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Abstract: The biogenesis of ribosomes is a finely regulated multistep process linked to cell proliferation
and growth—processes which require a high rate of protein synthesis. One of the master regulators
of ribosome biogenesis is Myc, a well-known proto-oncogene that has an important role in ribosomal
function and in the regulation of protein synthesis. The relationship between Myc and the ribosomes
was first highlighted in Drosophila, where Myc’s role in controlling Pol-I, II and III was evidenced by
both microarrays data, and by the ability of Myc to control growth (mass), and cellular and animal
size. Moreover, Myc can induce cell competition, a physiological mechanism through which cells
with greater fitness grow better and thereby prevail over less competitive cells, which are actively
eliminated by apoptosis. Myc-induced cell competition was shown to regulate both vertebrate
development and tumor promotion; however, how these functions are linked to Myc’s control of
ribosome biogenesis, protein synthesis and growth is not clear yet. In this review, we will discuss the
major pathways that link Myc to ribosomal biogenesis, also in light of its function in cell competition,
and how these mechanisms may reflect its role in favoring tumor promotion.

Keywords: Myc; Minute; cell competition; ribosome biogenesis; ribosomal proteins; growth;
cancer; Drosophila

1. Ribosome Biogenesis

Ribosomes are the molecular machines responsible for decoding mRNAs into proteins.
In eukaryotes, the ribosome is composed of the 40S and 60S subunits that associate to form the
translationally active 80S ribosome. Eukaryotic 80S ribosomes are made of 4 ribosomal RNAs (rRNAs)
and 80 core ribosomal proteins (RPs). The main difference between eukaryotes, protists and yeasts
rely on the modest increase in the overall protein mass of ribosomes. In particular, the Drosophila
80S ribosome is made of 1094 amino acids, whereas the human 80S is composed of 796 amino acids,
accounting for 6% difference in their protein mass [1]. The coding sequences of the RP genes in humans
and Drosophila are highly conserved and share 69% homology. Human ribosomal proteins genes are
4-5 times larger than those in Drosophila, since the introns in the human sequences are bigger in size
and in number. Moreover, among the 249 introns found in the coding regions of the ribosomal protein
genes, 77 share the same insertion sites in humans and flies [2].

The process of making ribosomes is tightly coupled with cell proliferation and growth. Itis a
complex biological mechanism that involves multiple coordinated steps and requires the synthesis,
processing, and assembly of different proteins and RNA components. This process is initiated in
the nucleoli, then continues in the nucleoplasm, followed by the export of precursor particles to the
cytoplasm, where the complete assembly takes place (Figure 1). Nucleoli are intranuclear compartments
which assemble around the tandem repeats of ribosomal genes that organize ribosomal DNA (rDNA),

Int. ]. Mol. Sci. 2020, 21, 4037; d0i:10.3390/ijms21114037 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0003-2513-4622
https://orcid.org/0000-0001-9292-6588
https://orcid.org/0000-0003-1913-5661
http://www.mdpi.com/1422-0067/21/11/4037?type=check_update&version=1
http://dx.doi.org/10.3390/ijms21114037
http://www.mdpi.com/journal/ijms

Int. ]. Mol. Sci. 2020, 21, 4037 20f19

which encodes the 55, 5.8S, 18S and 285 rRNAs in eukaryotes. The nucleolus is divided in different
subregions, each of them specialized in specific steps for the formation of the ribosome subunits,
in which the fibrillar centers (FCs), the dense fibrillar components (DFCs), and the granular components
(GCs) are visible. Transcription of the rDNA repeats occurs largely at the border between the FC and
DFC. The processing and modification of the pre-rRNA transcripts occurs in the DFC where small
nucleolar ribonucleoproteins (snoRNPs) accumulate, whereas most proteins concentrate in the GC,
where ribosome subunit assembly is completed [3-7].

In the nucleolus, the initial transcription of rDNA genes is mediated by RNA polymerase
I (RNA Pol-I), which in humans transcribes a single 47S rRNA precursor, that is subsequently
cleaved to form mature 28S, 18S and 5.85 rRNAs [8]. The 55 rRNA is encoded by tandem arrays in
chromosome regions outside the nucleolus and it is transcribed by RNA Pol-III [9]. rRNAs are then
post-transcriptionally modified to introduce a methyl group at the 2-O position of the ribose sugar
residues and pseudouridines. These modifications are mediated by the interaction with snoRNPs,
belonging to the box C/D (for O-methylation) and box H/ACA-snoRNPs (for pseudouridylation) [10],
and other protein-processing factors responsible for the majority of rRNA modifications [11-13].
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Figure 1. Control of ribosome formation and RNA translation. Schematic representation of the
essential steps in ribosome biogenesis in humans and of the relative regulation by Myc (in red). In the
nucleolus, interacting with the complex Pol-I, Myc increases rDNA transcription and the formation of
pre-tRNAs. The pre-rRNA is then processed and cleaved to form the 185, 5.8S and 28S. These RNAs
are assembled with ribosomal proteins (RPs) with the assistance of snoRNAs that mediate important
RNA modifications—in particular, small nucleolar RNAs belonging to those of box C/D mediate
O-methylation (M) and to those of the box H/ACA pseudourydilation (¥). In these steps, Myc activity
controls Pol-II for the transcription of snoRNAs and specific RPs. Of note: in Drosophila, Myc was shown
to directly control the expression of the snoRNP dyskerin (in flies called minifly, reviewed in 2.3, due to
its phenotype that is reminiscent of that of diminutive mutants, reviewed in 2.1). The pre-assembled
ribosomal units form the premature 40S and 60S subunits in the nucleolus. In the nucleus, the activity
of Pol-III to encode for the 55 rRNA, necessary for the proper maturation and the assembly of the
60S subunit, has been associated with Myc activity. The two mature subunits are then exported into
the cytoplasm and assembled into mature ribosomes or polysomes, ready to perform translation of
mRNAs and protein synthesis. In the cytoplasm, the translation is initiated with the formation of the
initiation factor 4F (eIF4F) complex, that includes the cap-binding protein eIF4E, the scaffolding protein
elF4G (in purple) and the helicase eIlF4A (in red) [14]. Myc in humans promotes the translation of elF4F,
and cooperates with elF4E to drive tumorigenesis in vivo [15].
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Ribosome biogenesis also requires the transcription of two classes of ribosomal proteins, whose
translation is mediated in the cytoplasm by RNA Pol-II. RPs are then imported into the nucleus, where
they are assembled into small and large ribosomal subunits. The small 40S ribosomal subunit contains
one 185 rRNA and 32 ribosomal proteins (known as RPS), whereas the large 60S subunit is composed
of one of each 55, 5.85 and 28S rRNA and 47 ribosomal proteins (known as RPL). The 40S and 60S
subunits are then exported into the cytoplasm, where they assemble with mRNA to form the 80S
ribosome [3,4,6].

