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Abstract

The ribosome has recently transitioned from being viewed as a passive, indiscriminate machine to
a more dynamic macromolecular complex with specialized roles in the cell. Here, we discuss the
historical milestones from the discovery of the ribosome itself to how this ancient machinery has
gained newfound appreciation as a more regulatory participant in the central dogma of gene
expression. The first emerging examples of direct changes in ribosome composition at the RNA
and protein level, coupled with an increased awareness of the role individual ribosomal
components play in the translation of specific mMRNAs, is opening a new field of study centered on
ribosome-mediated control of gene regulation. In this Perspective, we discuss our current
understanding of the known functions for ribosome heterogeneity including specialized translation
of individual transcripts and its implications for the regulation and expression of important gene
regulatory networks. In addition, we suggest what the crucial next steps are to ascertain the extent
of ribosome heterogeneity and specialization and its importance for regulation of the proteome
within subcellular space, across different cell types, and during multi-cellular organismal
development.

Article Summary

The ribosome, while previously viewed as a homogenous and indiscriminate machine, has recently
been recognized to play a central role in the regulation of gene expression. In this Perspective, we
discuss ribosome heterogeneity, where ribosomes of distinct compositions may be present both
within cells and across tissues, and the functions of specific classes of ribosomes in translational
control.

A brief history of the ribosome and its heterogeneity or lack thereof

In the mid-1950s, future Nobel Prize winner George Palade became fascinated by “a small
particulate component of the cytoplasm” (Palade, 1955) (Figure 1). While examining the
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structure of the cell by electron microscopy, he noticed small, roughly spherical granules
both free-floating in the cytoplasm and associated with the endoplasmic reticulum (ER)
membrane. These “microsomes,” as the ER-bound granules were originally termed, were
determined to be composed of both protein and RNA and to be the sites of protein synthesis
in the cell (reviewed in (Palade, 1958)). Because of confusion in the field over whether
microsomes referred to just granules or also the ER lipid membrane, a new name was
suggested at a 1958 symposium of the Biophysical Society: “The phrase ‘microsomal
particles’ does not seem adequate, and ‘ribonucleoprotein particles of the microsome
fraction’ is much too awkward. During the meeting the word ‘ribosome’ was suggested: this
seems a very satisfactory name, and it has a pleasant sound” (Roberts, 1958).

Almost immediately subsequent to the discovery of the ribosome, several scientists
postulated that there may be diversity in ribosome composition. Palade noted small
differences in the size and shape of microsomes and suggested that there may be further
heterogeneity that couldn’t be seen with the current resolution of electron microscopy
(Palade, 1958). Perhaps the greatest proponent of ribosome heterogeneity in composition
and activity at that time was Francis Crick, who after his discovery of the structure of DNA
was eagerly discussing the genetic code with the RNA Tie Club, a private scientific social
group with twenty primary members—one for each amino acid—and up to four honorary
members—each designated by a nucleotide. In 1958 he sparked debate with his bold model
for the flow of genetic information known as the “one gene-one ribosome-one protein
hypothesis,” where each ribosome carries the genetic information required to encode a
single protein (Crick, 1958). This model suggested that the cell contains thousands of
distinct ribosomes, each tailored to the production of a single protein. However, this view
rapidly fell out of favor when further biochemical characterization of the ribosome did not
reveal pronounced differences in ribosomal rRNA (rRNA) size across individual ribosomes,
so Crick altered his model “to the idea that only part of the ribosomal RNA acts as a
template” (Crick and Brenner, 1959). However, work by Francois Jacob and Jacques Monod
on the kinetics of p-galactosidase synthesis led Crick and his fellow RNA Tie club member
Sydney Brenner to conclude that the template for protein synthesis is likely an unstable
“genetic RNA” that allows the ribosome to make “one protein at one moment, and a quite
different protein a few minutes later” (Brenner and Crick, 1960). In a series of elegant
experiments, Brenner, Jacob, and Matthew Meselson showed that in £. coli after
bacteriophage infection new RNA corresponding to the phage genome was synthesized, but
no new ribosomes were made (Brenner et al., 1961). The phage RNA made post-infection
associated with actively translating bacterial ribosomes that had been made prior to
infection, revealing that bacterial ribosomes are capable of synthesizing phage proteins,
leading to the conclusion that “ribosomes are non-specialized structures which synthesize, at
a given time, the protein dictated by the messenger they happen to contain.” In three short
years, the field had vacillated from the most extreme view of ribosome specialization—
where each protein is translated by a different type of ribosome—to the most extreme view
of ribosome homogeneity—where ribosomes are passive machines with no regulatory
function.

