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ABSTRACT
The primary function of ribosomes is to decode mRNAs into polypeptide chains; however, this description
is overly simplistic. Accumulating evidence shows that ribosomes themselves can affect the relative
efficiency with which various mRNAs are translated and indicates that these effects can be modulated by
ribosome heterogeneity. The notion that ribosomes have regulatory capabilities was elaborated more
than a decade ago in the ribosome filter hypothesis. Various lines of evidence support this idea and have
shown that the translation of some mRNAs is affected by discrete binding interactions with rRNA or
ribosomal proteins. Recent work from our laboratory has demonstrated that base-pairing of the Hepatitis
C Virus (HCV) internal ribosome entry site (IRES) to 18S rRNA is required for IRES function, but only in the
context of more complex ribosomal interactions. The HCV IRES provides an example of the ribosome filter
that involves multiple binding interactions between mRNAs and ribosomal subunits.
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Introduction

Protein synthesis is one of the most fundamental biological pro-
cesses and has been highly conserved through evolution. Ribo-
somes have a central role in this process, functioning as peptidyl
transferases that coordinate mRNAs with aminoacyl-tRNAs to
decode mRNA coding regions into polypeptides. Ribosomes also
appear to have important regulatory capabilities; however, until
recently the ability of ribosomes to differentially affect mRNA
translation had been essentially overlooked. Perhaps this oversight
was due to the enormity and importance of the ribosome’s primary
function in peptide synthesis. Alternatively, as suggested byWoese,
it may be that many scientists considered the problem of protein
synthesis to be solved when it was understood how the genetic
code contained withinmRNA is translated into protein.1,2

The ribosome filter hypothesis suggests that ribosomes can
regulate the translation of particular sets of mRNAs through
specific interactions with mRNAs.3 Ribosome heterogeneity
provides a mechanism for modulating these interactions by
altering rRNA accessibility or ribosomal protein composition.
Since 2002, support for this model has increased; see refs.4-6 In
this article, we briefly discuss the ribosome filter hypothesis
and critically review some exciting new studies that give addi-
tional credence to the notion of ribosomal regulation. In addi-
tion, we discuss the mechanism used by the HCV IRES to
recruit ribosomes and initiate translation as an example of ribo-
somal regulation that requires binding to multiple sites of the
40S ribosomal subunit.

The ribosome filter hypothesis

The filter hypothesis is based on various observations in the lit-
erature and early studies from one of the authors (VM). These
early studies investigated changes in gene expression affected

by interactions between brain cells, and between brain cells and
extracellular matrix (ECM).7,8 The results indicated that cell
adhesion affects the expression of various mRNAs, including
those encoding cell-adhesion molecules. Two unexpected
observations of these studies were the identification of sequen-
ces within mRNAs that resemble rRNA, in both sense and anti-
sense orientations, and the different levels of accumulation of
various mRNAs encoding ribosomal proteins.9 The identifica-
tion of rRNA-like sequences within mRNAs suggested potential
interactions with ribosomes or ribosomal proteins. At the time,
the significance of these rRNA-like sequences was unclear, par-
ticularly because mRNA-rRNA base pairing was thought to be
restricted to bacteria.10 The differential enrichment of mRNAs
encoding ribosomal proteins suggested that the composition of
ribosomes might change under different conditions or in differ-
ent cell types. A review of the literature for evidence of ribo-
some heterogeneity revealed numerous studies showing
differences in both protein composition and rRNA. Reports of
ribosomal protein heterogeneity date back more than 40 years.
However, technical limitations associated with ribosome purifi-
cation methods cast doubt on many of these studies.11 Perhaps
as a consequence of criticism, very few studies of this type were
published for several years following. Indeed, a timeline of the
numbers of scientific publications addressing ‘ribosome hetero-
geneity’ since 1969 has a U-shaped distribution; see Fig. 1 of
ref.12 Interestingly, the literature has also revealed that muta-
tions in the genes encoding various ribosomal proteins often
give rise to very specific effects rather than effects consistent
with global defects in translation, as might be expected from
ribosomal haploinsufficiency.13