2. Role of Myc in Ribosome Biogenesis

A well-known master regulator of ribosome biogenesis is Myc, a proto-oncogenic transcription
factor, which controls the transcription of at least 15% of the human genome and has been described
as a global regulator of several cellular processes, including the regulation of chromatin structure,
translation, DNA replication and cellular differentiation [16]. In vertebrates, the Myc-network is
composed of the three transcriptional activators of the Myc family (c-, N-, L-Myc), the several
transcriptional repressors of the Mad-family, and the common dimerization partner Myc-associated
factor X (Max) [17]. The vast majority of Myc targets are involved in ribosome biogenesis, including
components that boost the activity of Pol-I, II and III simultaneously [18,19]. This is not surprising,
considering the need for increased protein synthesis, and thus ribosome biogenesis, necessary to
sustain the higher proliferative rate and growth that are often seen with Myc expression.

2.1. Drosophila Myc and the Regulation of Size

In flies, the Myc-network consists of a single transcriptional activator (Myc), a single repressor
(Mnt), the orthologue of the repressor of the Mad-family, and the common dimerization partner Max [20].
As in vertebrates, Myc acts as a heterodimer with Max, and the complex Myc:Max directly binds E-box
sequences (CACGTG), located at specific positions in the promoter regions of the target genes [21,22]
to recruit co-regulatory factors, including members of the chromatin remodeling complexes and the
Tip48/49 ATP/helicases, in a mechanism that is conserved also in vertebrates [23,24]. The repressor Mnt
can bind Max and recognize the E-box sequences, antagonizing the effects of the Myc:Max complex.
Several Myc-activated target genes are indeed repressed by Mnt, suggesting that Myc and Mnt have
opposite roles in regulating cell growth [25-30].

Interestingly, a fly mutation called diminutive (dm), that phenotypically affected the organismal
size, was isolated in Drosophila in 1935 by Calvin Bridge. Only lately this mutation was molecularly
characterized, and it corresponded to a hypomorphic mutation of the Drosophila myc gene, whose
sequence shares a moderate 26% overall homology with its human counterpart c-myc [26,31].
Some hypomorphic dm alleles were identified and characterized. The first mutant was called dm™
and showed defects at both organismal and cellular levels, resulting in decreased cell size, body
size and viability [32]. In 2004, the characterization of a null mutation (referred as dm*) revealed
that the complete loss of Myc further reduced larval growth, and these mutants died during early
larval development [27]. In 1999 it was first observed that clones generated in the imaginal discs that
overexpressed Myc were bigger than controls, as a result of larger cell size compared to that of wild
type cells [32]. Later, ubiquitous overexpression of Myc was shown to have a similar effect, resulting in
flies that were overall bigger in size due to an increase in cell size (Figure 2) and not in cell number,
suggesting a specific function of Myc in controlling the growth rate [33].
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Figure 2. Myc ubiquitous expression increases animal weight and cell size. (A-C) Expression of Myc
using the ubiquitous promoter tubulin (tubulin > Gal4; UAS-Myc [33]) significantly increases body
size and weight. (A,B) Photographs of control yw/Y males and animals expressing Myc ubiquitously
(UAS-Myc) using the tubulin-Gal4 promoter; scale bar 1 mm. These flies were weighed, and the results
are represented in the graph (C); as shown, expression of Myc increases body weight. (D,E) Myc
expression increases cell size. The cell size was analyzed in the adult wing by measuring the number
of the trichomes present in the wing blades of animals of the different genotypes (control yw/Y males
and animals expressing Myc ubiquitously using the tubulin-Gal4 promoter). Each cell of the epidermal
surface of the wing carries a protrusion called trichome, that is visible in the adult wing. The number of
trichomes is then equivalent to the number of cells from the epithelium. By considering a specific area
of the wing (indicated by the square), and by measuring the number of trichomes present in the fixed
square, it is possible to analyze the density of the trichomes, which is indirectly proportional to cell size
(the higher the density, the smaller the cell size); scale bar 200 um. (E) Graph representing the calculated
cell size from experiments in (D). Taking into account that the lower the number of trichomes in each
square the larger is the cell size, these experiments concluded that expression of Myc increases the size
of the animal because it increases the cell size, and not because it induces proliferation. The asterisks
represent the p-values from f-test student ** = p < 0.01, the error bars indicate the standard deviations,
the number of animals is indicated by the red dots. The same conclusion was observed in females.

A dramatic effect of Drosophila Myc is observed in endoreplicating polyploid cells necessary to
build most of the larval mass [27,34]. These cells, such as those of the fat body (Figure 3), gut, salivary
glands and ovary, can reach ploidies of up to 1000 n. The effect of Myc on endoreplication is clearly
visible in the polyploid cells of the fat body, due to a tremendous increase in their DNA content when
Myc is overexpressed (Figure 3B). Myc’s effect on nuclear size is also detectable to a lesser extent
in the epithelial cells of the imaginal discs, where its expression results in a massive increase in the
nuclear volume (Figure 3D,E) [27]. On the contrary, in Myc mutant animals, endoreplication is strongly
impaired and the nuclear volume of most of the cells is reduced. As a consequence, Myc mutant larvae
are considerably smaller [27].



Int. ]. Mol. Sci. 2020, 21, 4037 50f19

B Myc; GFP
2

wing imaginal discs

!