Over the next few decades, the idea that all ribosomes are exactly the same largely prevailed,
and is in fact a notion still prevalent in most modern biology textbooks. Any subsequent
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studies suggesting greater modularity in ribosome composition or activity, were met with
skepticism as differences in laboratory procedures made published results from one group
difficult to replicate by others, leading to confusion and a general disregard for proponents
of ribosome heterogeneity (reviewed in (Dinman, 2016; Shi and Barna, 2015; Xue and
Barna, 2012)). However, inklings of greater dynamics to ribosomes began to arise again in
the 1980s and 1990s, as studies in multiple diverse invertebrate model organisms observed
differential expression of individual ribosome components, albeit without a direct measure
of whether such changes actually produced mature ribosomes that were of a distinct
composition. For example, in the slime mold Dictyostelium discoideum, changes in the
modification of several ribosomal proteins (RPs) occurred during the transition from
unicellular growth to a multicellular body (Ramagopal, 1990). In Arabidopsis thaliana and
Brassica napus, where RPs typically have multiple paralogs due to genome duplication
events, RP paralogs are expressed in different regions of the plant (Weijers et al., 2001;
Whittle and Krochko, 2009; Williams and Sussex, 1995). Different rRNA sequences were
also identified in Plasmodium berghei, a parasite that causes malaria in rodents, at different
stages of its life cycle (Gunderson et al., 1987). Mutations in ribosomal components also
unexpectedly produced tissue-specific phenotypes in fruit flies (Kongsuwan et al., 1985;
Marygold et al., 2005), zebrafish and mice (reviewed in (Shi and Barna, 2015)), and in
human disease (Draptchinskaia et al., 1999). Additional studies suggested RP paralogue
specific differences in control of cell function in S. cerevisiae, although additional
moonlighting functions of RPs outside of the ribosome made such observations difficult to
attribute to selective changes in the ribosome itself (Komili et al., 2007; Ni and Snyder,
2001; Segev and Gerst, 2018). While these correlative findings were suggestive of possibly
greater regulation to the ribosome itself, it is only in the last few years where ribosome
heterogeneity and specialization has undergone a renaissance, with modern techniques
finally permitting the discovery of ribosomes with distinct compositions performing unique
cellular functions.

Structural heterogeneity of the ribosome

Evidence of physical ribosome heterogeneity has been technologically challenging to obtain.
Definitive determination of the stoichiometry of a macromolecular complex requires state-
of-the-art quantitative mass spectrometry measurements, ideally of all protein components.
Our lab recently measured the absolute abundance of 15 of the 80 core RPs in polysomes
(actively translating ribosomes) from mouse embryonic stem cells (MESCs) using selected
reaction monitoring (SRM) mass spectrometry, a technique where the abundance of a
peptide from the protein of interest is measured relative to a heavy-labeled peptide spiked-in
at a known concentration (Shi et al., 2017). Six of the 15 RPs measured were
substoichiometric, with four of those present on only 60-70% of polysomal ribosomes,
revealing for the first time that there are indeed actively translating ribosomes lacking at
least one core RP. While this is direct evidence of ribosome heterogeneity, it may only be
scratching the surface: the stoichiometry of the other 65 core RPs has yet to be quantified,
and even small changes in abundance could have large effects on translation given that
millions of ribosomes are present in a single mammalian cell. As this data is also from a
single cell type, there may be additional changes in ribosome composition across cell types.
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Proteomics methods have yet to be brought to bear on this question, but RNA-seq of RP
transcripts across mouse tissues (Kondrashov et al., 2011), human tissues (Guimaraes and
Zavolan, 2016; Gupta and Warner, 2014), human hematopoietic cell types (Guimaraes and
Zavolan, 2016), and human cancer cell lines (Guimaraes and Zavolan, 2016) suggests that
RPs have many more cell type-specific expression patterns than would be expected for a
machine deemed invariable across all cell types. However, more work at the protein level
and in particular at the level of the ribosome itself is required to confirm whether these
changes produce ribosomes which are heterogeneous, as RNA abundance may not correlate
with protein amount or incorporation into functional ribosomes.

Tissue-specific expression patterns are also frequently observed for the paralogs of core RPs
(Gupta and Warner, 2014; Wong et al., 2014). Unlike yeast or plants, where the majority of
RPs have paralogs due to genome duplications, only a handful of RPs have paralogs in
metazoans. As RP paralogs are highly homologous to each other, they are likely to compete
for the same position on the ribosome, suggesting that different paralogs could be swapped
out on the ribosome to varying degrees depending on the cell type. For some RPs, such as
RPL22/eL.22 and RPL22L/eL.22L in Drosophila, one paralog appears to be ubiquitous while
the other has tissue-specific expression (Kearse et al., 2017). In other cases, RP paralogs
actually appear to anti-correlate in expression, suggesting coordinate regulation of their
abundance on the ribosome. For instance, the paralog RPL3L/uL3L is most abundant at the
RNA level in the human heart and skeletal muscle; in those same tissues, the canonical RP
RPL3/uL3 mRNA is decreased in abundance relative to other regions of the body (Gupta
and Warner, 2014). In fact, in response to a hypertrophic stimulus, RPL3L/uL3 mRNA
abundance is decreased in skeletal muscle coordinately with an increase in RPL3/uL3
mRNA (Chaillou et al., 2014, 2016; Kirby et al., 2015). While the mechanism underlying
this regulation of RPL3/RPL3L levels is unknown, RP paralogs have been known to regulate
each other’s expression directly. For instance, RPL22/eL.22 destabilizes the transcript of its
paralog RPL22L.1/eL.22L 1 via direct binding to a stem loop in its MRNA (O’Leary et al.,
2013). Interestingly, GWAS studies have linked RPL3L/uL3 mutations to a remarkably
specific disease state leading to increased risk of atrial fibrillation, but the consequence of
these mutations on the relative activities of RPL3L/uL3L and RPL3/uL3 or on global
translation are yet to be determined (Thorolfsdottir et al., 2018).

