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Abstract

Ribosomal protein genes are among the most highly expressed genes in most cell
types. Their products are generally essential for ribosome synthesis, which is the
cornerstone for cell growth and proliferation. Many cellular resources are dedi-
cated to producing ribosomal proteins and thus this process needs to be regulated
in ways that carefully balance the supply of nascent ribosomal proteins with the
demand for new ribosomes. Ribosomal protein genes have classically been viewed
as a uniform interconnected regulon regulated in eukaryotic cells by target of
rapamycin and protein kinase A pathway in response to changes in growth condi-
tions and/or cellular status. However, recent literature depicts a more complex
picture in which the amount of ribosomal proteins produced varies between genes
in response to two overlapping regulatory circuits. The first includes the classical
general ribosome-producing program and the second is a gene-specific feature
responsible for fine-tuning the amount of ribosomal proteins produced from each
individual ribosomal gene. Unlike the general pathway that is mainly controlled
at the level of transcription and translation, this specific regulation of ribosomal
protein genes is largely achieved through changes in pre-mRNA splicing efficiency
and mRNA stability. By combining general and specific regulation, the cell can
coordinate ribosome production, while allowing functional specialization and
diversity. Here we review the many ways ribosomal protein genes are regulated,
with special focus on the emerging role of posttranscriptional regulatory events in
fine-tuning the expression of ribosomal protein genes and its role in controlling
the potential variation in ribosome functions.

This article is categorized under:
Translation > Ribosome Biogenesis
Translation > Ribosome Structure/Function
Translation > Translation Regulation

KEYWORDS

gene duplication, gene regulation, posttranscriptional regulation, ribosomal proteins, ribosome,
TOR pathway

Cyrielle Petibon and Mustafa Malik Ghulam contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2020 The Authors. WIREs RNA published by Wiley Periodicals LLC.

WIREs RNA. 2021;12:€1632.
https://doi.org/10.1002/wrna.1632

wires.wiley.com/rna 10f29


https://orcid.org/0000-0002-0630-3294
mailto:sherif.abou.elela@usherbrooke.ca
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wires.wiley.com/rna
https://doi.org/10.1002/wrna.1632

20f29 WI L EY— ‘Q‘ mlRES PETIBON ET AL.

1 | INTRODUCTION

Ribosomes are essential universally conserved ribonucleoprotein complexes composed of ribosomal RNA (rRNA) and ribo-
somal proteins (RPs) (Fox, 2010; Wilson & Doudna Cate, 2012; Yonath & Franceschi, 1998). These multimolecular
nanomachines translate the genetic code in messenger RNA (mRNA) and catalyze protein synthesis in all cell types. Ribo-
somes function like machines forming a supply-line of steady-state levels of cellular proteins (Lafontaine & Tollervey, 2001;
Wilson & Doudna Cate, 2012). The functional centers of the ribosome are highly conserved, but the overall molecular
weight and number of components varies, especially between bacterial and eukaryotic cells. For example, while bacterial
ribosomes boast a molecular weight of ~2.7 M Daltons (MDa), fungal and mammalian ribosome weigh in at ~3.5 and
~4.5 MDa, respectively (Ben-Shem et al., 2011; Khatter, Myasnikov, Natchiar, & Klaholz, 2015; Nakao, Yoshihama, &
Kenmochi, 2004; Pruitt, Tatusova, Brown, & Maglott, 2012; Schuwirth et al., 2005). Eukaryotic ribosomes are more complex
in terms of both their rRNA and protein constituents. In bacteria the 30S small subunit contains a 16S rRNA measuring
1.5 kb, while the eukaryote equivalent (40S) RNA of over 1.9 kb (Chaker-Margot, 2018; Garrett, Ungewickell, Newberry,
Hunter, & Wagner, 1977; Melnikov et al., 2012; Moore, 1988; Rajendhran & Gunasekaran, 2011; Sogin & Gunderson, 1987).
Likewise, the bacterial large 50S ribosomal subunit includes 23S rRNA, of approximately 2.9 kb, and the 120-nucleotide 5S
rRNA, while eukaryotic large subunit includes three different RNAs: the 25-28S rRNA, at around 3.55-5.00 kb, the 5.8S
rRNA of approximately 160 nucleotides and a 120-nucleotide 5S rRNA (Biedka, Wu, LaPeruta, Gao, & Woolford Jr., 2017;
Champney, 2001; Lee, Henry, & Yeh, 1983; Melnikov et al., 2012; Moore & Steitz, 2003). The number of RPs also increases
substantially in eukaryotic ribosome with 12 or more new proteins added to each of the two subunits. Despite these varia-
tions in ribosomes in the kingdoms of life, their overall shape and core components, including 34 RPs, are universally con-
served (Jansen et al., 1991; Yonath & Franceschi, 1998). This is consistent with the basic mechanism of translation being
conserved in all living organisms, while the variations optimize ribosome function to the needs of different species. For
example, the increased complexity of eukaryotic ribosomes may result from the increased complexity of the transcriptome
and the higher demand for temporal and spatial regulation of translation. In higher eukaryotes, ribosomes must localize
where proteins required and respond to the special needs of different tissues, including cues from both quiescent and prolif-
erating cells (Genuth & Barna, 2018a; Komili, Farny, Roth, & Silver, 2007; Xue & Barna, 2012).

Regardless of the evolutionary rank of the organism or its ribosome complexity, all cells need an efficient, well-
coordinated and accurate ribosome production pipeline. To meet these demands, cells in general aim to co-express
related genes as interconnected units for a simple form of regulation. However, cells use different strategies to meet this
goal of coordinated ribosome synthesis. The simplest and most compact of these strategies is found in the Escherichia coli
genome where all the rRNA molecules are expressed from 7 operons, which also include a varying number of tRNAs
(Kaczanowska & Ryden-Aulin, 2007). Similarly, ribosomal protein genes (RPGs), translation elongation factors and the
alpha subunit of RNA polymerase are arranged in 19 operons, where all genes of an operon are expressed from common
promoters (Fu, Deiorio-Haggar, Anthony, & Meyer, 2013; Lindahl & Zengel, 1986). Through this streamlined regulon-
type organization, the expression of rRNA and RP constituents are required, and thus of the resulting ribosomes them-
selves, are controlled through a unique transcriptional and translational machinery governed by strict feedback mecha-
nisms (Aseev, Koledinskaya, & Boni, 2016). In eukaryotic cells, many features of the bacterial regulon are lost, while
certain basic principles are maintained. For example, while most eukaryotic rRNA genes, other than the 5S rRNA gene,
remained in clusters, and eukaryotic RPGs are produced from independent genes (Brown, Cole, & Erives, 2008; Chaker-
Margot, 2018; Eichler & Craig, 1994; Laferte et al., 2006). The relative complexity of the organization of eukaryotic RPGs
is also increased by the physical separation between mature RPs accumulating in the cytoplasm and their genes and
nascent mRNAs located in the nucleus. As a result of this different organization, the autoregulatory mechanism and the
common response of RPGs to changes in growth conditions are much more complicated in eukaryotic cells
(D. E. Martin, Soulard, & Hall, 2004; Mayer & Grummt, 2006; Pedruzzi et al., 2003). The production of several eukaryotic
RPGs is controlled by the TOR and PKA pathways, which link ribosome production to nutrient availability (Mayer &
Grummt, 2006; Warner, 1999). Indeed, common promoter and translation motifs were identified in certain RPGs
(Bahler, 2005; Gingras, Raught, & Sonenberg, 2004; Liao, Majithia, Huang, & Kimmel, 2008; Mayer & Grummt, 2006).
However, not all eukaryotic RPGs feature these regulatory elements (Guimaraes & Zavolan, 2016; Reja, Vinayachandran,
Ghosh, & Pugh, 2015). In many cases, the promoter activity, transcription pattern, and RNA amount produced from
these genes are very different (Ghulam, Catala, & Abou Elela, 2020). Specific RPGs may also respond individually to a
myriad of growth conditions in the background of a relatively stable ribosome production (Xue & Barna, 2012).

In this review, we will summarize the different strategies used by eukaryotic cells to control the expression of RPGs
with particular focus on yeast genes, which are the most extensively studied group of RPGs. The different features of
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eukaryotic RPGs will be described and their contribution to both the gene-specific and the general regulatory mecha-
nisms of ribosome synthesis will be highlighted. Differences between yeast and human organisms will be outlined and
an overall model illustrating the basic principles guiding the regulation of eukaryotic RPGs described.