\tbrain

mouth hook

Figure 3. Expression of Myc increases nuclear size. (A) A schematic representation of a Drosophila
larva indicating the position of the wing imaginal discs and of the fat body. (B) Photograph of cells
from the fat body showing clones of cells overexpressing Myc generated using the flip-out UAS-Gal4
technique. This method allows the temporal induction of clones using the enzyme flippase under the
control of the heat-shock promoter (hsp70). The expression of the flippase is induced with a heat-shock
at a specific time of the development to excise the FRT > sequences in the construct actin > CD2
> Gal4; UAS-HA-Myc; UAS-GFP. Gal4 is then produced under the control of the constitutive actin
promoter, and binds the UAS sequences upstream of the myc cDNA allowing its expression. UAS-GFP
is co-expressed and used as a marker for the clones [35]. Phalloidin (in red) labels the membranes,
while nuclei are stained with Hoechst; scale bar 20 pm. (C) A schematic representation of a Drosophila
wing imaginal disc expressing clones induced using the flip-out technique. (D,E) Photographs of the
pouch of a wing imaginal disc of a third instar larva, showing the presence of flip-out clones expressing
Myc (in red). (D) Myc protein is visualized by immunostaining using an anti-HA antibody that binds
to its tag at the N-terminus [36]. Nuclei are stained with Hoechst (green). (E) is the same wing disc as
in D, only in black and white to better visualize the nuclei. Myc ability to induce endoreplication [27]
results in cells having bigger nuclei, which appear sparse in the photo due to their increase in size
compared to nuclei in wild type cells; scale bar 50 pm.

2.2. Myc Controls the Transcription of rtDNA, Ribosomal Proteins and snoRNAs Genes

Beside the induction on endoreplication, the overall effect of Myc’s on cell size can also be generally
explained by its ability to promote and sustain ribosome biogenesis (Figure 1), a function that was
first evidenced by work in Drosophila, supported by microarray and genomic studies, that revealed
the importance of Myc in controlling genes involved in the proper formation and activity of the
ribosomes [21,22,37]. Both in flies and vertebrates Myc was shown to recognize E-box sequences in the
coding regions of rDNA, thus promoting the transcription of 18S, 5.85 and 285 rRNAs [38—40].

Myc’s function as a transcriptional regulator was initially recognized for its ability to activate
chromatin remodelers and cofactors, allowing for the recruitment of RNA polymerase II on bona-fide
Myc target genes [19,41,42]. Microarray and genomic data showed its ability to also control members of
chromatin remodeling components, such as TRRAP (Transformation/Transcription Domain Associated
Protein), as a part of a histone acetyltransferase complex that increases the acetylation of nucleosomal
histones H3 and H4 in the rDNA promoter region, a function that suggests Myc could also control
pre-ribosomal RNAs [43].

Outside the nucleolus, Myc in humans is also able to induce the transcription of 55 rRNA by
interacting with TFIIB and RNA Pol-III [44,45], and together with the histone acetyltransferase GCNS,
can enhance the transcription of tRNAs [43]. Finally, Myc was also found to enhance the recruitment
of RNA Pol-I on rDNA by interacting with TATA box-binding protein (TBP) and RNA Pol-I specific
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TBP-associated factors (TAFs), leading to the activation of Pol-I on rDNA and thus transcription of
rRNAs [38,40]. This function is conserved in flies, where Myc was shown to be necessary for the
regulation of rRNA synthesis, a rate-limiting passage in cellular growth [37].

Works from Gallant’s group recently characterized and identified snoRNAs that are directly
regulated by Myc, and in addition used Drosophila cells to identify a family of genes, called U-snoRNA
host genes (Lhg9s) that are able to control the synthesis of specific snoRNAs [46]. Moreover, this function
has also been described in human cells, where Myc was shown to control the SNHG? loci that encodes
for genes that are important in the regulation of snoRNAs in vertebrates, adding another important
piece in deciphering the puzzle of how Myc and snoRNAs function in human cancer [47].

As part of this approach to understand the role of Myc in translation and cancer, recently amino
acid tRNA synthetases (aaRSs) were identified as necessary for the growth and survival induced by
Myc, both in Drosophila and in human HMEC cells [48].

All these observations again highlight the ability of Myc to increase and promote cellular biosynthesis,
particularly in tumor cells, at the cost of physiological regulation of protein during cellular homeostasis.

2.3. Myc Controls rRNA Processing and Assembly of the Ribosomes

rRNA synthesis by RNA Pol-1 is a process conserved from yeast to mammals that must be finely
regulated in all of its aspects. The initiation complex must be coordinated with other biological processes,
including co-transcriptional processing, re-initiation of transcription, and with the mechanisms
occurring downstream of RNA Pol-I transcription that ensure the correct maturation and transport
of newly formed pre-ribosomes [49]. Myc was shown to control the expression of factors required
for rRNA processing including fibrillarin, nucleolin and nucleophosmin [45,50-52]. Particularly
important is its direct regulation of dyskerin, a bona-fide Myc target that contains an E-box in the
promoter region, as this enzyme is responsible for pseudouridylation of targets such as snoRNAs and
rRNAs [12]. Moreover, Drosophila hypomorphic mutants of dyskerin, also called Nop60b or minifly
(mfl) [53], have been shown to phenocopy the growth defects of diminutive mutants, and cells mutant
for mfl are out-competed via cell competition [54], suggesting that mfl is a target of Myc in this process
(described in Section 3). These data are important as they support the hypothesis that Myc may control
cell competition directly through the regulation of RNA modifications such as pseudouridylation,
suggesting a novel function of RNA modification as part of a “ribosomal code” [55], according to which
specialized ribosomes are formed that control translation in specific process, i.e. in cell competition.

Along the same lines, our microarray analysis of Myc-target genes identified a family of genes,
called nocIp(s), that in yeast were shown to be involved in the correct maturation of the large subunit of
pre-ribosomes and in their transport within the nucleolus [56,57]. Indeed, work in yeast showed that
Noclp and Noc2p are recruited, along with Rrp5p, to form a transcriptional complex on the nascent
pre-rRNA, and after cleavage of the rRNA precursor these factors remain associated with the pre-40S
and pre-60S components. Their function is not totally clear; however, mutant strains for Noclp, Noc2p
and Noc3p accumulate pre-60S particles that fail to correctly leave the nucleolus, suggesting they may
function in the protection of pre-ribosomal particles from aberrant RNA processing and degradation
events [58]. Notably, we found that a few of these noclp genes contain bona fide Myc-binding E-boxes
in their promoter regions, suggesting that they may be directly involved in the control by Myc of the
pre-RNA maturation process (FD, VM, PB, in submission).