In addition to the core RPs, many other proteins associate with the ribosome and may be
sources of heterogeneity. A recent study from our lab developed an affinity enrichment
methodology for ribosome isolation from mESCs and used mass spectrometry to identify the
“ribo-interactome,” which is comprised of hundreds of ribosomal associated proteins
(RAPs) that fall into diverse functional categories such as MRNA binding proteins, mMRNA/
tRNA modifiers, RNA helicases, as well as regulators of metabolism and cell cycle control
(Simsek et al., 2017). Intriguingly, one RAP, the glycolysis enzyme PKM2, was enriched on
ribosomes at the ER compared to ribosomes in the cytosol, revealing the existence of
subcellular ribosome heterogeneity within mESCs. Subcellular heterogeneity is an area
requiring further investigation not only in mESCs, but particularly in polarized cells with
localized translation like the intestinal epithelium (Moor et al., 2017) and neurons (reviewed
in (Jung et al., 2014)). Ribosomes are in fact located in the dendrites as well as the soma of
neurons, and another RAP, Fragile X mental retardation protein (FMRP), has been shown to
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localize to synaptosomal polysomes (Feng et al., 1997). What percentage of ribosomes
contain FMRP, and whether FMRP is particularly enriched on ribosomes in certain cellular
compartments is not yet established, but given FMRP’s known regulation of the translation
of transcripts associated with synaptic signaling (Chen et al., 2014; Darnell et al., 2011),
these findings suggest that FMRP could specialize ribosomes in key functional cellular
regions for the translation of particular mMRNAsS.

Ribosome heterogeneity is not unique to the protein components of the ribosome: it can also
occur at the level of rRNA. The mammalian ribosome contains four rRNAS, and each of
these are encoded by hundreds of copies of ribosomal DNA (rDNA) on multiple
chromosomes (Henderson et al., 1972; Little and Braaten, 1989; Stults et al., 2008). Because
of the large copy number and repetitive nature of these genes, reliable sequencing of these
loci has been technically challenging. Recent computational advances, however, have
improved mapping of sequencing reads to rDNA loci and have suggested extensive human
and mouse rRNA sequence variation both across and within individuals (Parks et al., 2018).
Intriguingly, many rRNA alleles have tissue-specific expression in mice (Arnheim and
Southern, 1977; Parks et al., 2018; Tseng et al., 2008), suggesting that rRNA variant usage
may be developmentally regulated. In fact, all 4 rRNAs have also been shown to change
from maternal to somatic ribosomes over the course of embryonic development in zebrafish
(Locati et al., 2017a, 2017b). While the functional consequences of this rRNA variation is
not yet established, /n sifico modeling has suggested that maternal and somatic rRNA
variants may preferentially bind different mMRNAs (Locati et al., 2017a), suggesting that
rRNA may play a direct role in the regulation of translation, initially proposed as the
ribosome filter hypothesis (Mauro and Edelman, 2002). In addition to mRNA selection,
rRNA variation may also specialize ribosomes for programmed frameshifting, as was
suggested for several yeast and Xengpus laevis rRNA alleles (Kiparisov et al., 2005). rRNA
is furthermore extensively modified, adding an additional layer of heterogeneity, as
described in other recent reviews on the topic (Mcmahon et al., 2015; Roundtree et al., 2017;
Xue and Barna, 2012).

How heterogeneous are ribosomes?

While there is evidence of ribosomes with varying composition, what is the actual extent of
ribosome heterogeneity? A candid answer to this question is that it really remains largely
unknown. The stoichiometry of 15 RPs has been calculated in mESCs, and six RPs have
been identified as substoichiometric, and these alone could produce dozens of distinct
ribosome compositions lacking one or more of these RPs. It is not yet clear whether this
handful of variations of the ribosome is all that can be tolerated, or if this is only the tip of
iceberg. If one considers not only the other 65 core RPs but also the additional hundreds of
RAPs and rRNA sequence variants—the complexity increases exponentially. While
systematic assessment of the stoichiometry of each of these variants, using SRM or similar
mass spectrometry methods, would be helpful for understanding ribosome heterogeneity,
determining the actual number of ribosome types requires examination of their composition
on a ribosome-by-ribosome basis. One potential strategy to accomplish this is to use native
mass spectrometry, where intact macromolecular complexes as large as 9MDa are run on the
spectrometer. This method has been successfully used to examine heterogeneity in bacterial
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ribosomes (van de Waterbeemd et al., 2017) as well as ribosomes from a human cancer cell
line (van de Waterbeemd et al., 2018) and could be an effective means of determining not
only which proteins are substoichiometric but also whether the incorporation of particular
RPs is coordinately regulated. A potentially even more powerful but technically challenging
method to address these questions would be cryo-electron microscopy (cryo-EM). Cryo-EM
has been successfully employed to examine the structure of the mammalian ribosome
(Anger et al., 2013) but has yet to be brought to bear on the question of heterogeneity.
Heterogeneity may be difficult to visualize because cryo-EM data of many complexes are
“class averaged” into an individual structure, so if there are many types of ribosomes each
making up a smaller population of the total (as seems likely from the mass spectrometry
data), it may be difficult to resolve them. One way to potentially reduce this complexity
would be to first isolate ribosomes containing a specialized component of interest, such as
by immunoprecipitation. Not only could this technique then be used to visualize ribosomes
of diverse compositions, but it also would determine how the presence or absence of
particular components affects conformational heterogeneity of the overall ribosome. For
instance, specific core RPs could serve as docking points for multiple RAPs, or loss of
certain RPs could cause rearrangements in rRNA or ribosome binding of neighboring
proteins. Other proteins may even take the place of a missing RP, though this appears not to
be the case for ribosomes in yeast lacking RPL38/eL38, which simply have a “hole” where
the RP would usually be (Armache et al., 2010). While the most flexible regions of rRNA,
known as expansion segments, that are likely to bind RAPs cannot currently be resolved,
future advancements in cryo-EM technology will hopefully permit these questions to be
addressed.