The ribosome filter hypothesis was formulated to explain
these various observations.3,4 As originally postulated, the main
tenet of this hypothesis is that the ribosome is a regulatory
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structure that embodies mechanisms for preferentially translat-
ing different subsets of the message population. Mechanisms
by which ribosomes were postulated to affect translation
include specific interactions between rRNA or ribosomal pro-
teins and cis-regulatory sequences in mRNAs. The hypothesis
also postulates that ribosomes may display a continuum of reg-
ulatory effects; competition for binding sites in ribosomal subu-
nits may affect the rate of translation of different mRNAs, and
the filter may be modulated as a result of altering or masking
particular binding sites on ribosomes. This modulation of the
accessibility of various binding sites may be affected for exam-
ple, by ribosome heterogeneity. However, ribosome heteroge-
neity is not required for the filter mechanism.

Testing the hypothesis

Evidence for mRNA-ribosomal subunit interactions includes
binding and cross-linking studies which can demonstrate spe-
cific interactions between mRNA sequence elements and ribo-
somal components. Functional data demonstrating an effect on
translation requires different types of experiments depending
on whether the mRNA-ribosomal interaction involves rRNA
or protein.

Functional evidence for mRNA-rRNA base pairing requires
genetic testing that includes mutation of both RNAs. Mutation
of the complementary sequence in either the mRNA or rRNA

should disrupt translation and compensatory mutations in the
other RNA—which restore complementarity—should restore
translation. With suitable controls, e.g. to show that the
mutated rRNAs are incorporated into functional subunits, this
type of analysis can provide compelling evidence for a base
pairing interaction. This type of analysis was used to establish
the Shine-Dalgarno interaction in bacteria.14 To enable compa-
rable testing in eukaryotes, we have developed yeast and mam-
malian 18S rRNA expression systems.15,16 The yeast expression
system was used to confirm the requirement for a specific base-
pairing sequence interaction between 18S rRNA and a short
sequence element in the 5’ leader of the Gtx homeodomain
mRNA, which functions as an IRES, a translation enhancing
element (TEE), and a ribosomal shunt site.17,18 This system was
also used to establish the requirement for an mRNA-rRNA
base pairing interaction during translation reinitiation of an
overlapping cistron in Calicivirus.19 More recently, the mam-
malian expression system has been used to establish the
requirement for a specific base-pairing interaction between
HCV IRES and 18S rRNA; discussed below and see ref.20 A
potential limitation of genetic analyses of mRNA-rRNA base
pairing is the susceptibility of the ribosome to various point
mutations in 18S rRNA, some of which can completely disrupt
subunit formation or lead to altered ribosomal activity.

Compared to an mRNA-rRNA interaction, it is significantly
more difficult to obtain convincing functional evidence for an
mRNA-ribosome interaction that involves binding to a ribo-
somal protein. The problem is that numerous ribosomal pro-
teins are found outside of ribosomal subunits and many have
extraribosomal activities that can complicate the analysis.21 In
addition, it is difficult to differentiate between a direct ribo-
somal effect and a secondary effect, e.g., via the altered expres-
sion of other proteins or mRNAs. One way to test a putative
mRNA-ribosomal protein interaction is to perform a cell-free
reconstitution experiment using ribosomal subunits isolated
from different sources. In these experiments, the ribosomal
subunits are the only variable. All other variables remain con-
stant, including the mRNA population. However, these types of
experiments can be technically challenging. For example, ribo-
some heterogeneity is not necessarily restricted to differences
in ribosomal subunits obtained from different cell types, but
may also occur between subunits from a single cell source. In
addition, other sources of ribosomal heterogeneity, i.e. inde-
pendent of the ribosomal protein of interest, may arise and dif-
ferentially affect translation because ribosomes from different
sources co-purify with different non-ribosomal proteins or
RNAs that are tightly associated with the subunits.

An example of a cell-free reconstitution study to assess the
effects of rRNA pseudouridylation was performed by Penzo
et al.,22 In this study, the authors showed that ribosomes puri-
fied from dyskerin-depleted human cells translated some IRES-
containing mRNAs with different relative efficiencies compared
to ribosomes purified from control cells.