2.4. Myc-Dependent Regulation of Ribosome Biogenesis Can Be Influenced by Growth Factors Signaling

The Myc-dependent regulation of ribosomal genes is also controlled by growth factor signaling.
Indeed, it is now emerging that Myc can act in response to growth factors availability and nutrient
uptake to control rRNA processing. Numerous studies indicate an important cooperation between
Myc and TIF-IA, which is the rate-liming transcription factor in the initiation of rRNA transcription,
since it is able to connect RNA Pol-I with the upstream binding factor (UBF)/SL-1 (TIF-IB) complex
to form the pre-initiation complex on the rDNA promoter [41]. Specifically, it has been shown in
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Drosophila that S6 Kinase (56K), downstream of TOR signaling, is essential for Myc-dependent rDNA
transcription by activating TIF-IA in cooperation with Myc. Loss of S6K leads to a nutrient-dependent
reduction in transcription of factors required for rDNA transcription [59]. Moreover, ERK-mediated
phosphorylation of TIF-IA, downstream of the Ras signaling pathway, is required for its activation and
thus RNA Pol-I transcription. Phosphorylation events downstream of Ras/ERK are also fundamental
to post-transcriptionally regulate the stability of Myc, which has a very short half-life (20 min both in
humans and flies) [36,60,61]. Thus, the Ras signaling pathway may play a part in rDNA transcription
in response to growth factors by cooperating with Myc. TIF-IA can also be phosphorylated by AKT,
downstream of the PI3k pathway. In this way, AKT promotes rRNA synthesis and cooperates with
Myc to sustain ribosome biogenesis [62]. Furthermore, LKB1 kinase, upstream of AMPK signaling,
actively promotes TIF-IA nuclear import in order to maintain rRNA synthesis and prevent cell death
under stress conditions [63]. Therefore, it is clear that TIF-IA, Myc, and ribosome biogenesis in general
are strongly regulated by kinases that respond to growth factors, amino acids and nutrient status.

Notably, these kinases, which are oncogenic, in cooperation with Myc can trigger a metabolic
reprogramming typical of cancer cells, in order to energetically sustain the increased demand for
building blocks necessary to increase cell mass and promote DNA replication and cell division [42].

In humans, Myc has been shown to promote the elF4F-dependent translation, and to cooperate
with elF4E to drive tumorigenesis in vivo [15]. Translation initiation is considered a rate limiting
step for protein synthesis that proceeds in a cap-dependent manner, with the formation of a complex
composed of the initiation factor 4F (elF4F) together with the scaffolding protein elF4G and the helicase
elF4A, that are able to bind the 5'-7methylguanosine cap present on mature RNA [14]. This control of
Myc has been described also in human cancer cells with the activation of growth signaling pathways
such as PI3K and TOR [64], linking Myc with TOR-induced protein translation and highlighting a
direct role of Myc in the regulation of translation in cancer [65].

2.5. Myc Control of Metabolism

In most tumors, c-Myc, Myc-N and Myc-L can be either amplified at their transcript level,
or indirectly increased by growth factor signaling components, such as PI3K, RAS and by the
beta-catenin/APC pathway [66-70]. At the metabolic level, it is well known that Myc overexpression
is causing cancer cells to become independent of nutrients and it induces a metabolic switch able to
activate pathways that foster tumor cells survival even in the absence of growth factors or amino
acids [71-74]. Indeed, Myc in cancer cells favors the switch from oxidative phosphorylation to anaerobic
glycolysis to produce lactate from glucose, through a process called “Warburg effect” [73,75]. In addition,
Myc activates glutaminolysis, that uses the catabolism of glutamine and produces glutamate, to fuel
the tricarboxylic acid (TCA) cycle through anaplerotic reactions necessary to produce the intermediates
for cellular biosynthesis and essential amino acids [76].

Notably, in Drosophila these cellular metabolic events are highly conserved; indeed, we showed that,
when overexpressed in a metabolic tissue like the fat body, Myc increases the expression of enzymes of
the glycolytic flux and of lipid metabolism, resulting in increased levels of fats and glucose storage and
consumption. Moreover, Myc in fat cells promoted survival pathways, like autophagy, allowing the
animals to survive in low nutrient conditions [77,78]. In addition, animals expressing Myc in fat cells
are bigger in size, phenocopying flies overexpressing Myc ubiquitously [33], thus suggesting a role for
Myc in the control of non-autonomous pathways that regulate animal growth. Finally, also in Drosophila,
Myc induces the expression of enzymes that control the metabolism of glutamine, a crucial amino acid
in the regulation of glutaminolysis, another key pathway in the survival of cancer cells [77,79,80].

The specific role of Myc outlined in this chapter highlights its ability to induce processes that favor
growth and cellular metabolism. As a consequence, Myc expressing cells are better fitted and acquire
a more competitive behavior than cells that express lower levels of Myc. Indeed, Myc is among the
genes that induce cell competition, a physiological process linked to cellular survival, that is described
in the next chapter.
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3. Cell Competition

As previously mentioned, Myc has a conserved role in the transcriptional regulation of
genes involved in protein synthesis and ribosome biogenesis, including ribosomal protein genes.
When mutated, these genes are classified as Minutes [19,37,38], and they were firstly described in
Drosophila over 80 years ago [81]. All Minute mutations, which include at least 50 different genetic
loci, have similar phenotypes: all are lethal when homozygous, and are associated with prolonged
development and short size of the bristles or hairs present in the adult flies [82]. Heterozygous Minute
mutants (M/+) show reduced viability and fertility, growth defects in eyes and wings, and small body
size. Thus, one copy of a Minute gene is not sufficient to produce adequate protein amounts for normal
development. In addition, heterozygous M/+ mutations abolish the ability of Myc expressing cells to
act as supercompetitors [33,83]. Notably, in vertebrates, the oncogenic property of Myc was abolished
in mice with a Minute mutation [84], suggesting for the first time a conserved function for Myc and cell
competition in mice tumorigenesis.

Thus, cell competition is a fitness-sensing mechanism that is highly conserved in different
organisms, involved in embryonic development, tissue regeneration and tumor progression [85].
According to this process, cells that are less fit compared to their neighbors (“loser” cells) are actively
eliminated by the fitter cells (“winner” cells), that are, amongst other phenotypes, characterized by a
higher proliferation rate [86-88].