It is important to note that not only can ribosome composition be heterogeneous, but it also
may be dynamic. Ribosome composition has to date been examined largely in mESCs, but it
is interesting to speculate that different cell types may have distinct types of ribosomes
(Figure 2). Even within a single cell type, ribosomes may change in composition in response
to different stimuli, including stress, cell cycle progression, or activation of particular
signaling pathways. Going even deeper, it is likely that certain types of ribosomes may
reside in particular subcellular regions: for instance, ribosomes at the ER may have a
specialized conformation to optimize their translation of luminal, membrane, or secreted
proteins. It is even possible for specialized ribosomes and their mMRNA targets to cluster
together as their own cytoplasmic compartments in order to increase the efficiency of
translation. An extreme example of this might be having specialized ribosomes present at
synapses in neurons in order to rapidly translate co-localized synaptic mRNAs upon neuron
firing, but such compartmentalization may also take place in less polarized cells.

Just how quickly ribosome composition can change is also an open question, as to date there
is little understanding of how the cell creates and regulates ribosome heterogeneity (Figure
2). Regulation of ribosome composition likely occurs at least in part during ribosome
biogenesis, a complex process involving hundreds of proteins and RNAs that begins in the
nucleolus and progresses through the nucleus and into the cytoplasm. Changes in rRNA
allele usage presumably would have to be specified at the earliest stage of ribosome
biogenesis, the transcription of rRNA. Accordingly, switching between rRNA sequences is
likely a slow process because it requires the entire process of ribosome biogenesis to occur
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before the new ribosomes are functional. While this may also be the case for RPs, most of
which are assembled onto the pre-ribosomal subunits in the nucleolus, it also may be
possible for them to exchange on and off the ribosomal subunits in the nucleus or cytoplasm.
This is in fact the case for RPL13a/uL13, which upon interferon-y signaling is
phosphorylated and extracted from cytoplasmic ribosomes (Mazumder et al., 2003).
Interestingly, while several of the known substoichiometric RPs in mESCsdo not seem to be
required for ribosome biogenesis or cell viability, such as RPS25/eS25 (Hertz et al., 2013),
others appear less dispensable, suggesting that posttranslational mechanisms—including
possibly extraction from the ribosome in the cytoplasm—are required to explain their
heterogeneous incorporation.

Phosphorylation and other post-translational modifications (PTMs) on RPs, as well as
modifications on rRNA, are also potential dynamic sources of ribosome heterogeneity. In
addition to phosphorylation of RPL13a/ulL.13, phosphorylation of RACKZ1 has also been
reported in human cell lines infected with poxvirus infection (Jha et al., 2017). Regulatory
ubiquitylation of several RPs occurs during the unfolded protein response (Higgins et al.,
2015). More of these PTMs, as well as methylations, acetylations, and hydroxylations, have
been identified on RPs in unbiased proteomics screens, but few have been further
functionally validated (reviewed in (Simsek and Barna, 2017)). rRNA is also extensively
modified by pseudouridylation, ribosylation, methylation, and acetylation, and several
modifications have been previously shown to be substoichiometric or dynamically regulated
(reviewed in (Sloan et al., 2017)). These modifications have yet to be explored
systematically for their abundance and dynamics on the mammalian ribosome, but they may
serve to modify ribosome function and connect the ribosome to other pathways in the cell. In
fact, many RAPs function as protein or RNA modifiers, suggesting that there could be
interplay between the presence of particular RAPs and the modification state of the core
ribosome constituents.