2 | RPGS STRUCTURE, ORGANIZATION, AND DISTRIBUTION
2.1 | Number and duplication of RP genes

The number of RPs is fairly constant between species. In bacteria the ribosome includes around 55 RPs while the eukaryotic
counterpart includes about 79 RPs (Figure 1a). Despite the high conservation of RPs, the number of RPGs coding for these pro-
teins varies greatly between different kingdoms of life and even between closely related species like Saccharomyces cerevisiae
and Candida glabrata (Mullis et al., 2020). Most RPs in plants and fungi are encoded by more than one gene, while protists
and animal genomes contain only a few verified duplicated RPGs (dRPGs; Dharia, Obla, Gajdosik, Simon, & Nelson, 2014;
Nakao et al., 2004; Wapinski et al., 2010). These duplicated genes are believed to have risen from genome duplication, genome
hybridization, retroduplication, or in some cases from polyploidy (Dharia et al, 2014; Nakao et al, 2004; Wapinski
et al., 2010). The variation in RPGs number is not related to genome size but linked to the overall propensity of the organism
to gene duplications (Dharia et al., 2014; Nakao et al., 2004; Wapinski et al., 2010). However, it is difficult to draw firm conclu-
sions about the extent of dRPG in protists and mammalian genomes as only a few protist genomes are sequenced and many
mammalian duplication events such as retroduplications are poorly documented and many pseudogenes are uncharacterized.
Studies of eight mammalian genomes including human, chimp, monkey, mouse, rat, dog, cow, and opossum identi-
fied 14,552 gene duplicates including dRPGs and suggest that 8% of these are expressed (Dharia et al., 2014). Although
some dRPG are known, the best-studied examples of metazoan dRPGs are those encoding RPL22/eL22. This eukaryote-
specific RP is encoded by two genes eL22 and eL.22-like, which are required for development in Drosophila (Gershman,
Pritchard, Chaney, & Ware, 2020; Mageeney et al., 2018; Mageeney & Ware, 2019). Flies depleted of eL22 and rescued
by eL22-like overexpression have reduced fertility, confirming that eL22-like cannot fully substitute for its paralog's
function. Profiling ribosomes carrying one or the other copy of eL22 by RNA-seq identified 12,051 transcripts (mRNAs/
noncoding RNAs), of which half were enriched in the ribosome incorporating one or the other paralog. Analysis of the
mRNAs with modified translation suggested that the specific paralogs indeed influenced the translation of a specific set
of genes associated with development, especially spermatogenesis (Gershman et al., 2020; Mageeney et al., 2018;
Mageeney & Ware, 2019). eL.22 is also duplicated in mammals; work in mice suggests that unlike in Drosophila, the
deletion of one or the other paralog affects the mRNAs bound but does not induce a major change in translation and
both could be incorporated into active ribosomes (O'Leary et al., 2013). For example, specific effects of the paralog were
observed in T and B cell development in mice and they exhibited antagonistic functions in regulating the emergence of
hematopoietic stem cells in zebra fish (Anderson et al., 2007; Y. Zhang et al., 2013). Another suggestion of possible spe-
cialization comes in colorectal cancer where eL22-like is upregulated and eL22 is not (Rao et al., 2019). Other RPGs
duplication was also reported including S27/S27L and L39/L39L (Ruvinsky et al., 2009; Xiong, Zhao, He, & Sun, 2011).
Together these data suggest functional specialization of dRPGs in animals but this needs more studied examples and
mechanistic explanation. Meanwhile, information about the genome-wide dynamics and functions of dRPGs are avail-
able from studies in S. cerevisiae. In this organism, 118 out of the 137 RPGs are duplicated (Cotney & Shadel, 2006;
Dean, Davis, Davis, & Petrov, 2008; Mizuta, Hashimoto, & Otaka, 1995; Mullis et al., 2020; Wapinski et al., 2010). These
dRPGs are often found in different chromosomes and are independently expressed from different promoters. Almost all
of these duplicated genes are expressed and incorporated into ribosomes with the exception of L15B/eL15B, for which
it is not yet clear if it is expressed under certain growth conditions or not at all (Ghulam et al., 2020; Simoff, Moradi, &
Nygard, 2009). Since most of the dRPGs in yeast have quasi-identical amino acids sequence it was suggested that dRPGs
increases the regulatory spectrum and by consequence, the functions of RPGs (Parenteau et al., 2008, 2011, 2015). Later
in this review, we will dissect in detail the regulatory and functional implication of dRPG in yeast and other organisms.

2.2 | RPG architecture

Cross-species comparison of RPG architecture remains a considerable challenge, despite the relatively high number of
sequenced genomes. The annotations of the regulatory sequences are mostly absent or inaccurate. As a result, it is very
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difficult to draw conclusions about the overall architecture of RPGs in each kingdom. Instead, we will focus the discus-
sion in this section on the few relatively well-annotated genomes (Figure 1b). Comparison of RPGs from the halophile
archaea Halobacterium salinarum, the bacteria Escherichia coli, the fungus Saccharomyces cerevisiae, the protist Dic-
tyostelium discoideum, the plant Arabidopsis thaliana and human Homo sapiens indicates that while the length of the
coding sequence and thus the amino acid sequence is very similar across distant species the gene size and organization
varies greatly. This cross-species variation in gene sizes stems mostly from the UTRs and introns. In H. salinarum and
E. coli, genes are compact and most are organized in operons with highly variable and poorly characterized UTRs. Only
a few RPG operons are characterized in these two species and the few studied operons feature 2-3 genes with each gene
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FIGURE 1 Ribosomal protein gene structure and distribution in the main kingdoms of life. (a) The number of ribosomal protein genes
increases in duplicated genomes independent of the protein number and genome size. Genome sizes in mega bases (Mb) are illustrated
based on data from NCBI genome browser overview tool for over 300 genomes per kingdom with the median size, the median number of
ribosomal protein (RP) and RP genes (RPGs) calculated from 3 to 14 species per kingdom based on information taken from Ribosomal
Protein Gene Database. Kingdoms with most genome duplication events are underlined. (b) General features of the different classes of
RPGs. The most common structure of RPGs in a representative species from each of the six kingdoms of life are schematically illustrated to
indicate the differences in gene size, regulatory region, and the gene organization in the genome. Green boxes, orange lines, gray lines, and
blue lines represent the open reading frame (ORF), the introns, the intergenic sequences, 5" and 3’ UTRs, respectively. The median size of
the genes (bp) and ORFs are based on data from NCBI genome browser, SGD, Ribosomal Protein Gene Database, and ThaleMine
(Yoshihama et al., 2002). The median number of introns per RPGs are illustrated on each schematic, while the median sizes (bp) of UTRs,
ORF and introns are shown on top. Two or more copies of the same genes are shown for species with documented genome duplication
events and pseudogenes are represented by green stripped boxes. In most cases the regulatory sequences (UTRs and introns) often vary
between species, between genes, and even between duplicated genes. The UTR and gene sizes for archaea and bacteria are estimates based
on limited number of genes that are likely to vary as more accurate mapping of the untranslated regions in these species becomes available.
The transcription start sites are shown by the gray arrows on top

size ranging from 550 to 600 nucleotides (Coenye & Vandamme, 2005; Evfratov et al., 2017; Lindahl & Zengel, 1986;
Schmitt, Coureux, Monestier, Dubiez, & Mechulam, 2019; Slinger, Newman, Lee, Pei, & Meyer, 2015; Turova, 2003;
J. Wang, Dasgupta, & Fox, 2009). The 5’ and 3’ UTRs of the operon are usually around 50 nucleotides long, with few
exceptions that are to up to 200 nucleotides (Coenye & Vandamme, 2005; Evfratov et al., 2017; Lindahl & Zengel, 1986;
Schmitt et al., 2019; Slinger et al., 2015; Turova, 2003; J. Wang et al., 2009). For example, in H. Salinarum, ORF A
encodes two large subunit proteins with typical 5’ and 3’ UTRs (leader and trailer sequence) of 63 and 44 nucleotides,
respectively (Itoh, 1988). On the other hand, the E. coli S10-spc-alpha operon, which encodes eight large-subunit and
three small-subunit proteins, exhibits relatively long 5" and 3’ UTRs of 137 and 62 nucleotides, respectively (Freedman,
Zengel, Archer, & Lindahl, 1987; Zurawski & Zurawski, 1985). The unusually long S10 5 UTR, which is substantially
longer than the average leader size of 25-35 nucleotides in E. coli, signifies the presence of a regulatory sequence con-
trolling the transcription and translation rate of this operon (Dvir et al., 2013; Freedman et al., 1987). The number of
RPGs with similar regulatory sequence in bacteria at large remains unclear. Based on these observations, one could
safely conclude that, in general, the regulatory sequences have little impact on bacterial and archaeal RPG operon size,
which mostly reflects the length of the coding sequence.

In stark contrast to archaea and bacteria, most eukaryotic RPGs, with a few exceptions like those of C. elegans, are
individually expressed from genes dominated by long regulatory sequences that vary greatly in length (Figure 1b and
(Allen, Hillier, Waterston, & Blumenthal, 2011). In general, the largest eukaryotic RPGs are found in humans and the
smallest in fungi (Figure 1b). In general, eukaryotic RPG 5’ and 3’ UTRs are shorter than those of other genes. For
example, while the median sizes of the RPGs 5'UTR and 3’ UTR are 29-35 and 48-95 nucleotides, respectively, and
their averages are 42-74 and 56-114 nucleotides, respectively, the averages in the eukaryotic transcriptome are 100-200
and 100-800 nucleotides (David et al., 2006; Kotagama, Babb, Wolter, Murphy, & Mangone, 2015; Kreppel et al., 2004;
Lin & Li, 2012; Pesole et al., 2002; Yoshihama, Nakao, Nguyen, & Kenmochi, 2006). The UTRs of plant RPGs, as repre-
sented here by A. thaliana, tend to be larger than those in other eukaryotes and their sizes do not deviate much from
the average recorded for the entire A. thaliana transcriptome (Figure 1b and Krishnakumar et al., 2017; Yoshihama
et al., 2006). The median sizes of RPGs 5 and 3’ UTRs in this species are 143 and 206 with averages of 171 and
306, while the transcriptome averages are 155 and 242 nucleotides, respectively (Krishnakumar et al., 2017; Yoshihama
et al., 2006). Like most eukaryotic genes, the 3' UTRs of RPGs are longer and more heterogeneous in size than the 5
UTRs. Alternative 3’ end formation and/or polyadenylation, which modify the position of the mRNA 3’ end, have been
recorded for eukaryotic RPGs, including those in yeast and metazoan (Antione & Fried, 1995; Chakrabarti, Dinkins, &
Hunt, 2018; Gudipati, Neil, Feuerbach, Malabat, & Jacquier, 2012; Parenteau et al., 2015; Stevens, Howe, & Hunt, 2018;
Vallejos Baier, Picao-Osorio, & Alonso, 2017). The relatively short size of RPGs 5 UTRs may reflect the need for effi-
cient translation, while the long and heterogeneous 3' UTRs may provide opportunities for gene regulation.