Chicer recently published a method for performing an
extensive/deep proteomic analysis of purified 48S and 80S
mRNA-ribosome complexes assembled in a cell-free lysate,
which provides a potential approach for overcoming some
of the limitations of reconstitution experiments.23 This
approach can be applied to different cell lysates to assess

Figure 1. Multiple contact points between HCV IRES and 40S ribosomal subunit.
Schematic diagram of the secondary structure of HCV 50 UTR. Four distinct
domains (I-IV) are labeled along with subdomains of IIa-b and IIIa-f. The IRES
regions that were identified to interact with various components of 40S subunit by
CryoEM analysis are indicated with color-coded dots: rpS5 (uS7; green), rpS25
(blue), rpS27 (yellow), rpS1e (cyan) and 18S rRNA helix 26 (red).40,54. Additional
nucleotides 70-74 and 84-91 of HCV IRES are predicted to make contact with
rpS5.39
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whether specific mRNAs form ribosomal complexes
enriched for, or restricted to, ribosomal subunits that con-
tain or lack a particular ribosomal protein. This method
can be further applied to the reconstitution studies dis-
cussed above, in which a ribosome-free cell lysate is recon-
stituted with ribosomal subunits from different sources. In
addition, by mixing ribosomal subunits purified from differ-
ent sources, it may be possible to assess both specificity and
competition. A limitation of the Chicer approach is that the
analysis uses in vitro transcribed templates, which may dif-
fer significantly from mRNAs transcribed in a nucleus in
vivo—in conformation, associated factors, and translation
properties. Nevertheless, this analysis enables a level of
analysis of ribosomal protein-mediated ribosomal filtering
that has not yet been possible.

Terminology

Terms used to describe ribosomes as regulatory elements
include ribosome filter, ribosome code, and specialized ribo-
somes. The authors suggest that ’ribosome filter’ may be a
more appropriate term as it is analogous to other types of fil-
ters, e.g. membranes that physically block some objects while
letting others through, or electronic filters that enhance certain
signals and reduce others. In the case of a ribosomal filter, non-
canonical interactions with ribosomes are postulated to
enhance the translation of some mRNAs in the population and
decrease the translation of others. This regulation is hypothe-
sized to be an intrinsic property of ribosomes that can be mod-
ulated by ribosomal heterogeneity.

The ribosome code has been suggested as an analogy to the
histone code, which postulates that transcription is affected by
modifications to histone proteins. However, because the his-
tone code functions at the DNA level and does not involve
RNA polymerase modifications, it may be more analogous to
the ribonome, which consists of RNAs and their associated reg-
ulatory factors.24

By contrast with the terms ribosome filter and ribosome
code, which both seek to describe how ribosomes modulate
the translation of populations of mRNAs, the term special-
ized ribosome infers a higher degree of specificity. In addi-
tion, confusion may arise because the same term has been
used to describe synthetic ribosomes in which the rRNA
has been engineered for extreme mRNA specificity. For
example, see ref.14

Ribosomal regulation mediated by rRNA

rRNA is a source of ribosome heterogeneity that can arise
either from differences in primary sequence or post-transcrip-
tional modifications. Examples of regulation are predominantly
at the recruitment step of initiation, but there is also evidence
that mRNA-rRNA interactions can specifically affect ribosomal
movement to the initiation codon and during translation reini-
tiation.18,19 Some recent examples of ribosomal regulation that
involve rRNA include effects of rRNA methylation and
mRNA-rRNA interactions that reduce ribosomal movement
during elongation.