Functional specialization or the enhanced regulatory potential of

ribosomes

The most important question raised by the recent direct evidence of ribosome heterogeneity
is what is the function of ribosomes that are distinct with respect to either protein or rRNA
content? This is an outstanding question in the field and it is a logical hypothesis that
ribosomes containing different sets of components could have distinct functional outcomes
as wide-ranging as control of translation initiation, fidelity, mRNA translation selectivity,
and translation speed. In all of these instances, ribosome diversity would likely culminate in
some form of functional specialization or enhanced regulative capacity of ribosomes. We
define “specialized ribosomes” as a preferential regulation of any aspect of translational
control due to the enhanced regulative capacity of particular ribosomal components, even if
the complex as a whole can bind and translate a larger portion of transcripts from across the
genome (Box 1). Importantly, we believe that it is critical to consider dynamic changes to
ribosomes throughout their lifetime and that further remodeling of ribosomes from their
“birth” in the nucleolus to their maturation and their engagement with mRNAs in the
cytoplasm as potential steps leading to the formation of specialized ribosomes. An important
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functional role of ribosome heterogeneity has been recently established as the ability of
certain RPs to specialize the ribosome for the translation of particular mMRNAs, although
there are likely to be many more functions attributable to heterogeneity. Ribosomes
containing RPS25/eS25 or RPL10a/uL1 (both of which are substoichiometric in mESCs),
but not RPL22/eL.22, were found to preferentially translate distinct sets of several hundred
mMRNAs (Shi et al., 2017). These transcripts encode proteins in related functional groups,
indicating that ribosomes demarcated by substoichiometric RPs regulate the coordinated
expression of distinct genetic networks including those important for metabolism, regulation
of embryonic development, extracellular matrix organization, as well as many others. In fact,
one unexpected and extreme version for this level of gene regulation is revealed by RPS25/
eS25-containing ribosomes which preferentially translate the mMRNAs encoding for the
entirety of the vitamin B12 transport and uptake pathway, revealing that these specialized
ribosomes simultaneously regulate the expression of all pathway components analogously to
the bacterial operon system. RAPs additionally specialize their associated ribosomes for the
translation of particular mMRNAs, as is seen in the case of PKM2, which recruits mRNAs
encoding ER and cell membrane constituents to the ER and promotes their translation
(Simsek et al., 2017).

Mechanistically, specialized ribosomes likely regulate the translation of particular transcripts
via cis regulatory elements in their untranslated regions (UTRs). One cisregulon that
appears to frequently rely on specialized ribosomes for its activity is the internal ribosome
entry site (IRES) (Leppek et al., 2017). Canonical translation initiation in eukaryotes relies
on the 5’cap on the mRNA to recruit translation complexes; IRESes, on the other hand,
make more direct contacts with the ribosome itself and recruit the translation machinery to a
site within the 5’UTR independently of the 5 cap. While originally identified within viral
RNAs, which lack 5 caps and accordingly cannot employ the canonical cap-dependent
mechanism, IRES elements are also present within eukaryotic mMRNAs (Xue et al., 2015).
Several transcripts that preferentially associate with RPL10a/uL.1-containing ribosomes have
RPL10a/uL1-dependent IRES activity (Shi et al., 2017). While mRNA elements have yet to
be identified in transcripts enriched on RPS25/eS25-containing ribosomes, RPS25/eS25 has
also been previously shown to regulate cellular IRES activity (Hertz et al., 2013). Another
RP that is present on heterogeneous ribosomes, RPL38/eL38, additionally regulates the
translation of several Hox genes, which are required for proper formation of the body plan,
via IRES elements in their 5’UTRs. Haploinsufficiency of RPL38/eL.38 in mouse models
results in numerous homeotic transformations, the replacement of one skeletal element with
another, and a selective decrease in the translation of several Hox genes that are required for
axial skeletal patterning (Kondrashov et al., 2011). These Hox mRNAs were determined to
contain IRESes that depend on RPL38/eL38 for their activity, and removal of these IRESes
ablated Hox protein but not mRNA expression (Xue et al., 2015), revealing that these genes
in fact rely on the IRES element for their translation. This is due to a second c¢/sregulon
present close to the 5’cap known as the translation inhibitory element (TIE), which inhibits
cap-dependent translation initiation of these Hox mRNAs. The combination of these two
elements (TIE+IRES) endows greater regulation by ribosomes on the expression of specific
subsets of mMRNA and represents a fascinating paradigm of translational control. Given the
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potential for hundreds of IRES elements being present in the human genome (Weingarten-
Gabbay et al., 2016), such a mechanism may reflect a common regulatory strategy.

In sum, these findings reveal that ribosomes are not the homogeneous automatons, as they
have historically been viewed, but in fact can vary in composition and function. This
provides a novel layer of regulation to gene expression, enabling coordinate networks of
genes to be simultaneously tuned at the level of translation. Given the prevalence of
translational regulation across embryonic tissues in mammals (Fujii et al., 2017) and the
importance of translation control for stem cell maintenance and differentiation (Sampath et
al., 2008; Signer et al., 2014; Zhang et al., 2014), this process is likely to be fundamental for
the proper functioning of cells and tissues. Many of these key findings, however, are the
products of recent research, and many crucial questions remain unanswered.