Aside from the UTRs, the most visible regulatory element of eukaryotic RPGs is their introns as the vast majority of
eukaryotic RPGs contain introns even in species where introns are less abundant like S. cerevisiae (Amaldi et al., 1995;
Nakao et al., 2004; Parenteau et al., 2011; Yoshihama, Nguyen, & Kenmochi, 2007). The number of genes containing
introns and the sizes of introns vary between species with the fewest and smallest introns being in the obligate parasite
microsporidia and the most in human (Figure 1b and [Whelan, Lee, Lee, & Fast, 2019]). Introns have the most impact
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on eukaryotic RPG size especially in compact genomes like that of yeast. Indeed, while RPs are smaller than average
proteins, RPGs are average-sized genes (Grishkevich & Yanai, 2014; Hurowitz & Brown, 2003). The presence of introns
dramatically increases the complexity of RPG expression and regulation as they variably slow the expression cycle
(Chorev & Carmel, 2012; Mattick, 1994; Tycowski, Shu, & Steitz, 1996). In addition, many introns contain noncoding
RNA requiring additional layers of coordination and regulation (Chorev & Carmel, 2012). In a later section of this
review, we will discuss the details of how RPG structure can influence their expression and regulatory mechanisms.

3 | TRANSCRIPTIONAL REGULATION OF RPGS

From the early days of ribosome biology, the obvious need for coordinating the expression of the different ribosome
components prompted suggestions of common and uniform transcriptional control of all RPGs (Bollen, 1980;
Davies & Nomura, 1972; Mager & Planta, 1991; Nomura & Morgan, 1977; Planta & Raue, 1988). In this simplistic
model, RPs function as a single regulon transcribed in unison according to the availability of nutrients and rRNA.
This vision is for the most-part true in bacteria where RPGs form operons in which the expression of multiple genes
is controlled by a single promoter and regulated through a strict feedback mechanism (An, Bendiak, Mamelak, &
Friesen, 1981; Aseev et al., 2016; Cummings, Sands, Foreman, Fraser, & Hershey, 1991; Nomura & Morgan, 1977;
Zurawski & Zurawski, 1985). In this bacterial model, free or excess RPGs will inhibit their own transcription and/or
translation, ensuring an adequate supply of proteins while avoiding waste. In eukaryotes, the story is much more
complicated and the link between the supply and demand is not as direct. Most eukaryotic RPGs are expressed from
their own promoters producing different levels of mRNAs and do not always follow a uniform on and off state
(e.g., certain genes might be less or more expressed than the others in different tissues or growth conditions;
Genuth & Barna, 2018a; Ghulam et al., 2020; D. Li & Wang, 2020; Marcel, Catez, & Diaz, 2015; Nazar, Sitz, &
Busch, 1974; Parenteau et al., 2015; Petibon, Parenteau, Catala, & Elela, 2016; Xue & Barna, 2012). Indeed, in some
cases the RPGs do not share the same organization or promoter structure even within the same organisms
(Figure 2, transcriptional panel).

The extreme example of this variation between eukaryotic RPGs is found in C. elegans where certain RPGs are in
operons while others are independent genes, and where there is no universally conserved motif (Sleumer et al., 2012).
In other organisms, like yeast, there are similarities between the RPGs, and some of the motifs are conserved in other
species (Figure 2, transcription panel and (Hu & Li, 2007)). However, despite the partial conservation of certain motifs,
no universal promoter structure was identified, arguing against a comprehensive and universal transcription-based reg-
ulatory system. The available literature does not permit cross-eukaryote conclusions about the regulatory mechanisms
controlling RPG transcription. Aside from the yeast, only partial studies of limited groups of genes are available in
metazoans, including studies in flies, worm, mice, and human (X. Ma, Zhang, & Li, 2009; Maki, Rhoads, Stewart, Van
Slyke, & Roufa, 1989; Perry, 2005; Saeboe-Larssen, Urbanczyk Mohebi, & Lambertsson, 1997; Sleumer et al., 2012).
Accordingly, in the next section we will focus on yeast RPGs, which is the most studied model, and compare yeast for
the most part to human, with occasional mentions of select examples of divergent features from other metazoans, all to
clarify the generality and specificity of RPG transcription.

3.1 | General features of RPG promoters

Like most genes, RPGs have a promoter with a core section required for the general recruitment of RNA Pol II and a
regulatory section containing motifs required for gene-specific control of expression (Figure 2, Transcription panel and
(Fermi, Bosio, & Dieci, 2017; B. Knight et al., 2014)). However, unlike many genes, most RPGs lack the conserved
TATA box sequence, which is considered the central motif for the core promoter region that binds the general tran-
scription factor TBP. In S. cerevisiae, few RPGs have TATA boxes. In humans, 7 RPGs have consensus TATA sequences
(Yoshihama et al., 2002), while about 35% of the RPGs have TATA-like sequence and 25% more have an A/T-rich motif
(Perry, 2005). However, it is not clear if the TATA-like sequences in these genes are bound by TBP or other more spe-
cialized factors or if these are simply nonfunctional remnant motifs. Consistently, computational analysis of several
mammalian and two amphibian RPGs found no canonical TATA-box upstream of the transcription start site (TSS), but
instead identified several TATA-like sequences that may recruit TBP at least under special circumstances (Bosio,
Negri, & Dieci, 2011; Genuario, Kelley, & Perry, 1993; Kirn-Safran, Dayal, Martin-DeLeon, & Carson, 2000; Marchioni,
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Morabito, Salvati, Beccari, & Carnevali, 1993). Therefore, it appears that while certain RPGs are transcriptionally acti-
vated by canonical TBP binding, most either use noncanonical TBP recruitment or find other ways to activate
transcription.
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Studies in yeast suggest that the activation of RPG transcription is achieved through partially specialized transcrip-
tion factors that are not exclusive to RPG promoters (Bosio et al., 2011). Most yeast RPG promoters contain an upstream
activating sequence (UAS) composed of either one or two repressor/activator binding sites for Rap1, which is an essen-
tial DNA-binding transcription regulator (P. M. Goncalves et al., 1995). Rapl often binds in duos, separated by 5-15
base pairs, and this constitutively recruits the Fork head-like protein, Fhll, keeping the region nucleosome-free, in
anticipation of transcription (B. Knight et al., 2014; Wade, Hall, & Struhl, 2004; Zhao et al., 2006). In growing cells, Sfp1l
and Ifhl will bind together with Fhll to form the FIS complex downstream of the Rapl binding site (Jorgensen
et al., 2004; Reja et al., 2015). In about half of the yeast RPGs, the FIS complex will recruit multiple Hmol proteins near
the TSS. In the other half transcription proceeds without the binding of Hmo1l (Hall, Wade, & Struhl, 2006; Kasahara
et al., 2007; B. Knight et al., 2014; Lavoie et al., 2010; Reja et al., 2015; Xiao, Kamau, Donze, & Grove, 2011). Overall,
yeast RPG promoters can be grouped into three classes based on the factors implicated. Class I promoters bind Rapl,
FIS, and Hmol, Class II promoters bind Rapl and FIS, while Class III includes eight promoters featuring Abfl binding
sites and none of the other RPG associated factors (B. Knight et al., 2014). Intracategory differences also involve varia-
tions in the binding pattern of all these transcription factors. Variation in the type and position of the binding factors
was shown to impact transcription efficiency, suggesting that while certain common features are preserved between
RPGs, their transcription is not fixed at one level or mechanism (Cusanovich, Pavlovic, Pritchard, & Gilad, 2014). Mea-
surement of yeast RPG promoter activity in a reporter system revealed variations in RPGs promoter output. Promoters
of single-copy genes were about 1.5 fold more active than those found in dRPGs (Zeevi et al., 2011). In addition, a loose
relation was observed between promoter output and the binding of the Fhll and Sfp1 factors or the presence of TATA-
boxes (Zeevi et al., 2011). Surprisingly, not all RPGs, even those with a given promoter architecture, have similar tran-
scriptional activity and no linear relationship was identified between the promoter architecture, reporter-based activity,
and the amount of mRNA produced by the different RPGs (Ghulam et al., 2020; Zeevi et al., 2011).