rRNA methylation

Schosserer et al., (2015) performed a genome-wide transcrip-
tional profiling study in order to identify genetic regulators of
aging.25 They identified the NSUN5 mRNA (RCM1 in yeast),
which encodes a methyltransferase that is differentially regu-
lated in various human and yeast aging models. Using yeast,
worm, and fly model systems, they showed that down-regula-
tion of this methyltransferase—using RNAi in Drosophila mela-
nogaster and Caenorhabditis elegans—led to an increase in
mean lifespan. In addition, knockout of this gene in Saccharo-
myces cerevisiae led to an increase in chronological lifespan. By
contrast, overexpression of the methyltransferase significantly
reduced lifespan in flies. In yeast knock-out cells, it was shown
that this enzyme is necessary and sufficient for methylating
nucleotide C2278 of 25S rRNA. The effect of the methylated
nucleotide on lifespan was tested in yeast strains in which all of
the rDNA repeats were deleted. Strains were complemented
with plasmids that expressed either the wild-type rRNAs or a
mutated 25S rRNA with a C2278G mutation that cannot be
methylated. These studies showed that the strain with the
C2278G mutation had a significantly extended chronological
lifespan, demonstrating that this single nucleotide modification
could account for the observed lifespan extension. By compar-
ing wild-type and rcm-1-knockout cells under different oxida-
tive stress conditions, the authors showed that the methylation
status of C2278 causes the recruitment of a different set of
mRNAs from the mRNA population. In stressed wild-type and
unstressed rcm1 knockout cells, translation of stress-responsive
mRNAs was increased. This study indicates that methylation at
C2278 is the basis for a ‘specialized’ subpopulation.

mRNA-rRNA interactions facilitate ribosomal pausing
during elongation

A study from the Weissman lab shows that the concept of ribo-
somal regulation is not limited to effects on translation initia-
tion, but that bacterial ribosomes can also direct sites of
ribosomal pausing during elongation.26 This study used ribo-
some profiling to identify mRNA sequences protected by ribo-
somes during elongation. For this analysis, elongation was
blocked and ribosome protected fragments were analyzed by
deep sequencing. By mapping the protected sequences onto
mRNAs, the authors were able to identify sites with high ribo-
some density. They found little correlation between these ribo-
somal pause sites and the abundance of corresponding tRNAs.
However, sequence analysis identified features found in Shine-
Dalgarno sequences. They directly tested the notion that Shine-
Dalgarno-like sequences can lead to ribosomal pausing by
using an orthogonal ribosome system; these recombinant ribo-
somes do not contain the anti-Shine Dalgarno sequence, but
contain a different ribosome binding site. These ribosomes
only translate mRNAs with a corresponding orthogonal ribo-
some binding site. Using this system, the authors looked at
ribosome occupancy of the lacZ mRNA translated by wild type
or orthogonal ribosomes. The results showed that the ribosome
occupancy profile was related to Shine-Dalgarno-like features
when the mRNA was translated by wild-type ribosomes. How-
ever, when this same mRNA was translated exclusively by
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orthogonal ribosomes, the ribosome occupancy profile was very
different and correlated with orthogonal-ribosome binding site
features.

Ribosomal proteins

Ribosomal protein heterogeneity

Ribosome heterogeneity arising from differences in ribosomal
protein composition is postulated to be a mechanism by which
ribosomal regulation is modulated. Evidence from various
sources continue to provide examples of heterogeneity.12 In
addition, regulation of translation by ribosomes has been impli-
cated in various systems and across kingdoms, based on differ-
ent levels of evidence. For example, see refs.27-30 Some recent
studies of ribosomal regulation mediated by specific ribosomal
proteins are discussed below.

Ribosomal protein rpL38 and Hox mRNAs

Xue et at., (2015) have identified IRES-elements in the 5’ lead-
ers of HoxmRNAs that appear to be capable of directly mediat-
ing 80S ribosome formation.31 For the Hoxa9 IRES, normalized
activity is decreased by �20% by disruption of a chromosomal
copy of the rpL38 gene that decreases rpL38 expression by
40%. The expression directed by the Hoxa4, Hoxa5, and Hoxa9
5’ leaders were similarly affected. This effect appears to be spe-
cific because the cap-dependent translation of a reporter gene
and the translation initiating from the HCV IRES were not
affected. This study suggests that ribosomal specificity results
from a direct interaction between rpL38 and sequence elements
in the 5’ leaders of some Hox mRNAs. RNA pull down experi-
ments showed that the Hoxa9 5’ leader, as well as the minimal
mRNA element were able to pull down ribosomal proteins
from both subunits, including rpL38. However, it remains to be
demonstrated that rpL38’s effects are not extraribosomal and
that binding of the IRES-element to 60S subunits is restricted
to ribosomal subunits that contain rpL38.