Uncovering the full spectrum of mechanisms for translation by specialized
ribosomes

In order for an mRNA to be translated by a particular specialized translation machinery;, it is
likely to be demarcated by some element that can be recognized by the appropriate
ribosome. This cis-regulatory element could be a particular sequence, structure, base
modification, or any combination of those items (Figure 2). Ciselements from each of those
categories have been identified as regulators of translation, including IRES elements, the N6-
methyladenosine modification (Meyer et al., 2015), and even the sequence context of the
start codon: in a yeast strain with the RPS26B/eS26B paralog knocked out, RPS26A/eS26A
endowed specificity for the canonical Kozak sequence flanking the start codon (Ferretti et
al., 2017). In many cases, however, the exact connection between the cis element and the
ribosome is not known. Only a minority of known targets of specialized ribosomes have
even been assessed for the presence of RNA regulons, so there could be many novel motifs
endowing translational regulation that have yet to be discovered. Even for cellular IRESes,
one of the more common mechanisms of specialized ribosome recognition of their target
MRNAs, there is little molecular detail on how they are able to recruit particular subsets of
the translation machinery. Viral IRESes, which have been more thoroughly investigated,
have been shown to have structural and functional conservation across closely related
viruses even with divergent sequences (reviewed in (Fraser and Doudna, 2007)). This
suggests that structure—not sequence—is the primary feature required for translation
initiation at IRESes. Interestingly, this also appears to be the case for the RPL38/eL.38-
dependent cellular IRESes: the structures of both the Hoxa9and Hoxa5 IRESes were solved
by selective 2’-hydroxyl acylation analyzed by primer extension (SHAPE) and shown to
have similar asymmetrical bulges (Xue et al., 2015). Point mutations in the Hoxa9 IRES that
disrupted the secondary structure eliminated IRES activity, while the addition of
compensatory mutations that restored base-pairing rescued IRES activity, revealing that
structure is also the primary determinant of translation initiation on Hoxa9. Whether this
will hold for the other Hox IRESes, let alone cellular IRESes that rely on different
specialized ribosome components, has yet to be seen and would require more high-
throughput approaches (reviewed in (Leppek et al., 2018)).
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An alternative method that could provide RNA structure information in the context of
protein binding is cryo-EM. Performing cryo-EM on ribosomes bound to specific
transcripts, which could be either synthesized in vitro or isolated from cells, could pinpoint
the exact sites of contact. While this is a challenging experiment, especially given the
difficulties in accurately assigning structures to a complex made up of multiple components
that are likely conformationally flexible, this would aid in characterization of known cis
elements as well as potentially identifying novel regulons that promote specialized ribosome
recruitment. In addition to identifying RNA structures, this would also provide important
information on whether core RPs are direct binders of mRNAs or if additional frans-acting
factors are involved. In the case of direct binders, it will be particularly interesting to
determine which portions of RPs are required for mRNA recognition, and whether binding
of the RP to the transcript alters its association with the ribosome or the structure of the
ribosome as a whole. For instance, RPs could simply bind mRNAs to recruit them to the
ribosome without any additional impact on translation, or mMRNA binding could trigger
additional remodeling that might further optimize the translation of the target mRNAs.

Organismal models and their interpretations

While specialized ribosomes have been shown to regulate translation, how important is this
form of regulation for proper cellular function and organismal development? The multitude
of animal models and human diseases with mutations in ribosomal machinery that cause
tissue-specific phenotypes suggests that ribosome specialization plays a crucial role (Figure
3). However, the mechanisms underlying the tissue defects are often not yet elucidated:;
similarly, for many RPs with known functions in the translation of certain mRNA, the
consequences of their loss /n-vivo at the organismal level have yet to be explored. Several
tissues appear particularly sensitive to RP mutations, as seen by mutations in multiple RPs in
some instances causing overlapping phenotypes. For instance, mutations in RPS7/eS7,
RPS19/eS19, RACK1, and RPL24/eL.24 in mice produces a white belly spot, among other
defects (reviewed in (Shi and Barna, 2015)). An even more striking example is the human
disease Diamond Blackfan Anemia (DBA), a condition with bone marrow failure and tumor
predisposition that has been linked to mutations in over 15 different RPs (reviewed in
(Danilova and Gazda, 2015)). Recently, a theory-based perspective has suggested that the
shared anemia phenotype observed in DBA could be caused by decreases in the total number
of functional ribosomes upon mutation of these RPs, and thus lead to lower global rates of
translation. Such an event might change the translation rate of some transcripts over others,
thereby causing defects in particular cells, such as in hematopoietic cell types, but not across
the entire body (Mills and Green, 2017). However, this hypothesis is based only on modeling
and has yet to be validated experimentally. It also does not readily explain one of the most
intriguing features of DBA: the distinct sets of congenital birth defects—including
craniofacial defects, heart problems, and thumb malformations—that depend on which RP
was mutated, which suggest that there are more specific requirements for certain RPs in
selective tissues. DBA is also not the result of mutations in every RP. For example, mice
lacking RPL29/eL.29, which do have decreased protein synthesis, do not exhibit DBA
symptoms and instead have a small size and bone fragility phenotype (Kirn-Safran et al.,
2007; Oristian et al., 2009; Sloofman et al., 2010). In addition, a number of RP mutations
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result in unique tissue-specific phenotypes in humans, including asplenia upon loss of
RPSA/uS2 (Bolze et al., 2013) and a hereditary form of hair loss upon mutation of RPL21/
eL21 (Zhou et al., 2011), as well as in mice, such as the homeotic transformations upon
RPL38/eL38 haploinsufficiency (Kondrashov et al., 2011) and male infertility in RPLP1
mutant mice (Perucho et al., 2014). Complications in our understanding of the significance
of specialized translation in development and disease can arise from incomplete
interpretation of phenotypes, such as the misconception that homeotic transformations of the
axial skeleton, polydactyly, and bone marrow defects are equivalent because they all relate to
bones, even though in actuality the relevant cell types derive from distinct embryonic tissues.