The notion of a universal mechanism of RPG transcriptional regulation is most clearly struck down by considering
yeast dRPGs (Ghulam et al., 2020; Mageeney et al., 2018; Mullis et al., 2020). Most dRPGs are expressed in a strict hier-
archy where one of the two paralogs dominates the other to form the majority of the ribosomes (Ghulam et al., 2020;
Parenteau et al., 2011; Parenteau et al., 2015; Petibon et al., 2016). As such, one would expect the major gene copies
(i.e., the most highly expressed paralog at the protein level) to contain promoter features that foster their transcription,
while the minor copies would share features that repress or attenuate transcription. At the very least, the major copies
should be more transcribed than their minor counterpart. However, we found that protein levels of the two paralogs
not necessary correlate, if any, with the transcriptional activity or mRNA levels (Ghulam et al., 2020). In fact, the pro-
moters of many minor paralogs are more transcriptionally active than those of the major copies (Ghulam et al., 2020;
Petibon et al., 2016). For example, although both paralogs of S. cerevisiae S9/uS4 share a similar type II promoter archi-
tecture, it is the promoter of the minor uS4A copy that is more transcribed (B. Knight et al., 2014; Zeevi et al., 2011).
Clearly, and regardless of these irregularities, there must be some general coordination between the different RPGs.
This is particularly evident from the rapid shutdown of RP production in response to stress and the paucity of common
features in RPG promoters (Perry, 2005; Warner, 1999). More careful comparison between the temporal variations in
RPGs promoters’ activity in response to different growth condition is required to differentiate between concerted, coor-
dinated and coupled regulation of transcription.

Mammals have a striking diversity of RPG promoters, but analysis of human genomes nevertheless identified sev-
eral potential motifs that may form the basis of common RPG promoter structure (Yoshihama et al., 2002). Three tran-
scription factors; GABP, SP1, and YY1, were predicted to bind in different combinations to the promoters of 90% of
human RPGs. However, none of these factors is unique to RPGs and are often associated with other TATA, TATA-like,
or TATA-less promoters (Perry, 2005). The recruitment of human RNA Pol II is proposed to take place through TBP-
related factor TRF2 binding to a TCT motif, which is conserved in metazoan RBP promoters. Experimental evidence for
this type of recruitment is found in Drosophila where TCT and not TATA-dependent transcription depends on TRF2
(Perry, 2005; Y. L. Wang et al., 2014). Motif searches in 13 eukaryotic species did not identify RPG promoter features
that are conserved across all organisms, but instead found at least one motif to be conserved within species except in
worm where no shared motif was found between RPGs (X. Li, Zhong, & Wong, 2005; Y. L. Wang et al., 2014). Partial
cross-species conservation was found between mammals and insects but some of these motifs might not be strictly
linked to transcription. Indeed, some of the motifs were found in mammalian RPG introns, while others were found
thousands of base pairs upstream of the TSS (X. Li et al., 2005; Y. L. Wang et al., 2014). Most RPG transcriptional motifs
in nonyeast systems await validation with few exceptions like the most frequent motifs found in mouse RPL30/eL30,
which affect transcription when mutated (Hariharan, Kelley, & Perry, 1989). More studies of metazoan RPGs are
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needed in order to understand how transcription of these RPGs is regulated. Nevertheless, given the complexity of
metazoa it is likely that the transcription of RPGs will be even more gene-specific than in yeast. Indeed, the emerging
concepts of ribosome specialization, extra-ribosomal functions, and the plasticity of RPGs are incompatible with the
notion of uniformly expressed RPGs. The challenge now is to understand how cells reconcile RPG-specific needs with
the overall requirement of coordinated ribosome biogenesis in homeostasis and in response to stress.

3.2 | RPGs transcriptional regulation pathways

Despite their wide variations in promoter sequences and transcriptional activities, many RPGs respond to common sig-
nals linking ribosome biogenesis to changes in the cell state and growth conditions. The most conserved and well-
studied of these signaling networks is the nutrient sensing target of rapamycin protein kinase (TOR) pathway. TOR
controls ribosome synthesis in response to several cellular cues including changes in nutrient availability, growth fac-
tors, and cell size (Loewith & Hall, 2011; Powers, Dilova, Chen, & Wedaman, 2004; Wullschleger, Loewith, &
Hall, 2006; X. Yang et al., 2008). The TOR pathway has many effects on cell functions, but RPGs are the predominant
target of TOR in yeast. TOR may regulate the transcription of RPGs either directly by modulating the availability or
activity of transcription factors controlling RPG expression, or indirectly by altering rRNA synthesis that in turn affects
the transcription of RPGs.

In yeast, the TOR pathway includes two multi-protein complexes named TORC1 and TORC2 (Loewith &
Hall, 2011). The two complexes are biochemically and functionally distinct. Only TORC1 responds to rapamycin, and
it is TORC1 which is responsible for most regulation of RPG expression through the modulation of transcription factor
Fhll activity (M. S. Kim & Hahn, 2016; D. E. Martin et al., 2004). When cells are growing and TORCI is active, Ithl
is phosphorylated and bound to Fhll to stimulate RPG transcription. Conversely, inhibition of TORC1 in the absence
of nutrients results in the phosphorylation of Crfl, which displaces Ifh1 to repress RPG transcription. The exact sig-
naling events upstream of Ifhl are not clear, but a cross talk between TORC1 and the PKA pathway that controls
Crfl through Yakl has been suggested (D. E. Martin et al., 2004). The causal relationship between PKA and TORC1
in this case is not clear, but it was proposed that TORC1 functions upstream of PKA for a subset of PKA targets, put-
ting TORC1 both upstream and parallel to PKA (Soulard et al., 2010). Fhil may not be the only conduit through
which TORCI1 regulates transcription; a study from the Warner laboratory suggests that TOR inhibition could act
independent of Ifhl, at least in the context of a reporter promoter (Zhao et al., 2006). TORC1 may also regulate the
transcription of RPGs through interaction between rRNA processing factors Utp22 and Ifh1 (Albert et al., 2016). In
this case, repression of transcription of RPGs via the TOR or other pathways will lead to release of Utp22 from the
pre-rRNA in the nucleolus, leaving it free to interact with Ifth1, CK2, and Rrp7 forming the CURI complex. The inter-
action between Utp22 and Ifhl invokes a sustained release of Ifhl from the promoter and thus repression of RPG
expression (Albert et al., 2016). This mechanism directly links the transcription of RPGs to the availability of rRNA
and shows that TORC1 effects on transcription likely follow multiple paths toward global repression of RPG expres-
sion. Despite these and other exciting advances in understanding the mechanism of transcription repression by TOR
n yeast, many questions remain open. For example, it is not clear if all RPGs respond to TORC1 in the same way or
to the same extent, and the possibility of transcription-independent regulation of RPG expression remains open.
Indeed, recent studies have shown that splicing may play an important role in repressing the expression of certain
RPGs in response to TORC1 (Parenteau et al., 2019).

The mammalian TOR pathway (mTOR) signaling cascade is well studied. Maps are available showing hundreds of
reactions and targets connecting different cell activities including ribosome biogenesis (Caron et al., 2010). Unlike the
yeast, there is little knowledge about whether and how mTOR controls RPG transcription. Most of what we know about
mTOR's transcriptional activity concerns the repression of rtDNA transcription through the modulation of both RNA
Pol I and III (Iadevaia, Huo, Zhang, Foster, & Proud, 2012; Iadevaia, Liu, & Proud, 2014). rRNA synthesis is controlled
by the S6K1 kinase, affecting TIF-IA activity (Iadevaia et al., 2014). One would expect the change in rRNA availability
to feed back on the transcription of RPGs perhaps through a mechanism analogous to that found in yeast via Utp22
(Albert et al., 2016; Rudra, Mallick, Zhao, & Warner, 2007), but this remains to be validated. Alternatively, mTOR could
perhaps regulate RPG transcription. It was shown that transcription factors involved in RPG transcription, like SP1 or
YY1, are also implicated in the mTOR pathway (Astrinidis et al., 2010; Cunningham et al., 2007; Jablonska &
Polouliakh, 2014). In Figure 2, we illustrate a possible mechanism by which mTOR might regulate global RPG tran-
scription based on the scarce information available from mammalian cells and by analogy to the yeast. Clearly, more
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in-depth studies are needed to clarify the contribution of transcription to the titration of RPG expression in response to
changes in growth conditions and particularly to the TOR pathway.

4 | RNADEPENDENT REGULATION OF RPGS

Traditionally, transcription is viewed as the principal step for controlling RPG expression, followed by a streamlined
mRNA maturation process meeting the enormous demands for ribosome synthesis (Warner, 1999). According to this
transcription-centric model, polyadenylation, splicing, and RNA stability are mostly constitutive and uniform processes
(Warner, 1999; Warner, Vilardell, & Sohn, 2001). Indeed, even alternative splicing, which is the hallmark of protein
diversity in mammalian, is thought to be absent from human RPGs, supporting the view of RNA-independent regula-
tion of RPG expression (Gupta & Warner, 2014). However, RNAseq and RT-qPCR quantification indicated variation in
the amount mRNA produced by individual RPGs ranging from 3- to 10-fold (Gupta & Warner, 2014; Lipson
et al., 2009). Notably, it was recently shown that these variations in mRNA quantity exist even between genes coding
for the same RPs like the near-identical dRPG pairs in yeast (Ghulam et al., 2020). Indeed, recent studies start to paint
a new picture of ribosome biogenesis where post-transcriptional regulation plays a central role in determining the
amount of proteins produced from each gene and permits gene-specific regulation (Figures 2 and 3 and [Ahamad, Ojha,
Srivastava, Bhattacharya, & Bhattacharya, 2015; de la Cruz et al., 2018; Parenteau et al., 2011; Parenteau et al., 2015;
Petibon et al., 2016]). In this section, we will review the recent evidence supporting the role of RNA as major regulator
of ribosome biogenesis with emphasis on the role of transcription termination, splicing, and RNA stability in adjusting
the dose of proteins produced from each RPG.