RpL40 and translation of vesicular stomatitis virus (VSV)
mRNAs

Lee et al., (2013) provide a nice example of the ribosome filter
in their analysis of VSV mRNAs.32 Translation of VSV mRNAs
occurs efficiently despite host shutoff induced by the virus.
VSV mRNAs are structurally indistinguishable from cellular
mRNAs, and it was not obvious why these mRNAs are prefer-
entially translated. To begin to address this question, Lee and
colleagues performed an siRNA screen of ribosomal proteins.
As expected, most of the ribosomal proteins (t=61) are required
for cell viability. Another set are not required for cell viability
or VSV infection (t=16). However, 8 ribosomal proteins were
identified which are specifically required for VSV infection, but
not cell viability. One of these, rpL40, had a large effect on virus
(vs host) translation and was chosen for further analysis. Exten-
sive control experiments confirmed the requirement of rpL40
for virus mRNA translation, showed that ribosome biogenesis
and maturation were not affected by rpL40 depletion, and
established that the effects on translation were not due to a

reduction in the pool of cytoplasmic ribosomes. In addition, it
was confirmed that the effects of rpL40 depletion were specific
to the virus and did not seem to affect bulk cellular translation
or translation driven by the cricket paralysis virus IRES or the
poliovirus IRES. Polysome analysis also showed that depletion
of rpL40 completely abolished polysome formation on VSV
mRNAs, but not on a cellular mRNA (b-actin). To establish
that the effects of rpL40 are not extraribosomal, and not a con-
sequence of other potential variables related to virus infection,
in vitro translation assays were performed using yeast cyto-
plasmic extracts. These extracts were prepared from a strain
that had both rpL40 paralogs deleted and contained an induc-
ible rpL40. A reporter Renilla luciferase mRNA and an rVSV-
Luc mRNA fusion mRNA were translated in lysates containing
or lacking rpL40A. The results showed that the reporter mRNA
was similarly translated in both lysates, but the rVSV-Luc
mRNA was only translated in the lysate lacking rpL40. To
address whether rpL40 affects translation as a ribosomal com-
ponent or through extraribosomal effects, the polysomal distri-
bution of this ribosomal protein was monitored by polysome
analysis. The results showed that rpL40 was only detected in
60S, 80S, and polysome fractions. There was no detectable
rpL40 in extraribosomal fractions. By using the cell-free system,
the authors were able to identify a subset of the mRNA popula-
tion (�7%) that require rpL40 for polysome association. These
mRNAs included stress-response mRNAs.

Non-ribosomal proteins

In addition to heterogeneity in ribosomal proteins and rRNAs,
there are also examples of ribosome heterogeneity that involve
non-ribosomal proteins which can affect the translation of sub-
sets of mRNAs, without altering global translation. Non-ribo-
somal proteins include reaper and RACK1, which have been
discussed previously.4 Another example is glycogen synthase 1
(GYS1), an enzyme involved in glycogen biosynthesis. This
protein was identified in a proteomic analysis of HeLa ribo-
somes designed to identify non-ribosomal proteins associated
with ribosomal subunits.33 The phosphorylated form of GLY1
was found to be preferentially associated with the 60S ribo-
somal subunit of elongating ribosomes. These studies showed
that depletion of GYS1 did not significantly affect protein syn-
thesis, but altered the expression of a subset of mRNAs. The
authors suggested that GYS1 provides a mechanism to link the
energy state of cells to translation.

