dx.doi.org/10.1073/pnas
1113956108

Shoemaker, C.J., and R. Green. 2012. Translation drives mRNA quality control.
Nat. Struct. Mol. Biol. 19:594-601. http://dx.doi.org/10.1038/nsmb.2301

Shoemaker, C.J., D.E. Eyler, and R. Green. 2010. Dom34:Hbs1 promotes subunit
dissociation and peptidyl-tRNA drop-off to initiate no-go decay. Science.
330:369-372. http://dx.doi.org/10.1126/science.1192430

Singh, G., S. Jakob, M.G. Kleedehn, and J. Lykke-Andersen. 2007.
Communication with the exon-junction complex and activation of non-
sense-mediated decay by human Upf proteins occur in the cytoplasm.
Mol. Cell. 27:780-792. http://dx.doi.org/10.1016/j.molcel.2007.06.030

Singh, G., I. Rebbapragada, and J. Lykke-Andersen. 2008. A competition be-
tween stimulators and antagonists of Upf complex recruitment governs
human nonsense-mediated mRNA decay. PLoS Biol. 6:el11. http://
dx.doi.org/10.1371/journal.pbio.0060111

Strunk, B.S., M.N. Novak, C.L. Young, and K. Karbstein. 2012. A translation-
like cycle is a quality control checkpoint for maturing 40S ribosome sub-
units. Cell. 150:111-121. http://dx.doi.org/10.1016/j.cell.2012.04.044

Swisher, K.D., and R. Parker. 2009. Related mechanisms for mRNA and rRNA
quality control. Mol. Cell. 34:401-402. http://dx.doi.org/10.1016/j.molcel
.2009.05.008

Torres-Torronteras, J., A. Rodriguez-Palmero, T. Pindés, A. Accarino, A.L.
Andreu, G. Pintos-Morell, and R. Martii. 2011. A novel nonstop muta-
tion in TYMP does not induce nonstop mRNA decay in a MNGIE patient
with severe neuropathy. Hum. Mutat. 32:E2061-E2068. http://dx.doi
.org/10.1002/humu.21447

Tsuboi, T., K. Kuroha, K. Kudo, S. Makino, E. Inoue, I. Kashima, and T. Inada.
2012. Dom34:hbs1 plays a general role in quality-control systems by dis-
sociation of a stalled ribosome at the 3" end of aberrant mRNA. Mol.
Cell. 46:518-529. http://dx.doi.org/10.1016/j.molcel.2012.03.013

Turner, G.C., and A. Varshavsky. 2000. Detecting and measuring cotransla-
tional protein degradation in vivo. Science. 289:2117-2120. http://dx.doi
.org/10.1126/science.289.5487.2117

Vabulas, R.M., and F.U. Hartl. 2005. Protein synthesis upon acute nutrient re-
striction relies on proteasome function. Science. 310:1960-1963. http://
dx.doi.org/10.1126/science.1121925

van den Elzen, A.M., J. Henri, N. Lazar, M.E. Gas, D. Durand, E. Lacroute, M.
Nicaise, H. van Tilbeurgh, B. Séraphin, and M. Graille. 2010. Dissection
of Dom34-Hbs! reveals independent functions in two RNA quality
control pathways. Nat. Struct. Mol. Biol. 17:1446-1452. http://dx.doi
.org/10.1038/nsmb.1963

van Hoof, A. 2005. Conserved functions of yeast genes support the duplication,
degeneration and complementation model for gene duplication. Genetics.
171:1455-1461. http://dx.doi.org/10.1534/genetics.105.044057

van Hoof, A., R.R. Staples, R.E. Baker, and R. Parker. 2000. Function of the ski4p
(Csl4p) and Ski7p proteins in 3’-to-5" degradation of mRNA. Mol. Cell. Biol.
20:8230-8243. http://dx.doi.org/10.1128/MCB.20.21.8230-8243.2000

vanHoof,A.,P.A.Frischmeyer,H.C.Dietz,andR. Parker.2002. Exosome-mediated
recognition and degradation of mRNAs lacking a termination codon.
Science. 295:2262-2264. http://dx.doi.org/10.1126/science.1067272

Verma, R., R.S. Oania, N.J. Kolawa, and R.J. Deshaies. 2013. Cdc48/p97 pro-
motes degradation of aberrant nascent polypeptides bound to the ribo-
some. Elife. 2:¢00308. http://dx.doi.org/10.7554/eLife.00308

Wang, F., L.A. Durfee, and J.M. Huibregtse. 2013. A cotranslational ubiqui-
tination pathway for quality control of misfolded proteins. Mol. Cell.
50:368-378. http://dx.doi.org/10.1016/j.molcel.2013.03.009

Wilson, M.A., S. Meaux, and A. van Hoof. 2007. A genomic screen in yeast
reveals novel aspects of nonstop mRNA metabolism. Genetics. 177:773—
784. http://dx.doi.org/10.1534/genetics.107.073205