4.1 | RNA maturation and 3’ end formation

The contribution of RNA to the regulation of RPGs is most evident in the form of alternative or differential splicing and
alternative transcription termination or polyadenylation. In S. cerevisiae, these modes of gene regulation play a particu-
larly important role in determining the output of dRPGs (Parenteau et al., 2011; Parenteau et al., 2015). In the case of
the genes coding for the large subunit protein RPL9/eL9, the transcription of the minor copy eL9B has two alternative
transcription termination sites (TTS). One leads to polyadenylation and hence expression of the gene, while the other
form gives nonadenylated RNA that is rapidly degraded (Gudipati et al., 2012). The balance of these two termination
pathways is determined by the binding of eL9 to a stem-loop structure at the 3’ end of the genes. When eL9 is in excess,
it will preferentially bind and inhibit the minor copy. As such, this mechanism functions as an asymmetric feedback
mechanism favoring the expression of eL9A at the cost of eL9B as described in Figure 3. Consistently, comparison of
the 3’ UTR length indicated that in most dRPGs, the minor paralog features two alternative termination sites and/or a
longer 3'UTR (Parenteau et al., 2015). In the case of RPL8A/eL8A it was shown that the choice of polyadenylation site
depends on growth conditions and exposure to stress (Parenteau et al., 2015). Therefore, at least in yeast, it seems that
alternative 3’ end formation plays a role in determining the amount of RNA produced from RPGs and shapes the
expression hierarchy of dRPGs. Alternative polyadenylation sites were also observed in metazoan cells, but their contri-
bution to RPG regulation remains unclear (Antione & Fried, 1995; Chakrabarti et al., 2018). Interestingly, the 3’ UTR
was also shown to influence the cellular distribution of RPs in human cells through the association with actin microfila-
ments leading to localized translation (Corral-Debrinski, 2007; Russo, Russo, Cuccurese, Garbi, & Pietropaolo, 2006).

4.2 | RPG regulation by splicing

The most versatile and multifaceted regulatory step in the eukaryotic gene expression pathway is splicing, since it can
modify not only the quantity, but also the type of proteins produced from each gene. Splicing increases protein diversity
through (i) alternative splicing, (ii) titrating mRNA amount by varying the rate of pre-mRNA maturation, and
(iii) triggering mRNA degradation by the inclusion of degradation signals (Black, 2000; Blencowe, 2006; Chew, 1997;
Cooper, 2005; Fedor, 2008; Jo & Choi, 2015). In the case of eukaryotic RPGs, splicing is indeed a quasi-ubiquitous fea-
ture found even in the smallest of genomes (Gill et al., 2010; Grisdale, Bowers, Didier, & Fast, 2013; Peyretaillade
et al., 2009; Slamovits & Keeling, 2009; Whelan et al., 2019). Notably, introns are over-represented in S. cerevisiae RPGs
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where only 5% of the genes contain introns in genome and 89% of all spliced RNA in this organism is generated from
RPGs (Hooks, Delneri, & Griffiths-Jones, 2014; Parenteau et al., 2011; Warner, 1999). Unlike most eukaryotic genes,
RPGs rarely produce more than one protein from the same gene through the process of alternative splicing (Gupta &
Warner, 2014). As such, it appears for the moment that splicing contributes indirectly to ribosome heterogeneity by
modulating the pool of RP to be incorporated into ribosomes, but not in terms of modifying the structure of the pro-
teins. As such, a more detailed, focused and comprehensive analysis of alternative splicing isoforms at mRNA and pro-
tein levels and their incorporation in the ribosome in higher eukaryotes is required. It is clear that splicing does play an
important role in regulating RPG expression and functions as a tool for feedback regulation (Figure 2, splicing panel).
Systematic intron deletion from RPGs in yeast indicated that most RPG mRNAs are regulated through splicing
(Parenteau et al., 2011); 84% of intron deletions altered the amount of mRNA produced from RPGs (Parenteau
et al., 2011). Surprisingly, introns do not always repress the expression of RPGs as would be expected from the delay
generated by the splicing kinetics. Instead, near half of the intron deletions resulted in reduced expression of RPGs,
suggesting that introns may promote the production of RPGs. The extent to which introns affected the expression varied
between genes. This supports a model whereby gene-specific splicing efficiency may determine the level of RPG
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expression not only as negative regulator, but also as enhancer. (Parenteau et al., 2011). Consistently, assaying RPG
splicing efficiency using a heterologous reporter system also indicated significant variations in splicing efficiency
between RPGs (Yofe et al., 2014).

Variation in splicing efficiency of RPGs plays an important role in adjusting the expression level of each RPG and
defines the expression ratio of dRPGs mostly through an asymmetric feedback mechanism (Ghulam et al., 2020;
Parenteau et al., 2011; Petibon et al., 2016). As described in Figures 2 and 3, variation in RPG splicing may stem from
innate differences in intron sequences that determine the steady-state splicing efficiency, or through proteins that bind
a specific intronic structure and inhibit splicing in specific conditions (Hooks et al., 2014; Neuveglise, Marck, &
Gaillardin, 2011; Yoshihama et al., 2007). The intron sequences of many RPG pairs differ by 40%, leaving ample room
for gene-specific splicing repressors and enhancers. However, the specific mechanisms by which splicing efficiency var-
ies between RPGs remain to be fully characterized. The situation is complex, not least because of a known feedback
mechanism by which free RPs act themselves as splicing factors to affect their own splicing and hence their own pro-
duction. Many RPs are RNA-binding proteins and they can repress splicing by binding specific RNA structures near the
splice site (Macias, Bragulat, Tardiff, & Vilardell, 2008; Petibon et al., 2016; Vilardell & Warner, 1997). In the case of
L30/eL30, free protein (not incorporated into ribosome) binds to a structure near the 5 splice site and inhibits U2 bind-
ing, leading to reduction in splicing and the amount of mature eL30 RNA (Macias et al., 2008; Vilardell &
Warner, 1997). In the dRPGs coding for S9/uS4, the binding of uS4 protein to an intronic structure inhibited splicing of
the minor paralog uS4A, favoring the expression the major paralog uS4B (Petibon et al., 2016). A similar mechanism
was reported for the duplicated genes coding for L22/eL22, where the minor copy mRNA featured a structure that binds
to eL22 protein, leading to the inhibition of splicing (Gabunilas & Chanfreau, 2016). The role of introns in defining the
hierarchy of dRPGs appears to be a general mode of autoregulation in yeast, as at least 60% of all gene pairs in this
organism require the presence of at least one intron for interparalog regulation (Parenteau et al., 2011). More recent
studies have shown that these changes in splicing in turn change protein levels and the number of ribosomes con-
taining specific RP paralogs (Ghulam et al., 2020; Petibon et al., 2016). As well as its likely homeostatic role, splicing-
dependent regulation also contributes to adjusting RPG expression ratios in response to stress and nutrient depletion
(Ghulam et al., 2020; Parenteau et al., 2011; Petibon et al., 2016). This clearly indicates the regulation of dRPGs through
splicing is not static but rather a dynamic regulatory element that may adjust the ratio of the RP produced from each
paralog according to growth conditions.

Splicing-dependent regulation of RPGs is much less understood in metazoa, but the few available studies point to a
role analogous to that found in yeast. For example, the small subunit protein S9/uS4 in D. melanogaster was shown to
regulate the expression of its own gene (Plocik & Guthrie, 2012). In at least five eukaryotes including human, alterna-
tive splicing represses the expression of uS4 by directing the RNA to nonsense mediated decay (NMD; Plocik &
Guthrie, 2012). It is also likely that this type of regulation is not restricted to uS4, but also found in many, if not the
majority, of metazoan and especially human RPGs. In human cells, alternatively spliced transcripts often contain pre-
mature termination codons permitting splicing based regulation of gene expression (Mitrovich & Anderson, 2000).
Notably, L3/ul3, L7A/eL8A, L10A/uLl, and L12/ul1l genes were shown to be auto-regulated through alternative
splicing induced NMD (Cuccurese, Russo, Russo, & Pietropaolo, 2005). Alternative splicing was also implicated in
inducing the expression of several RP isoforms in hypoxia (Brumwell, Fell, Obress, & Uniacke, 2020). Cell type specific
exon-skipping event was also reported for S24/eS24. In this case, splicing introduces a stop codon and removes three
amino acids from the protein C-terminal (Song et al., 2017). Additional and more mechanistic information was deduced
from human S26/eS26 where it was shown, in vitro and in vivo, that indeed the RP binds directly to its intron and influ-
ences splicing (Ivanov, Malygin, & Karpova, 2005). Experimentally, unproductive mRNA isoforms for four RPs (L3,
eL8A, ulLl, and ulLll) were shown to accumulate in C. elegans when NMD was inhibited (Mitrovich &
Anderson, 2000). Overexpressing uL11 reprogrammed the splicing of its pre-mRNA leading to degradation of its own
transcript (Mitrovich & Anderson, 2000). Therefore, like in yeast, splicing may function as a tool for RPG
autoregulation in metazoan cells. However, it is also clear that the scope of RPG splicing regulation is largely
unexplored as only a few metazoan RPGs were tested in a very limited number of tissues and conditions.