It is also important to account for other potential contributors to the phenotype including the
effect that mutation of one ribosomal component could have on the relative incorporations of
other components and, in extreme cases where ribosome biogenesis is severely
compromised, the role of nucleolar stress, the cellular response to defects in ribosome
biogenesis (Zhang and Lu, 2009). Nucleolar stress involves activation of p53, and deletion
of p53 in the background of several RP haploinsufficiency mutations can rescue some of the
phenotypes. For instance, RPS6/eS6 haploinsufficient embryos die during gastrulation;
embryos haploinsufficient for RPS6/eS6 and lacking p53 die at a later stage of embryonic
development (Pani¢ et al., 2006). This reveals that the inability to proceed through
gastrulation observed upon depletion of RPS6/eS6 is due at least partially to more indirect
effects from p53 signaling. However, the fact that RPS6/eS6 haploinsufficiency is still lethal
even when p53 is removed reveals that there are additional p53-independent phenotypes.
Parsing out the relative contributions of translation disruption and p53 signaling to the
observed organismal phenotypes will lead to an improved understanding of the exact
molecular consequences of ribosomal disruption.

Another important consideration when assessing an organismal phenotype is to consider
whether the observed tissue-specific defects are the direct product of tissue-specific
activities of specific ribosome components. Some RPs, for instance, may directly bind to
certain mRNAS to regulate their translation, and thereby altering the RP’s abundance could
reveal a form of specialization of an RP component, almost akin to a receptor-ligand
interaction, even if that RP is a ubiquitous component of all ribosomes. Other RPs—
including ones that might be stoichiometric or incapable of directly recruiting mRNA—
could still exert tissue-specific effects due to their association with other factors. For
example, an RP may serve as a docking point for a RAP with a restricted expression pattern.
Mutating the RP might then eliminate RAP association with the ribosome, but this would
only manifest in the tissues where the RAP is present. While this principle is currently
speculative, it is quite likely that many of the ribosomal components are interconnected, with
each one regulating the incorporation or activity of others.

Finally, it will be invaluable to expand these findings to other cell types and organisms. Over
the years, many intriguing hypotheses have been proposed for specialized roles of ribosomes
in different cell types, such as the idea of an immunoribosome (Yewdell and Nicchitta,
2006); now there are sufficient technological advances to put those models to the test. As
studies in this field increase, it will be important to recognize that principles may arise that
are generally applicable, but there also may be features unique to each cell type. In
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particular, much of the current literature has relied heavily on cancer cell lines, and it is not
clear whether all findings from such studies will also apply to primary cell types within an
organism. Cancer cells likely have their own distinct protein synthesis needs, and in fact
multiple RP transcripts have been shown to be increased or decreased in particular cancer
cell lines (Guimaraes and Zavolan, 2016), and multiple RP mutations are associated with
cancers, including T-cell acute lymphoblastic leukemia (T-ALL) (De Keersmaecker et al.,
2013). One such mutation in RPL10/uL16 that is found in T-ALL alters programmed
ribosomal frameshifting on reporter constructs in yeast (Sulima et al., 2014) and on mouse
and human genes in the JAK-STAT pathway, which promotes cell proliferation and is in fact
hyper-activated in T-ALL (Girardi et al., 2017). These findings, as well as the association of
other specialized translation machinery with the regulation of cancer progression (Truitt et
al., 2015), suggests that cancer cells may have ribosomes that are tuned to infinite cellular
growth and augmented protein synthesis capacity (Sulima et al., 2017).

Understanding how specialized ribosomes contribute to cancers as well as congenital
disorders may lead to novel therapeutic strategies. Once the mechanisms underlying the
construction of heterogeneous ribosomes are established, it may be possible to tweak
ribosome composition. As most disease-causing mutations are haploinsufficient and
therefore only affect one allele, there may be ways to increase the expression or
incorporation of the other allele to ameliorate the phenotypes. These controlled changes in
ribosome heterogeneity would then up- or down-regulate particular genetic networks. For
instance, RPL10a/uL 1 is required for translation of mMRNAs that promote cell survival, while
genes that contribute to cell death are depleted from RPL10a/uL1 containing ribosomes,
suggesting that tuning the levels of RPL10a/uL1 could shift the balance between cell
survival and death (Shi et al., 2017). As we improve our understanding of how ribosomes
may be specialized for the translation of particular mRNAs, we also may be able to design
ribosomes for the designated synthesis of proteins with therapeutic value (e.g. insulin or
antibodies). These strategies would lead to not only improved synthetic biology tools and
treatments but also would reveal the extent of our understanding of this novel layer of gene
regulation.