3.1. Early Discoveries in Cell Competition

Cell competition was first described by Morata in the 1970s by studying the phenotype of Drosophila
Minute mutant clones in the wing imaginal discs. He observed that M/+ cells were growing slowly,
and that in mosaic imaginal disc tissue they were always outcompeted by neighboring wild type cells,
which eliminated them through apoptosis mediated by short-range interactions [89,90]. Thus, the first
known trigger of cell competition was a difference in protein synthesis efficiency, resulting in differing
growth rates between neighbor cells.

Several years later, Johnston et al. found that dm™ mutant clones in Drosophila wing imaginal
discs exhibited a similar behavior as the Minute tissues, with small cells that struggled to grow when
compared to wild-type neighboring cells and died by apoptosis [32]. They identified this mechanism
as cell competition, triggered by the growth advantage of wild type cells over Myc mutant cells.
This effect also occurs when Myc is ectopically expressed in wild type cells (Figure 4) that then acquire
the status of “supercompetitors” and outcompete wild type cells by inducing their death, leading to a
complete repopulation of the field [33,83].

Myc induced Cell-Competition
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Figure 4. Schematic representation of Myc-induced cell competition. Myc cells are better fitted (a) and
grow at the expenses of wild type cells that die of apoptosis (b) allowing Myc-expressing cells to grow
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and invade the field (c). In particular, here we focused on the ability of Myc-expressing cells (winner)
to favor an optimal ribosomal function by inducing ribosomal proteins (RPs). Myc cells also release
unknown short-range signal(s) that non-autonomously kill the neighboring cells, which also have a
lower Myc level and a reduced ribosomal function (loser).

3.2. Cell Competition Mechanisms

Myc-induced cell competition is a process that is also conserved in vertebrates and is mediated
by two important steps: first, it requires different levels of Myc between cells; second, cells have
to be at close contact to trigger a signal that kills the neighboring cells (Figure 4). Indeed, elegant
works using Drosophila cell cultures and human embryonic stem cells showed that competition could
be fostered not only by short-range interactions, but also by non-autonomous mechanisms [91,92].
Senoo-Matsuda et al. have shown that conditioned medium generated from competitive co-cultures
is able to induce cell death when incubated with loser cells, and cell proliferation when incubated
with winner cells, suggesting that soluble molecules secreted by both cell types are involved in the
competitive process [91].

In the past decade, other models have been suggested in order to define the mechanisms that
drive or act downstream of cell competition, and along with Myc, a few other components have been
characterized as drivers of the elimination of loser cells. One mechanism is the reduced capacity of the
loser cells to uptake the secreted growth factor Decapentaplegic (Dpp), promoting the upregulation of
the transcriptional repressor Brinker (Brk) that results in the induction of JNK-dependent apoptosis [93].
Some years later, Baker demonstrated that wild type cells are also able to eliminate neighbor loser cells
by engulfment [94]. Moreno’s group showed the presence of a cell membrane protein called Flower
(Fwe), present in winners or losers in different isoforms. Flower is induced by Myc in winner cells and
is required for the activation of the protein Azot, that functions as cellular sensor for fitness and when
reduced, induces JNK apoptotic cell death [95,96]. Another component is Sparc (secreted protein acidic
and rich in cysteine), secreted on the cell membrane, that was found to inhibit caspase-3 activation in
loser cells, protecting them from death [97]. More recently, Johnston et al. demonstrated that apoptosis
in loser cells can be induced by the cytokine Spatzle (Spz), that binds to toll-related receptors (TRR) in
loser cells to activate NFkB-dependent apoptosis [98,99].

Winner cells exhibit better fitness, and at the metabolic level Johnston et al. showed that Myc
overexpressing cells, after coming into contact with wild type cells, undergo an increase in glycolysis
with a mechanism that is dependent on p53 activity. In this context, p53 seems to work as a sensor
for cell competition and is able to promote the supercompetitor status by controlling metabolism and
proliferative capacity [79]. Therefore, cell competition is also regulated/influenced by the cellular
metabolism. These metabolic changes and their link to cell fitness are an important and novel field of
investigation that could reveal further similarities between cell competition induced by Minute or Myc
and its relevance to cancer.

It is not yet clear whether and to what extent all the pathways above cooperate in driving the
elimination of loser cells. It is also most likely that other factors are involved. Interestingly, these
models are conserved between Minute and Myc dependent cell competition, suggesting that the
selection of fitter cells, although driven by different factors, is regulated by common mechanisms.

3.3. Myc and Ribosomes as Drivers of Cell Fitness

Minute and Myc driven cell competition, through the described mechanisms, allows the selection
of optimal cells and the elimination of inefficient ones, thus improving the overall fitness of a tissue.
It is proposed that ribosomal functionality and the protein synthesis rate are crucial elements in
determining cell fitness, and when these factors are perturbed competition events can be triggered
between neighboring cells. The influence of Myc and ribosomes on cell fitness has been further
investigated in recent years, analyzing in more detail their involvement in cell competition. The ability
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of Myc supercompetitor cells to prevail over losers depends also on the correct functionality of
the ribosomal machinery [100], among which several Myc targets are present [21,37]. In particular,
cells possessing four copies of myc have been shown to lose their ability to outcompete surrounding
cells, and are even eliminated, after the induction of a heterozygous mutation on the M(2)60E gene [83],
a Myc target that encodes for the ribosomal protein RpL19 [101].

Recent work from Baker’s lab showed that another ribosomal protein, RpS12, has a direct role in
response to Minute driven cell competition. In loser cells, RpS12 was shown to activate the transcription
factor Xrp1, a bZip-domain protein, that is responsible for a reduction in growth and in the overall
translation rate, with a mechanism that is still unknown [100,102,103]. An unconventional role also
emerged for RpS12, which is capable of globally regulating the protein synthesis rate, thus greatly
influencing cell fitness. These results further highlight the role of ribosomal proteins in driving cell
competition, and the potential collaborative role of Myc.

3.4. Physiological Role of Cell Competition

While few mechanisms involved in cell competition have been elucidated, the biological role
of this process still needs to be clarified. Already in early observations made in Drosophila, these
mechanisms emerged as essential for the optimal control of organismal development [104], and they
are considered important to prevent organ overgrowth, thanks to the elimination of loser cells [33].