4.3 | Stability and degradation of RPGs mRNA

The half-life of cytoplasmic RPG mRNA is within the average range of mRNA half-lives, suggesting that once exported
to the cytoplasm, most RPGs are translated with little inter-RPG variation or specialized regulation (Y. Wang
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et al., 2002). In S. cerevisiae, the half-life of RPG mRNAs is 22 + 6 min, while those of other cellular mRNAs average
23 min with a median of 20 min, so RPGs as a group are indistinguishable from other yeast RNAs in this respect. How-
ever, five RPG mRNAs (S4A/eS4A, S4B/eS4B, L3/ul3, S27A/eS31A, and S28A/eS28A) do have shorter half-lives of
under 10 min (Y. Wang et al., 2002). It is not yet clear if this peculiarly rapid turnover rate reflects a special regulatory
requirement or random variation in the degradation process mitigated by upregulation of one or many levels of the
gene expression pipeline. In any case, it remains clear that cytoplasmic mRNA degradation does not play a major role
in varying the amount nor the timing of RP expression.

In contrast, nuclear RNA degradation clearly has an important role in determining RPG RNA levels, as it acts as a
sweeper for miss-spliced and terminated RPGs. As discussed in above sections, reduced splicing, alternative splicing or
transcription read-through and alternative polyadenylation of RPGs can introduce degradation signals leading to RNA
degradation. Currently, it is thought that splicing and/or transcription termination acts as the decisional step defining
the fate of the mRNA while RNA degradation functions as the constitutive executioner (Figure 2). However, it is clear
that not all RPGs mRNA are degraded by the same mechanism in the nucleus and as such, it is possible that the specific
pathway used influences the rate of RPG degradation downstream of transcription and splicing. For example, while
inhibiting the splicing of certain RPGs can lead to degradation by the double-stranded RNA-specific ribonuclease Rntlp
as is the case of RPS22B/uS8B and RPL18A/eL18A, others like RPS9/uS4 are degraded by NMD (Danin-Kreiselman,
Lee, & Chanfreau, 2003; Peccarelli & Kebaara, 2014; Plocik & Guthrie, 2012). Similarly, while modifying the site of
transcription termination led to the degradation of both RPL8A/eL8A and RPL9/uL6, eL8A termination failure leads to
degradation by Rntlp whereas ulL6 degradation is carried out by the exosome (Gudipati et al., 2012; Parenteau
et al., 2015). There are also some examples of splicing and transcription-independent RPG mRNA degradation. For
example, direct binding of the de-capping protein Edc3 to a stem-loop structure at the 3’ end of RPS28B/eS28B mRNA
leads to its de-capping and thus to degradation by 5'-3’ exoribonucleases (He, Li, Roy, & Jacobson, 2014; Kolesnikova,
Back, Graille, & Seraphin, 2013). This mode of degradation helps regulate eS28B levels since free eS28B binds and
inhibits the activity of Edc3 in a gene-specific pattern (He et al., 2014; Kolesnikova et al., 2013). Accordingly, all steps of
mRNA maturation might be targeted for regulation through variation in RNA stability and/or sensitivity to ribonucle-
ases. The notion of RPG-specific nuclear degradation pattern was also supported by the great variation in RPG tran-
scripts’ susceptibility to nuclear ribonucleases. Indeed, all the RPG mRNAs are affected by different sets of
ribonucleases and most minor dRPG paralogs are more sensitive to ribonucleases than the major ones (Parenteau
et al., 2015). It will take a more systematic analysis of metazoan mRNA degradation patterns to accurately assess the
contribution of RNA degradation to the control of RPG expression and ribosome biogenesis in general.

5 | TRANSLATION REGULATION OF RPGS

RPGs are among the most efficiently translated genes in all living organisms and as such they are built for speed
(Warner, 1999; Warner et al., 2001). However, like all genes, RPGs do obey the general signals regulating translation in
response to changes in growth conditions or cell status, and variations in the translation efficiency between RPGs are
starting to be reported, even in yeast (Ghulam et al., 2020; Gingras et al., 2004; W. Zhang, Du, Zhou, & Chen, 2018). In
general, regulation of RPG translation can be classified into two types; the first being global translation regulation and
the second specialized gene-specific regulation (Figure 2, translation panel). Global regulation usually takes place in
the form of general repression of RPG translation as a group along with other genes in response to nutrient sensing reg-
ulators, like the TOR pathway (Gingras et al., 2004; W. Zhang et al., 2018). On the other hand, gene-specific regulation
takes the form of either innate variations in translation efficiency between genes or either a fine-tuning mechanism that
varies the response of certain RPGs to stress (Ghulam et al., 2020). Global regulation is conserved in several eukaryotes,
while the gene-specific mechanisms have mostly been reported in yeast. In this section, we will review the literature
supporting these two types of translation regulation and their utility.

51 | General regulation of RPGs translation
RPGs are subject and particularly sensitive to most global mechanisms of translation regulation, including the nutrient-

sensing TOR pathways and other developmental or cell differentiation regulator mechanisms (Gingras et al., 2004;
Xiao & Grove, 2009; X. Yang et al., 2008). Nutrients and growth factors are the most prominent signals for ribosome
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biogenesis. They often regulate the translation of RPG mRNAs as part of the collective induction of ribosome synthesis
that also includes stimulation of rRNA and RPG transcription (Abe, Yamashita, & Isono, 1994; Gingras et al., 2004;
Hamilton, Stoneley, Spriggs, & Bushell, 2006; Masvidal, Hulea, Furic, Topisirovic, & Larsson, 2017; X. Yang
et al., 2008). Translation of RPGs is particularly crucial for boosting the synthesis of new ribosomes in newly divided
cells and for jump-starting the growth cycle (Arribere, Doudna, & Gilbert, 2011; Johnstone & Lasko, 2001;
Richter, 1991). Notably, translation activation of the mRNAs might be the most important regulatory target for situa-
tions requiring a rapid response. Rapid translation activation allows cells to produce new proteins faster than starting
from de novo transcriptional activation of the same genes. Translation acts as an amplifier of the effect of transcrip-
tional gene control by enhancing the protein output from transcriptionally induced genes or else as a damper reducing
the protein output from already-transcriptionally repressed genes (Melamed, Pnueli, & Arava, 2008; Preiss, Baron-
Benhamou, Ansorge, & Hentze, 2003). The most studied mechanism of translation regulation is that controlled by the
TOR pathway, which links translation to nutrients availability, cell size, and cell division (Caron et al., 2010; Gingras
et al., 2004; Iadevaia et al., 2014; Masvidal et al., 2017; Mayer & Grummt, 2006). When nutrients are limited or another
off signal is received, the main regulator of the TOR pathway, TORC]1, is inactivated leading to the dephosphorylation
of the translation initiation factor 4E-BP, which disrupts translation initiation complexes (Figure 2, Translation panel
and (X. M. Ma & Blenis, 2009)). In mammalian cells, phosphorylation of mTORC1 by PI3K and AKT kinases leads to
the phosphorylation of the S6K protein and the repression of a specific class of mRNAs containing 5’ terminal
oligopyrimidine (TOP) tracts (Thoreen et al., 2012). This group of mRNAs, which include many RPGs, are the primary
translation targets of mTOR (Fenton & Gout, 2011). The presence of pyrimidine-rich translational elements (PRTE)
within their 5 UTRs was proposed to mediate at least in part the mTOR effect on translation (Hsieh et al., 2012). Other
triggers of translation repression in mammalian cells include p53, which may act either in parallel or through the
mTOR pathway to repress translation through the titration of the amount of free eIF4E through the binding 4E-BP1
association (Constantinou & Clemens, 2007; Horton et al., 2002; Jessica et al., 2012). The role of p53 in the regulation of
translation is currently a subject of extensive study and its effect on RPGs expression underlines yet another link
between RPGs expression and the cell cycle and proliferation.

5.2 | RPGs specific regulation of translation

For decades, RP mRNAs were thought to be equally translated as a single regulon fluctuating in unison between on
and off states in response to cellular cues. However, recent work in yeast has started to project a different image where
RPGs and especially dRPGs are translated at different levels and in response to different stimuli (Ghulam et al., 2020;
Komili et al., 2007). Surprisingly, in silico comparison of RPG mRNAs indicated a great variation in the translation reg-
ulatory elements, including the number of suboptimal codons, Kozak sequence, UTR lengths, and GC content. Consis-
tently, comparison of the level of RPG association with ribosomes found notable variation between RPGs and even
between duplicated RPGs. In 56% of the cases, the most efficiently translated RPGs exhibited more optimal Kozak score.
On the other hand, in 35% of the cases the most translated genes were also those with the most optimal Kozak access,
having lower GC content in the 5 UTR or exhibiting shorter 3 UTR. Interestingly, while no strict correlation was found
between translation rate and any single translation regulatory element, the more translated genes always had a more
favorable overall regulatory element composition. This indicates that RPG translation efficiency is the result of a combi-
nation of factors that may take various forms from enhanced initiation to improved elongation. In general, RPGs pro-
ducing most RNA were also those having the most efficiently translated mRNA, indicating that at least in these cases
translation works as an amplifier of RP production (Ghulam et al., 2020).

The 3’ UTR of the minor paralog of RPL8/eL8 contains a specific translation regulatory element; substitution of the
3’ UTR of the minor paralog eL8A, which is under-translated, with a heterologous UTR increased translation, while the
same substitution in the major and more translated paralog did not (Parenteau et al., 2015). Strikingly, this type of
gene-specific regulation is not static but may also change depending on growth conditions. For example, it was shown
that exposure to stress differentially represses genes that are normally over-translated under normal conditions
(Parenteau et al., 2015). Aside from the above-mentioned translation regulatory elements, it was recently discovered
that the amino acid charge of RPGs might play an important role in their rate of translation by slowing the elongation
rates. In this new model, RPG translation is determined by the balance between a highly efficient initiation rate and a
relatively inefficient elongation rate (Riba et al., 2019). It is not clear, however, if variation between RPGs' amino acids
charge could cause differences in translation or whether these changes are responsive to changes in cell growth.
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Overall, it is now clear that translation may play an important role in adjusting the output of RPGs on a gene-by-gene
basis, the exact formula of this type of regulation remains unclear.