Concluding remarks

Since the first postulations of ribosome heterogeneity in the 1950s and its subsequent rapid
demise a few years later the field has come far. Today, we now have direct evidence of at
least a handful of ribosomes of distinct compositions translating specific subsets of mMRNAs,
revealing that ribosome heterogeneity plays an active role in the regulation of gene
expression. Although Crick overshot ribosome heterogeneity with his original “one gene-one
ribosome-one protein” model, the hypothesis of ribosome specialization has been
resurrected. A more accurate though less pithy summary would be “one mRNA regulon-one
ribosome-one protein network,” as each type of specialized ribosome appears to translate
MRNAs, demarcated by particular ¢/sregulatory elements, encoding proteins in a common
pathway. Further work is needed for a detailed mechanistic understanding of the regulation
and function of ribosome specialization within a cell and across an organism, but this novel
layer of gene expression control clearly plays a crucial role in cellular function and
organismal development. Having unique tissue-specific phenotypes upon mutating

Mol Cell. Author manuscript; available in PMC 2019 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Genuth and Barna

Page 13

components of a complex vital in almost every cell may at first seem surprising, but this is
actually also a feature of mutations in several other large macromolecular complexes such as
the nuclear pore (Raices and D’Angelo, 2012), cilia (Waters and Beales, 2011), and subunits
of large chromatin complexes such as SWI/SNF BAF (Ronan et al., 2013; Sokpor et al.,
2017). For all of these complexes, selective components have evolved more specialized and
distinct mechanisms of regulation within specific cell lineages during multicellular
organismal development. For instance, several of the 30 or so nucleoporins that make up the
nuclear pore—the passageway between the nucleus and the cytoplasm that is essential for all
nucleated cells—show cell type-specific expression patterns, and mutations in these
components affect only certain tissues. Mutations in NMup/55, for example, which is highly
expressed in the human heart and several other tissues (Zhang et al., 1999), causes heart
failure during childhood (Zhang et al., 2008). This suggests that several presumably
‘housekeeping’ molecular complexes may follow the same strategy of serving general
cellular functions while also being specialized by the presence of heterogeneous components
for the regulation of specific, developmentally important transitions. It will be exciting to see
how this burgeoning field is shaped within the next decades.
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Box 1:
What is a specialized ribosome?

As the perception of ribosomes as static, “housekeeping” molecular machinery has
waned, a variety of definitions has been proposed to describe the regulative capacity of
ribosomes (Dinman, 2016). We define “specialized ribosomes” as a ribosome with
preferential regulation for any aspect of translational control. This may arise from the
enhanced regulative capacity of particular ribosomal components, even if the complex as
a whole binds and translates a larger portion of transcripts from across the genome.
Ribosomes containing different sets of components could have distinct forms of
specialization with functional outcomes as wide-ranging as control of translation
initiation, fidelity, mRNA translation selectivity, and translation speed. To date, the most
concrete example for ribosome specialization is with respect to heterogeneity in
ribosomes that endows such translation machinery with a preference for the translation of
particular mRNAs, and can be extended to encompass changes in ribosomal activity
between cell types and cell states. In contrast to the classical biochemical “one enzyme-
one substrate” view of specialization, one type of specialized ribosome does not
necessarily exclusively translate only one set of genes. Rather, this definition of
specialization is akin to the idea of specialized cells within an organism: specific cell
populations are required, for instance, for the production of insulin, but this is not the
only macromolecule that such cells synthesize. Analogously, specialized ribosomes may
be required to synthesize certain proteins, but those ribosomes may also translate a larger
portion of transcripts from across the genome.

If we accept this definition, then what components make a ribosome specialized? These
could obviously include the core building blocks of the ribosome itself, namely the RPs
and rRNAs. Importantly, we believe that it is critical to consider pathways to ribosome
specialization that could include further remodeling of ribosomes after canonical
ribosome biogenesis has been completed. For example, changes in ribosome activity
could be caused by the association of RAPSs or by post-translational modifications of core
components at any step from when ribosome subunits are first made in the nucleolus to
their export, maturation, and association with mRNAs in the cytoplasm—all of which
constitute potential steps leading to the formation of specialized ribosomes.
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Figure 1: Timeline of key discoveries on ribosome heterogeneity and specialization.
Image of the RNA Tie Club Tie accessed from the Wellcome Library, https://

search.wellcomelibrary.org/iii/encore/record/C__Rb1998728.
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Figure 2: Five outstanding questions on the nature of ribosome heterogeneity and its function.
Ribosome heterogeneity can originate from many sources, from initial changes in

incorporation of RPs (red) in the nucleus to cytoplasmic exchange of RPs and RAPs (purple)
in the cytoplasm to post-translational modifications (such as phosphorylation, P). Each of
these different ribosome compositions may be specialized for the translation of specific
mRNAs demarcated by unique c/s regulons. There additionally may be distinct compositions
of ribosomes found in different cell types and in different subcellular locations to optimize
the production of proteins necessary in those regions.
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Figure 3: Potential mechanisms underlying disease phenotypes caused by RP haploinsufficiency.
Depletion of an RP may cause tissue dysfunction via multiple direct and indirect effects. If

the RP has a specialized function in recruiting particular mRNAS to the ribosome, the
translation of those MRNAs may be decreased by the depletion of the RP. Certain RP
mutations may also decrease the number of functional ribosomes in the cell, causing global
decreases in protein synthesis. Perturbations in ribosome biogenesis can also trigger a stress
response mediated by nucleolar stress and p53 activation, which could then have
consequences on cellular function and gene expression. Finally, the RP may serve as a
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docking point for other specialized factors, such as RAPs, which upon RP depletion may no
longer be able to associate with the ribosome.
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