HCV IRES: ribosome regulation mediated by multiple
binding sites

The HCV IRES provides a strong case supporting ribosomal
regulation due to its unique and well-established interaction
with the ribosome, through which binary complex formation is
achieved without the help of translation factors.34-36 The 50
�340 nucleotides of the HCV RNA encompasses the untrans-
lated region with 4 highly structured and distinct domains (I-
IV; Fig. 1) where the last 3 domains (II-IV) comprise the IRES.
An early cryo-electron microscopy (cryo-EM) structure study
on the binary complex revealed that the IRES is bound as an
extended form on the solvent side of the 40S subunit, making
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multiple contacts.37 Consistent with this observation, multiple
domains of the IRES were protected from RNaseT1 digestion
when bound with 40S subunits.35,36,38

Initial interaction of 40S subunit with domain III of HCV
IRES

Various studies using methods including cryoEM, crosslinking,
and fluorescent protein modification have reported that many
ribosomal proteins (including rpS5 (uS7), S25, S27, S1e (S3A),
S26, S28 and many others) as well as 18S rRNA serve as contact
points on the 40S subunit to interact with the domains of the
IRES.34,37,39-47 However, not all of the ribosomal constituents
reported in these studies are required for the initial binary com-
plex formation. A filter binding study with purified 40S subu-
nits revealed that domains II, IV, and subdomain IIIb are
dispensable for efficient binary complex formation, whereas
deletion of subdomain IIIabc or mutation of subdomain IIId/
IIIe abolished complex formation by orders of magnitude.36

Therefore, domain III (except subdomain IIIb) is essential for
the initial binary complex formation. A recent high-resolution
cryoEM structure showed that the domain III subdomains
(IIIa-e except IIIb) interact with rpS1e, S27 and helix 26 of 18S
rRNA. See.40 It is intriguing that all 3 ribosomal components
interact with the loop of IRES domain IIId, which therefore,
can be a pivotal binding site for the 40S subunit.

Among these proposed interactions, the most studied and
supported is the interaction between the apical loop of HCV
IRES domain IIId and helix 26 of 18S rRNA. First highlighted
in a cryoEM study,41 this interaction and its importance in the
binary complex formation are supported by the following bio-
chemical and functional evidence: chemical/enzymatic protec-
tion on each apical loop of the 2 molecules was observed when
the binary complex is formed.35,36,46,48 Substitution mutations
of the tri-guanine stretch at the apical loop of subdomain IIId
of HCV IRES led to drastic reduction of the binding affinity
with purified 40S subunits,36,49 and to severely compromised
IRES activity as a functional consequence in vitro as well as in
cells.35,49-52

Recently, our laboratory demonstrated that the RNA-RNA
interaction involves G:C base-pairing between tri-nucleotides
of each apical loop. We showed that mutations in the IIId api-
cal loop of the HCV IRES, which disrupt activity, can be func-
tionally rescued in cells expressing a synthetic 18S rRNA with
compensatory mutations in helix 26.20 These mutations in 18S
rRNA allow restoration of the full Watson-Crick base-pairing
interaction. Importantly, the 18S rRNA mutations seem to spe-
cifically affect the HCV IRES as no significant changes were
observed on translation mediated by either the 50-cap-structure
or other viral IRESes. Ribosomes that incorporated the 18S
rRNA mutations were distributed in polysome fractions in a
very similar manner as endogenous ribosomes. The base-pair-
ing interaction is also supported by phylogenetic evidence:
HCV-like IRESes can be found in some genera of Flaviviridiade
and Picornaviridae and strict conservation has been observed in
the trinucleotide stretch of the apical loop of IRES domain IIId,
as well as in the apical loop sequence in helix 26 of 18S rRNA
from the virus hosts.53 These findings are supported by a recent
cryo-EM study, which reveals the Watson-Crick kissing-loop

interaction between the IIId domain of the HCV IRES and
helix 26 of 18S rRNA at 3.9A

�
resolution.54 This study suggests

that this interaction, together with interactions between IRES
domain IIIe and adjacent bases in helix 26 serve as the central
anchor point for this IRES on the 40S subunit.