6 | POST-TRANSLATION REGULATION OF RPGS

Once translated, RPs may undergo a number of post-translational modifications including phosphorylation,
ubiquitination, methylation, acetylation, and SUMOylation (Dalla Venezia, Vincent, Marcel, Catez, & Diaz, 2019;
Genuth & Barna, 2018a). Unlike other regulatory steps in RPG production, most post-translational modifications
appear to be protein-specific (D. Simsek & Barna, 2017). Indeed, the dependence of these modifications on the amino
acid sequence makes them highly suitable for gene-specific regulation. In general, RP modifications can be divided into
two groups; the first includes modifications regulating protein stability like the proteasome inducing ubiquitination.
The second includes modifications that alter the function or the behavior of the proteins, like phosphorylation, which
may alter subcellular localization or protein interactions of RPs. Phosphorylation can also alter ribosome biogenesis or
even lead to extra ribosomal functions. These protein modifications may occur either co-translationally or post-trans-
lationally, and they are considered the best source for a potential ribosome specialization (Genuth & Barna, 2018b;
Ruiz-Canada, Kelleher, & Gilmore, 2009; Sauert, Temmel, & Moll, 2015; C. I. Yang, Hsieh, & Shan, 2019). In the follow-
ing section, we will discuss the impact of specific modifications on RP regulation, functions, and stability.

The very first RP modification was discovered in RPS6/eS6 more than 4 decades ago by the Wool lab, and it remains
highly studied and functionally relevant (Gressner & Wool, 1974; Khalaileh et al., 2013; Ruvinsky et al., 2009). The
phosphorylation of eS6 is implicated in cell size control, pancreatic cancer, glucose homeostasis, activation of neurons,
integration of light signals, and circadian clock signals (Enganti et al.,, 2017; Khalaileh et al., 2013; Z. A. Knight
et al., 2012; Ruvinsky et al., 2005). The small subunit protein eS6 is highly conserved from yeast to human and several
of the phosphorylated residues are also conserved. In mammals, the two serine residues close to the carboxy-terminus
of eS6 are directly phosphorylated by S6K in response to mTORC1 (Nakashima & Tamanoi, 2010). In yeast, the con-
served serine residues (Ser232 and Ser233) are also phosphorylated, likely by the functional S6K homolog Sch9
(Gonzalez et al., 2015). However, mutation of this residue in yeast did not have major effect on growth in rich media
(Johnson & Warner, 1987). In contrast, The role of phosphorylation in mammalian cells remains unclear since muta-
tion in these residues had little phenotypic effect (Ruvinsky et al., 2009).

Phosphorylation is not restricted to eS6 but was also detected in a large number of RPs, and several of these modifi-
cations altered the function of their respective proteins. For example, in the case of RPL12/ulL11, phosphorylation
altered translation during mitosis while phosphorylation of RPS15/uS19 resulted in LRRK2 neurodegeneration in
Parkinson's disease (Imami et al., 2018; I. Martin et al., 2014). In yeast, phosphorylation of Ser223 of RPS7/eS7 is impli-
cated in the biogenesis of the small ribosomal subunit, translation, and cellular proliferation (Tomioka et al., 2018).
Eventually, phosphorylation was found in almost all RPs tested, increasing the spectrum of RP regulation
(Dinman, 2016; Ferretti & Karbstein, 2019). Notably, phosphorylation may also expand the function of RPs beyond
their function in the ribosome. For example, stoichiometric phosphorylation of RPL13A/ul13 at a single serine triggers
its release from assembled ribosomes to function as an essential component of the interferon-Y activated inhibitor of
translation complex (Mazumder et al., 2003; Mukhopadhyay et al., 2008). In time, it is likely that more extra-ribosomal
functions will be discovered. In addition to protein phosphorylation, other types of modifications also alter the function
of RPs. For example, methylation of RPL42/eL42 modulates translation and cellular proliferation in S. pombe, while
methylation of RPL3/uL3 promotes translational elongation fidelity, and histidine methylation of uL3 contributes to
the assembly of the 60S ribosomal subunit in S. cerevisiae (Al-Hadid et al., 2014; Shirai, Sadaie, Shinmyozu, &
Nakayama, 2010). SUMOylation is another common RP modification that alters the subcellular localization of RPL22/
eL22 in Drosophila, and contributes to RPL11/ul.5-mediated activation of p53 in mice (El Motiam et al., 2019; Kearse,
Ireland, Prem, Chen, & Ware, 2013).

One of the most recent developments in the study of post-translational modification of RPs is the discovery of the
association of the UFMylation enzyme (UFL1) with the assembled 60S LSU and 80S ribosome and its involvement in
metazoan-specific post-translational modifications (PTM) of RPs including RPL26/ul24 (Deniz Simsek et al., 2017;
Xu & Barna, 2020). UFMylation of ulL24 plays a direct role in co-translational protein translocation through the degra-
dation of a translocation-arrested endoplasmic reticulum protein by targeting it to the lysosomes (Walczak et al., 2019;
L. Wang et al., 2020). Finally, glycosylation, hydroxylation, and acetylation can modulate RP function by altering their
secretion, RNA binding, and protein synthesis properties (Kamita et al., 2011; Y. Kim, Lee, Kim, & Kim, 2016;
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Yanshina, Bulygin, Malygin, & Karpova, 2015). Despite these numerous examples of RP modifications, the mechanistic
details and impact on protein synthesis are mostly unknown leading to a debate. Indeed, the capacity of a single or a
cluster of protein modifications to alter translation is contested given that the peptidyl transferase center of the ribo-
some is made mostly of rRNA (Dinman, 2016; Ferretti & Karbstein, 2019). The challenge now is not to find more RP
modifications but rather to better understand their contribution to the functions of RPs and ribosomes.

In addition to altering protein functions, modifications were also shown to change the stability of RPs by increasing
resistance to proteases or by tagging them for degradation. For example, while SUMOylation of human protein RPS3/
uS3 makes it resistant to proteolysis, the phosphorylation of the yeast protein P1/P1 triggers its degradation (Jang
et al.,, 2011; Nusspaumer, Remacha, & Ballesta, 2000). Under certain circumstances, modification and specifically
ubiquitination may lead to RP degradation at least in the experimental systems tested. However, it is unclear if this deg-
radation is a natural mechanism for controlling RP doses within the normal cycle of ribosome biogenesis or functions
as a special feature triggered by artificial overexpression of RPGs. It is also not clear how, when, and why a specific
RPG may escape, under natural conditions, the layers of transcriptional and post-transcriptional regulation to produce
excess proteins out of sync with the other components. An emerging paradigm of RP function is the post translationally
regulated sub-stoichiometric association of RPs to actively translating ribosomes that results in the production of func-
tional heterogeneous ribosomal population. Indeed, it was shown that among others, RPL38/eL.38 and RPL10A/uLl are
under associated with the ribosome under certain conditions. The association of these proteins was implicated in the
translation of mRNAs with internal ribosome entry site (IRES) (Zhen Shi et al., 2017; Xue et al., 2015).

7 | REGULATION OF RIBOSOME BIOGENESIS ATUG OF WAR BETWEEN
DIVERSITY AND HOMOGENEITY

The textbook view of regulation of RPGs and ribosome biogenesis is one of conformity, streamlining, and tight regula-
tion (Warner, 1989; Warner et al., 2001; Warner, Kumar, Udem, & Wu, 1973). Key research articles have purveyed con-
cepts like a uniform regulatory program controlled by the TOR pathway at the transcription level in yeast and at the
translational level in mammalian cells (Berger et al., 2007; Iadevaia et al., 2012; Thoreen et al., 2012; Wullschleger
et al,, 2006; Xiao & Grove, 2009). However, these views are being constantly challenged by recent experiments
highlighting the variation in RPG levels of expression and regulatory mechanisms leading to the heterogeneity of ribo-
some composition (Ferretti & Karbstein, 2019; Genuth & Barna, 2018a; Kondrashov et al.,, 2011; Mageeney &
Ware, 2019; Sauert et al., 2015). Indeed, while the concept of specialized ribosomes may continue to be debated, it is
hard to challenge the heterogeneity of ribosome composition and regulatory programs. As evident from the examples
discussed earlier, most eukaryotes produce variable amounts of mRNA from different RPGs, and mass-spectrometry
analyses continue to detect variations in the protein contents of ribosome populations extracted from different tissues
and cells grown under different conditions (Genuth & Barna, 2018b; Giavalisco et al., 2005; D. Li & Wang, 2020; Marcel
et al., 2015; Nazar et al., 1974; Sauert et al., 2015; Xue & Barna, 2012). The challenge now is to reconcile these different
views in a single model that permits heterogeneity while maintaining a level of conformity allowing the coordination of
ribosome biogenesis. In the next section, we will discuss examples of RPG regulatory heterogeneity and discuss possible
models for combining the needs for gene-specific and ribosome-wide regulatory programs.