Wilusz, J.E., JM. Whipple, EMM. Phizicky, and P.A. Sharp. 2011. tRNAs
marked with CCACCA are targeted for degradation. Science. 334:817—
821. http://dx.doi.org/10.1126/science.1213671

Yadavalli, S.S., and M. Ibba. 2012. Quality control in aminoacyl-tRNA synthesis
its role in translational fidelity. Adv Protein Chem Struct Biol. 86:1-43.
http://dx.doi.org/10.1016/B978-0-12-386497-0.00001-3

Yewdell, JW., and C.V. Nicchitta. 2006. The DRiP hypothesis decennial: sup-
port, controversy, refinement and extension. Trends Immunol. 27:368—
373. http://dx.doi.org/10.1016/].it.2006.06.008

Zaher, H.S., and R. Green. 2009. Fidelity at the molecular level: lessons
from protein synthesis. Cell. 136:746-762. http://dx.doi.org/10.1016/
j.cell.2009.01.036


http://dx.doi.org/10.1016/j.molcel.2013.04.015
http://dx.doi.org/10.1073/pnas.1113956108
http://dx.doi.org/10.1073/pnas.1113956108
http://dx.doi.org/10.1038/nsmb.2301
http://dx.doi.org/10.1126/science.1192430
http://dx.doi.org/10.1016/j.molcel.2007.06.030
http://dx.doi.org/10.1371/journal.pbio.0060111
http://dx.doi.org/10.1371/journal.pbio.0060111
http://dx.doi.org/10.1016/j.cell.2012.04.044
http://dx.doi.org/10.1016/j.molcel.2009.05.008
http://dx.doi.org/10.1016/j.molcel.2009.05.008
http://dx.doi.org/10.1002/humu.21447
http://dx.doi.org/10.1002/humu.21447
http://dx.doi.org/10.1016/j.molcel.2012.03.013
http://dx.doi.org/10.1126/science.289.5487.2117
http://dx.doi.org/10.1126/science.289.5487.2117
http://dx.doi.org/10.1126/science.1121925
http://dx.doi.org/10.1126/science.1121925
http://dx.doi.org/10.1038/nsmb.1963
http://dx.doi.org/10.1038/nsmb.1963
http://dx.doi.org/10.1534/genetics.105.044057
http://dx.doi.org/10.1128/MCB.20.21.8230-8243.2000
http://dx.doi.org/10.1126/science.1067272
http://dx.doi.org/10.7554/eLife.00308
http://dx.doi.org/10.1016/j.molcel.2013.03.009
http://dx.doi.org/10.1534/genetics.107.073205
http://dx.doi.org/10.1126/science.1213671
http://dx.doi.org/10.1016/B978-0-12-386497-0.00001-3
http://dx.doi.org/10.1016/j.it.2006.06.008
http://dx.doi.org/10.1016/j.cell.2009.01.036
http://dx.doi.org/10.1016/j.cell.2009.01.036
http://dx.doi.org/10.1111/gtc.12106
http://dx.doi.org/10.1016/j.tibs.2008.06.001
http://dx.doi.org/10.1261/rna.46306
http://dx.doi.org/10.1261/rna.46306
http://dx.doi.org/10.1016/j.molcel.2007.10.031
http://dx.doi.org/10.1038/ng1429
http://dx.doi.org/10.1016/S1097-2765(03)00190-4
http://dx.doi.org/10.1146/annurev.biochem.75.103004.142733
http://dx.doi.org/10.1146/annurev.biochem.75.103004.142733
http://dx.doi.org/10.1038/370578a0
http://dx.doi.org/10.1038/370578a0
http://dx.doi.org/10.1091/mbc.10.11.3971
http://dx.doi.org/10.1111/j.1365-2958.2011.07957.x
http://dx.doi.org/10.1111/j.1365-2958.2011.07957.x
http://dx.doi.org/10.1534/genetics.108.095422
http://dx.doi.org/10.1534/genetics.108.095422
http://dx.doi.org/10.1091/mbc.E09-01-0028
http://dx.doi.org/10.1091/mbc.E09-01-0028
http://dx.doi.org/10.1016/j.molcel.2013.01.020
http://dx.doi.org/10.1016/j.molcel.2013.01.020
http://dx.doi.org/10.1038/emboj.2011.93
http://dx.doi.org/10.1101/gad.7.10.1885
http://dx.doi.org/10.1101/gad.7.10.1885
http://dx.doi.org/10.1016/j.ceb.2009.02.007
http://dx.doi.org/10.1016/j.sbi.2007.03.012
http://dx.doi.org/10.1016/j.sbi.2007.03.012
http://dx.doi.org/10.1074/jbc.M112.448977
http://dx.doi.org/10.1016/j.molcel.2008.07.005
http://dx.doi.org/10.1073/pnas.1013180108
http://dx.doi.org/10.1073/pnas.1013180108
http://dx.doi.org/10.1038/35008096
http://dx.doi.org/10.1038/35008096
http://dx.doi.org/10.1016/j.bbagrm.2013.02.005