It has also been suggested that cell competition, both during development and in adult life, is a
process by which genetic heterogeneity in tissues can be eliminated, ensuring that only optimal cells
can survive and contribute to tissue functionality. Importantly, this hypothesis also comes from studies
conducted in mouse models, where Claveria et al. reported a function for endogenous cell competition
events in mammalian embryos. The authors demonstrated that Myc expression in epiblast cells is
heterogeneous in early embryos, where cells with higher Myc levels can expand at the expense of cells
with lower Myc levels that are eliminated by apoptosis, thereby insuring that only the most capable
cells are selected to contribute to the new organism [105].

Endogenous competition events in vertebrates have also been described later in development and
during organ formation. In mouse cardiomyocytes, cells exhibiting a reduced expression of the Myc
isoform Myc-N [106] and of ribosomal genes are eliminated to ensure the optimal development of the
heart [107].

An intense and novel field of study involves the hypothesis that cell competition is driven by a
mechanical control of cell density to maintain tissue homeostasis [108]. This may involve the control of
cell polarity by modification of the tumor suppressor genes scribbled (scrib), discs large (dlg), or lethal giant
larvae (Igl/Hgl-1), responsible for controlling proper cellular polarization in tumor cells (discussed in the
next paragraph). In support of this novel pathway, the component of the hemidesmosome, collagen
XVII (COL17A1), that controls cellular force in the skin, has been associated with cell competition
during ageing, suggesting that a control of fitness in the skin is part of a complex and physiological
function for this organ during ageing [109]. Similarly, in the mouse epidermis, Myc-driven cell
competition was shown to play a physiological role during skin development [110].

These data demonstrate that the mechanism of cell competition is evolutionarily conserved from
the cells of Drosophila wing imaginal discs to mouse epidermis during development.

3.5. Cell Competition and Cancer

The role of cell competition in cancer prevention and development is still a matter of great
discussion. It is known that some cell competition mechanisms have a tumor suppressive function,
as they contribute to the elimination of defective cells with carcinogenic potential. In fact, cells with
mutations in the above-mentioned tumor suppressor genes scrib, dlg or Igl are eliminated by adjacent
wild type cells [111-114]. Several signaling pathways are involved in this anti-tumoral cell competition
mechanism, such as Eiger/TNF-JNK, that are required for the induction of apoptosis in loser cells [115].
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Of particular relevance is the role of Myc in the competitive behavior of Igl mutant cells, which
present lower levels of Myc and die via JNK-dependent apoptosis. Moreover, the overexpression of
Myc in those cells or in a Minute background allows the Igl mutant cells to bypass cell competition and
acquire an overgrowth phenotype and invasive properties, suggesting that Myc levels and protein
synthesis control the behavior of these cells [116]. Evidences for a similar regulatory behavior were
obtained in the context of the Hippo (Hpo) tumor suppressor pathway, a conserved pathway between
flies and humans that is important for the control of organ size and growth [117]. Myc is a target of Yki
(YAP/TAZ fly’s orthologue), and it has been shown that different levels of Myc within the context of
Hpo mutant clones are critical for determining whether cell competition between mutant cells and the
neighboring wild type cells promotes or suppresses tumor growth [118,119].

Therefore, cell competition triggered by differences in cell fitness is a process that resembles tumor
development in many aspects, and is often driven by oncogenes like Myc. It is possible that these
mechanisms could also be involved in the initial stages of tumor development, and that pre-cancerous
cells engage wild type cells in a competition to kill them through apoptosis, and then start invading the
affected tissue [120-122]. Some evidence of a direct involvement of cell competition in tumor formation
and development has been collected in Drosophila, and instances of Myc-driven cell competition have
also been observed in human cancer cell lines [123,124].

4. Myc and Ribosomes in Cancer

4.1. The Contribution of Ribosomes in Cancer

Alterations in ribosome biogenesis due to mutations in genes encoding for ribosomal proteins is
associated with the development of rare pathological diseases known as ribosomopathies, each of them
characterized by specific defects in ribosome biogenesis and distinct clinical phenotypes. Although most
often they involve bone marrow failure and/or craniofacial and skeletal defects, it is noteworthy that
several ribosomopathies, among these Diamond-Blackfan anemia, Dyskeratosis congenita, Noonan
syndrome, 5q-myelodysplastic syndrome, Treacher Collins syndrome and Shwachman-Diamond
syndrome, have been associated with an increased risk of developing tumors [18,125-130]. Furthermore,
nucleoli in malignant cells generally show an irregular shape, and increased number and size of nucleoli
are frequently observed in malignant tumors including breast, prostate, uterine cervix, esophageal,
gastrointestinal, colorectal and hepatocellular cancers. [5,131,132].

In general, failure of proper regulation/control of ribosomal biogenesis, both in normal growth
conditions and in cellular stress conditions, may create a favorable environment for cancer initiation and
progression. The upregulation of ribosome biogenesis has been shown to be essential for the tumorigenic
process, and it is sustained by different signaling pathways, such as PI3K-AKT-mTOR, Myc and Ras-ERK,
or by the inactivation of tumor suppressors like retinoblastoma (Rb) and p53 [5,65,133,134].

Counterintuitively, a decrease in the number of ribosomes may also contribute to tumorigenesis.
Aberrant modifications of rRNA and reduction of ribosomes can decrease the rate of total protein
synthesis and lead to a lower affinity of the translation machinery for specific mRNAs. This can in
turn cause reduced production of tumor suppressor proteins, among other things [134]. An interesting
example is X-linked dyskeratosis congenita (DKC), that is caused by mutations in the DKC1 gene,
encoding dyskerin. Previous studies have shown that these mutations can affect the affinity of ribosomes
for translation of a specific subset of mRNAs, including p53 and p27 (both tumor suppressors) and
two anti-apoptotic factors, XIAP/DIAP1 and Bcl-XL [135,136]. Thus, alterations in the expression levels
of different components of the ribosomal formation could lead to heterogeneity of ribosomes, which
can mediate translational reprogramming during cancer progression.