7.1 | Heterogeneity of RPG expression profiles and control mechanisms

Most RPG studies compare their responses to different stimuli as a group in relation to the rest of the genome. This
type of comparison over-emphasizes the homogeneity of response within the group and underestimates intergene
variations and the existence of outlier genes (Ishii et al., 2006; X. Li, Zheng, Hu, & Li, 2016; Reja et al., 2015). How-
ever, suggestions of gene-specific regulation in response to changes in growth conditions were advanced more than
two decades ago. Comparison of RPG expression in D. discoideum spores and exponentially growing cells identified
12 developmentally regulated RPs that deviate from the general RPG expression profile (Ramagopal, 1990;
Ramagopal & Ennis, 1981, 1982). Tissue-specific expression of certain RPGs was also observed in plants as the
expression of a reporter gene driven by the Rpl16A promoter was differentially detected in proliferating tissues
(Williams & Sussex, 1995). Another example in plants is S5A/uS7A, which is differentially expressed in dividing
cells while its paralog is expressed in differentiated cells (Weijers et al., 2001). In several multicellular organisms
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like fruit flies, zebra fish, and mice, mutations in RPGs resulted in tissue-specific phenotypes supporting the notion
of tissue-specific expression, or at least function of RPGs (Kongsuwan et al., 1985; Z. Shi & Barna, 2015). In human,
tissue-specific expression of a specific set of RPGs was observed in different organisms and mutation in certain
RPGs led to defects in one tissue and not the others, as the case in Diamond-Blackfan Anemia. In this case, muta-
tions in any one of 12 RPGs (RPL11/uL5, RPL15/eL15, RPL26/uL24, RPL31/eL31, RPL36A/eL42, RPL5/ulL18,
RPS7/eS7, RPS10/eS10, RPS17/eS17, RPS19/eS19, RPS24/eS24, or RPS26/eS26) specifically impaired bone marrow
function (Cmejla & Cmejlova, 2003; Gazda & Sieff, 2006; P. Goncalves, Pereira, Kidd, & Ribeiro, 2004; Mirabello
et al., 2017; R. Wang et al., 2015).

Other RPG mutations can lead to tissue-specific predisposition to cancer (Sulima, Hofman, De Keersmaecker, &
Dinman, 2017). Variation in expression of RPGs can also stem from the utilization of certain RPGs for non-
ribosomal function. In yeast, at least 10 genes were assigned nonribosomal functions including rRNA processing
and assembly, transcription regulation, translation, DNA repair, and replication (Lu, Zhu, Xiong, Wang, &
Jia, 2015). Similar extra-ribosomal functions were also detected in mice and human (Briggs & Dinman, 2017,
Molavi, Samadi, & Hosseingholi, 2019). To perform these dual functions, the RPGs in question need to be indepen-
dently regulated to meet not only the need for new ribosomes, but also to fulfill their specialized function. How-
ever, this notion awaits experimental validation to robustly link RPG specialization to defined patterns of gene
expression. Meanwhile, the well-documented variation in the expression and in some cases the virtual absence of
one or more RPs from certain tissues (Genuth & Barna, 2018a, 2018b; D. Simsek & Barna, 2017; Xue &
Barna, 2012) prove the ribosome tolerance to variations in RP amounts and as such, negates any necessity for regu-
latory conformity of RPGs.

7.2 | Duplicated RPGs: An example of controlled regulatory diversity

The strongest argument for individualistic regulation of RPs is the great difference in the expression of dRPG. Almost
all yeast dRPGs and the few dRPGs studied in higher eukaryotes are expressed at differing levels and in many cases,
they respond to different stimuli. The Silver lab demonstrated that paralog-specific expression of RPL7/uL.30, RPL12/
uL11, RPS18B/uS13B, and RPL22/eL22 genes is required for yeast bud site selection and localized translation of Ashl
mRNA (Komili et al., 2007), while our lab subsequently demonstrated that most yeast dRPG pairs in yeast are differen-
tially regulated to favor the expression of one gene copy (Ghulam et al.,, 2020; Parenteau et al., 2011; Parenteau
et al., 2015; Petibon et al., 2016). Surprisingly, this expression hierarchy is not established by different transcription
levels but mostly through differential splicing (Parenteau et al., 2011). In most cases, one of the two copies is more
spliced than the other and often the predominant protein plays an important role in repressing the splicing of its para-
log (Petibon et al., 2016). This gene copy-specific repression is not static as in many cases, it can be overturned by cellu-
lar stress. For example, stress affects the expression of RPS9/uS4, RPS17/eS17, RPS29/uS14, and RPL33/eL33 in an
intron-dependent manner (Parenteau et al., 2011). Indeed, splicing rate is the major determinant of the expression hier-
archy of yeast dRPGs. In general, genes that are more spliced are more incorporated into ribosomes confirming the role
of splicing as the major determinant of intergene regulation in yeast (Ghulam et al., 2020). Curiously, in certain cases
the most transcribed paralog was the least spliced, producing the least amount of mature mRNA (Parenteau
et al., 2011; Petibon et al., 2016).

In intron-less genes the situation is different of course. Here, expression control in response to stress is mediated by
differential transcription termination and 3’ end formation (Gudipati et al., 2012). In these cases, the minor paralog fea-
tures alternative TTS and a longer 3' UTR (Parenteau et al., 2015). The available data on dRPG regulation in yeast sug-
gests that efficient splicing or strong transcription termination dictates which copy is most expressed at the protein
level (Figure 3). Under normal growth conditions, expression of dRPGs is auto-regulated through an asymmetrical feed-
back mechanism whereby the free RPs binds to the intron or the 3’ UTR to repress the minor paralog. In most cases,
this differential repression of the minor paralog is cemented by higher translation efficiency of the major paralog. As a
result, under normal growth conditions the cell will always contain more ribosomes featuring the major RP, even when
the minor paralog is the more transcribed. When cells are exposed to stress, the abundance of the major paralog is
reduced, at least in part, through the repression of is translation and/or transcription. This reduction in the major para-
log expression leads consequently to the de-repression of the minor paralog splicing or transcription termination, which
are otherwise repressed by the proteins produced from the major paralog. As a result, the number of ribosomes con-
taining the minor RP forms increases, while those featuring the major RP form decreases. Duplication of RPGs in yeast
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likely serves as a specialized stress-response mechanism replacing the highly expressed RPGs, which are suitable for
growth under optimal conditions, with a layer of poorly expressed genes better suited for quiescent, stressed, or starved
cells.

7.3 | Combined model for regulation and diversity of RPGs

Careful examination of both classical and recent studies of RPG expression suggests two partially overlapping regula-
tory circuits (Figure 4). The first is a global ribosome synthesis regulatory network that controls the overall expression
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of RPGs, while the second is a gene specific tuning system that adjusts the amount of proteins produced from each gene
individually. In yeast, TOR primarily controls the transcription of RPGs in response to signals emanating from the
nutrient and cell status sensing pathways (TOR and PKA pathways), while in mammalian cells these same pathways
mostly control the translation initiation of RPGs. On the other hand, the gene specific circuitry adjusts the mRNA
amount produced from each RPG in relation to the need of this particular RP for either extra-ribosomal function,
response to stress or paralog-specific function. The global circuitry provides a rough coordination of the different ribo-
some components and network with the CURI (Ck2/Utp22/Rrp7/Ifhl) transcriptional regulatory complex controlling
both rRNA and RPGs expression. On the other hand, the stochastic variations that are inevitably created by GST as it
tunes the expression of individual genes would function as a source for new RP functions or as a toolbox for stress
response. As illustrated in the model presented in Figure 4, the integration of these two regulatory circuits provides cells
with the mean to diversify its RPGs functions while keeping control of the overall process of ribosome production.

8 | CONCLUSION

Ribosome biogenesis is the most conserved cellular process predating life as we know it. Traditionally, this synthesis
was seen as a streamlined and uniform process regulated as one regulon through transcription and/or translation. In
this review, we presented examples from the literature that dispute this elementary view of ribosome biogenesis, high-
light the differences in the expression and focus on regulatory mechanisms of the different RPGs. Overall, the current
state of knowledge indicates that while certain levels of a common regulatory network do exist, as illustrated by com-
mon promoter and translation regulatory elements, they are far from universal. In no species do RPGs feature the exact
same promoter structure; no universal elements are detected cross-species. Indeed, while the coding sequence of RPGs
is highly conserved even in distant species like bacteria and mammals, their regulatory sequences vary even between
duplicated genes coding for the same RP subunit. Recent studies comparing the amount of RNA and proteins produced
from different RPGs also show great diversity in gene output, negating the notion of conformity. Compensation for
imbalance through differential protein degradation is possible but was not established a naturally occurring regulatory
program. Instead, in this review, we propose a different vision of ribosome biogenesis where the expression of RPGs is
controlled mostly by gene-specific regulatory elements that define the dose of each protein under the umbrella of global
regulatory system overseeing ribosome production as a whole.

This new paradigm of ribosome synthesis permits RPGs to be expressed at different levels, in some cases at different
times or in different tissues. These variations are adjusted based on each gene's function inside and outside the ribo-
some. At the same time, the process is controlled by common elements or interconnected networks linking many but
not all RPGs' transcription and/or translation to the expression of rRNA. This model would now benefit from experi-
mental scrutiny to understand the interplay between the general and gene-specific regulatory sequences and their
mechanisms of action. It is not clear how maverick RPGs that do not have common regulatory elements respond to
general regulatory pathways like the TOR pathway. Do these genes use different regulatory elements or continue to be
produced at steady levels and their protein products are degraded when the transcription of rRNA and certain RPGs
are shut down? With more systematic studies of RPG expression in organisms other than yeast, we should be able to
understand the essence of RPG regulatory processes in the coming years.
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