This essential interaction via mRNA-rRNA base-pairing is a
part of the overall binding lattice of IRES and 40S subunit,
which additionally includes the contacts mediated via the
aforementioned ribosomal proteins, rpS1e and rpS27. These
ribosomal proteins are positioned close to each other on the
40S subunit by sandwiching helix 26 of 18SrRNA. In fluores-
cent probing studies, it was shown that upon binding of
HCV IRES, fluorescent labeling on both rpS1e and S27 was
reduced, strongly supporting their involvement in the physical
interaction.55

Ribosomal protein rpS1e was detected by crosslinking stud-
ies using HCV IRES carrying a reactive group at domains IIIe
and IIId.44,47 In the 40S subunit, rpS1e is closely situated
according to the cryoEM structure mapping.40 Consistently, a
set of mutations in IIIe resulted in reduced binding affinity to
40S subunits,36,56 which is correlated with debilitated IRES
activity.36,57,58

Ribosomal protein rpS27 was initially identified as one of
many ribosomal proteins cross-linked to 4-thiouridine-con-
taining HCV IRES RNA.43 Recent cryoEM modeling predicts
that rpS27 interacts with apical loops of IRES domain IIIa, IIIc
and IIId.40 However, HCV IRES RNA lacking IIIabc was still
able to crosslink to rpS27, albeit with reduced efficiency.43 Con-
sistent with this observation, the consequence of individual
mutations of the apical loop of IIIa and IIIc were much less
severe in reducing 40S binding affinity than mutation of the
crucial tri-guanine resides.36 These results suggest that the indi-
vidual binding site (IIIa, IIIb and IIId) retains its own binding
capability to some extent. Recently, a frameshift mutation in
rpS27 was reported in patients with Diamond-Blackfan anemia,
which is a well-known ribosomopathy associated with muta-
tions in numerous ribosomal protein genes.59

Ribosomal interactions with HCV IRES following 40S
recruitment

Although not involved in the initial binary complex formation,
HCV IRES domain II is required for 80S formation.49,60

Domain II appears to make contact around the E-site and to
induce a conformational change of the head/body rotational
orientation and the platform domain of the 40S subunit.37

Moreover, selective hydroxyl acylation analyzed by primer
extension (SHAPE) has shown that IIb is responsible for induc-
ing unfolding of IRES domain IV and setting at the decoding
groove of the subunit.61 HCV IRES domain IIb was demon-
strated to interact with 40S subunit via at least 2 ribosomal pro-
teins, rpS5 and rpS25.

The interaction between IIb and rpS5 is supported by cross-
linking studies and cryoEM structure modeling.39,44,45 siRNA
knockdown of rpS5 in Huh7 cells or addition of anti-rpS5S
antibody in cell-free lysates resulted in a significant reduction
of translation mediated by HCV-IRES over cap-dependent
translation.62
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Situated near the top of the 40S subunit head and closely
positioned with rpS5, rpS25 presents rather unique characteris-
tics inasmuch as it is required not only in translation mediated
by HCV IRES, but in translation mediated by a diverse range
of IRESes of virus- and cellular-origins.63 Ribosomal protein
rpS25 assembled on an active ribosome was recently demon-
strated to interact with HCV IRES domain II by FRET analy-
sis.64 The functional effect of this interaction to HCV IRES-
dependent translation was demonstrated by siRNA knockdown
of rpS25 as well as in rpS25-KO cells, both of which showed
drastic and specific reduction of HCV IRES-dependent transla-
tion over 50-cap mediated translation of a reporter gene.64,65

The interaction between the HCV IRES and 40S ribosomal
subunits is illustrated as supporting evidence for the ribosome
filter hypothesis by showing the ribosome as a regulatory struc-
ture exemplifying mechanisms for differential translation via
specific interactions between rRNA or ribosomal proteins and
cis-regulatory sequences in mRNAs. The interaction of the
HCV IRES with 40S ribosomal subunits is based on compiling
evidence showing the importance of specific components in the
40S subunit for making physical and functional contact with
the IRES. In particular, the triple guanine sequence at the apical
loop of helix 26 of 18S rRNA, rpS5, and rpS25; these are the 40S
constituents with distinctive contributions to HCV IRES-medi-
ated translation, but not to translation mediated by the 50-cap
structure. As with rpS25, the specific interactions of the apical
loop of 18S rRNA and rpS5 may affect the translation of other
mRNAs beyond HCV RNA, and contribute to the complex and
dynamic regulation of translation imposed by ribosomes.
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