4.2. The Cooperation between Myc and Ribosomes in Cancer

A direct correlation between ribosome biogenesis and the ability of Myc to promote tumorigenesis
was shown first by Barna and co-workers, who demonstrated that loss of one single allele of RpL24 or
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RpL38 in Ep-Myc mice decreased the incidence of lymphoma by 20% and delayed tumor onset, along
with the re-establishment of accurate translational control and genome stability. Thus, in this case a
modest reduction in the expression of a single ribosomal protein gene was sufficient to reduce Myc
ability to promote tumor onset [84]. Another stronger indication that increased ribosome biogenesis can
be a direct cause of malignant transformation was provided by Devlin et al., who have demonstrated that
synergistically targeting ribosome biogenesis and mRNA translation increased survival in Myc-driven
lymphoma [137]. The relevance of ribosome biogenesis in Myc driven tumor formation was also
outlined by Hald et al., where the synthetic reduction of ribosomal synthesis, in patients affected by
MYCN amplified neuroblastomas, repressed the growth of the tumors [138].

Another puzzle is the mechanism(s) that underlies the elevated incidence of tumors, such as acute
myeloid leukemia, colon carcinoma, and osteogenic sarcoma, in patients with inherited ribosomopathies
such as Diamond-Blackfan anemia (DBA) caused by heterozygous mutations in RP genes including
RPL5, RPL11, and to a lesser extent RPL19 and RPS26, or for RPS14 haploinsufficiency found in
myelodysplastic syndromes (MDS) [139]. In DBA it was shown that nucleolar stress due to mutations
in RPL5 and RPL11 results in their binding and inhibition of MDM?2, which subsequently causes in
P53 accumulation [140]. Recently, Myc was shown to stabilize the RPL5-RPL11-55 rRNA complex
suggesting it has a role in the control of p53 activation [141]. However, we can speculate that the
RPL5-L11 and MDM2-p53 axis may be induced by Myc as the result of a feedback loop required to
prevent Myc-induced tumorigenesis.

Ribosomal proteins may also be playing an important role in metastasis, as it was recently shown
by that overexpression of RPL15 in mice increases their growth, opening a completely new perspective
on the role of the ribosome in the field of metastasis [142].

Thus, investigating ribosomal assembling and protein translation, and how abnormal ribosomes
bypass quality control surveillance, are important steps to better understand the onset of cancer, and in
particular of Myc-induced tumorigenesis.

5. Conclusions

In conclusion, many mutations in ribosomal proteins have been shown to cause a predisposition to
cancer, including some linked to Myc activation. However, a clear mechanism of their function has not
been elucidated. We can certainly hypothesize that with the discovery of Myc-induced cell competition
in Drosophila, and because of the many similarities in the mechanisms that control ribosomal biogenesis,
the use of Drosophila’s genetic tools may help in better understanding what mechanisms drive tumor
progression induced by ribosome biogenesis and Myc.

Drosophila has emerged as a valuable model to study cancer [143]. Indeed, sophisticated genetic
tools give the opportunity to manipulate the expression of cancer-related genes in epithelial tissues
(i.e., the imaginal discs). Moreover, most of the genes and pathways analyzed in humans are conserved
in Drosophila, thus it is possible to confidently recapitulate various aspects characteristic of human
cancers, including proliferative capacity, invasiveness and metabolic adaptation typical of tumor cells
to support cell growth. Therefore, it is expected that this model will continue to significantly contribute
to the investigation of the link between Myc, ribosome biogenesis, and tumor development.

Moreover, since many Myc functions are preserved in Drosophila, this model has generally proved
useful for investigating the role of this protein in tumorigenesis. In fact, several oncogenic pathways
result in stabilization or overexpression of Myc, causing robust cell growth that can lead to cancer
development in flies as well as in vertebrates [143]. Fascinatingly, these evolutionarily conserved
functions of Myc to control mass and metabolism are among the reasons for the selective advantage
of growth of epithelial cells described in cell competition. In addition, the aberrant effects of Myc in
regulating global tumor translation and its function in controlling nucleolar size and number, hallmarks
of cancer, are conserved also in the tiny fruit fly.

Many elements are still missing to understand how truly relevant the role of Myc and of cell
competition is in the tumorigenic process, and possibly the precise mechanisms by which this occurs.
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Although a few mutations in ribosomal proteins have been associated with specific tumors and with
the activation of Myc, how these effects are coordinated is still not clear. With this review we outlined
the evidence of Myc in controlling ribosome biogenesis with its role in cell competition, a hypothesis
that may connect the ability of Myc to initiate tumorigenesis by promoting cell competition during the
initial step of field cancerization.

Auth

or Contributions: F.D., VM. and P.B. all wrote and corrected the manuscript. P.B. composed the figures.

All authors have read and agreed to the published version of the manuscript

Funding: This research received no external funding.

Acknowledgments: We are grateful to Daniela Grifoni and Sheri Zola for the critical reading of the review.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

snoRNP small nucleolar ribonucleoproteins

DREF DNA replication-related element binding factor
TFIIB Transcription factor II B

TRAPP Trafficking protein particle complex

GCN5 Histone acetyltransferase GCN5

TAFs TATA box-binding protein-associated factor-s
TIF-IA Transcription intermediary factor-1A

UBF/SL-1  Nucleolar transcription factor 1/

TIF-1B Transcription intermediary factor-1B

Xrpl Transcription factor/bZip DNA binding protein
References

1. Anger, A M.; Armache, ].P.; Berninghausen, O.; Habeck, M.; Subklewe, M.; Wilson, D.N.; Beckmann, R.

10.

11.

12.

Structures of the human and Drosophila 80S ribosome. Nature 2013, 497, 80-85. [CrossRef] [PubMed]
Yoshihama, M.; Uechi, T.; Asakawa, S.; Kawasaki, K.; Kato, S.; Higa, S.; Maeda, N.; Minoshima, S.; Tanaka, T.;
Shimizu, N.; et al. The human ribosomal protein genes: Sequencing and comparative analysis of 73 genes.
Genome Res. 2002, 12, 379-390. [CrossRef] [PubMed]

Boisvert, EM.; Van Koningsbruggen, S.; Navascues, J.; Lamond, A.l. The multifunctional nucleolus. Nat. Rev.
Mol. Cell Biol. 2007, 8, 574-585. [CrossRef] [PubMed]

Fromont-Racine, M.; Senger, B.; Saveanu, C.; Fasiolo, F. Ribosome assembly in eukaryotes. Gene 2003, 313,
17-42. [CrossRef]

Orsolic, I.; Jurada, D.; Pullen, N.; Oren, M.; Eliopoulos, A.G.; Volarevic, S. The relationship between the
nucleolus and cancer: Current evidence and emerging paradigms. Semin. Cancer Biol. 2016, 37-38, 36-50.
[CrossRef] [PubMed]

Thomson, E.; Ferreira-Cerca, S.; Hurt, E. Eukaryotic ribosome biogenesis at a glance. J. Cell Sci. 2013, 126,
4815-4821. [CrossRef]

Weeks, S.E.; Metge, B.J.; Samant, R.S. The nucleolus: A central response hub for the stressors that drive
cancer progression. Cell. Mol. Life Sci. 2019, 76, 4511-4524. [CrossRef]

Russell, J.; Zomerdijk, J.C. RNA-polymerase-I-directed rDNA transcription, life and works. Trends Biochem. Sci.
2005, 30, 87-96. [CrossRef]

Ciganda, M.; Williams, N. Eukaryotic 5S rRNA biogenesis. Wiley Interdiscip. Rev. RNA 2011, 2, 523-533.
[CrossRef]

Watkins, N.J.; Bohnsack, M.T. The box C/D and H/ACA snoRNPs: Key players in the modification, processing
and the dynamic folding of ribosomal RNA. Wiley Interdiscip. Rev. RNA 2012, 3, 397—414. [CrossRef]
Sharma, S.; Lafontaine, D.L.J. View From A Bridge: A New Perspective on Eukaryotic rRNA Base Modification.
Trends Biochem. Sci. 2015, 40, 560-575. [CrossRef]

Penzo, M.; Guerrieri, A.N.; Zacchini, F,; Trere, D.; Montanaro, L. RNA Pseudouridylation in Physiology and
Medicine: For Better and for Worse. Genes 2017, 8, 301. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nature12104
http://www.ncbi.nlm.nih.gov/pubmed/23636399
http://dx.doi.org/10.1101/gr.214202
http://www.ncbi.nlm.nih.gov/pubmed/11875025
http://dx.doi.org/10.1038/nrm2184
http://www.ncbi.nlm.nih.gov/pubmed/17519961
http://dx.doi.org/10.1016/S0378-1119(03)00629-2
http://dx.doi.org/10.1016/j.semcancer.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26721423
http://dx.doi.org/10.1242/jcs.111948
http://dx.doi.org/10.1007/s00018-019-03231-0
http://dx.doi.org/10.1016/j.tibs.2004.12.008
http://dx.doi.org/10.1002/wrna.74
http://dx.doi.org/10.1002/wrna.117
http://dx.doi.org/10.1016/j.tibs.2015.07.008
http://dx.doi.org/10.3390/genes8110301
http://www.ncbi.nlm.nih.gov/pubmed/29104216

Int. ]. Mol. Sci. 2020, 21, 4037 14 of 19

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Monaco, P.L.; Marcel, V,; Diaz, J.J.; Catez, F 2’-O-Methylation of Ribosomal RNA: Towards an
Epitranscriptomic Control of Translation? Biomolecules 2018, 8, 106. [CrossRef] [PubMed]

Sonenberg, N. eIlF4E, the mRNA cap-binding protein: From basic discovery to translational research.
Biochem. Cell Biol. 2008, 86, 178-183. [CrossRef] [PubMed]

Ruggero, D.; Montanaro, L.; Ma, L.; Xu, W.; Londei, P.; Cordon-Cardo, C.; Pandolfi, P.P. The translation factor
elF-4E promotes tumor formation and cooperates with c-Myc in lymphomagenesis. Nat. Med. 2004, 10,
484-486. [CrossRef]

Carroll, P.A,; Freie, B.W.; Mathsyaraja, H.; Eisenman, R.N. The MYC transcription factor network: Balancing
metabolism, proliferation and oncogenesis. Front. Med. 2018, 12, 412-425. [CrossRef]

Eilers, M.; Eisenman, R.N. Myc’s broad reach. Genes Dev. 2008, 22, 2755-2766. [CrossRef]

van Riggelen, J.; Yetil, A.; Felsher, D.W. MYC as a regulator of ribosome biogenesis and protein synthesis.
Nat. Rev. Cancer 2010, 10, 301-309. [CrossRef]

Campbell, K.J.; White, R.J. MYC regulation of cell growth through control of transcription by RNA
polymerases I and III. Cold Spring Harb. Perspect. Med. 2014, 4. [CrossRef]

Gallant, P. Myc/Max/Mad in invertebrates: The evolution of the Max network. Curr. Top. Microbiol. Immunol.
2006, 302, 235-253. [CrossRef]

Hulf, T.; Bellosta, P.; Furrer, M.; Steiger, D.; Svensson, D.; Barbour, A.; Gallant, P. Whole-genome analysis
reveals a strong positional bias of conserved dMyc-dependent E-boxes. Mol. Cell Biol. 2005, 25, 3401-3410.
[CrossRef] [PubMed]

Orian, A.; Grewal, S.S.; Knoepfler, P.S.; Edgar, B.A.; Parkhurst, S.M.; Eisenman, R.N. Genomic binding and
transcriptional regulation by the Drosophila Myc and Mnt transcription factors. Cold Spring Harb. Symp.
Quant. Biol. 2005, 70, 299-307. [CrossRef] [PubMed]

Bellosta, P.; Hulf, T.; Balla Diop, S.; Usseglio, F; Pradel, J.; Aragnol, D.; Gallant, P. Myc interacts genetically
with Tip48/Reptin and Tip49/Pontin to control growth and proliferation during Drosophila development.
Proc. Natl. Acad. Sci. USA 2005, 102, 11799-11804. [CrossRef] [PubMed]

Wood, M.A.; McMahon, S.B.; Cole, M.D. An ATPase/helicase complex is an essential cofactor for oncogenic
transformation by c-Myc. Mol. Cell 2000, 5, 321-330. [CrossRef]

Meyer, N.; Penn, L.Z. Reflecting on 25 years with MYC. Nat. Rev. Cancer 2008, 8, 976-990. [CrossRef]
Gallant, P; Shiio, Y.; Cheng, P.F,; Parkhurst, S.M.; Eisenman, R.N. Myc and Max homologs in Drosophila.
Science 1996, 274, 1523-1527. [CrossRef]

Pierce, S.B.; Yost, C.; Britton, J.S.; Loo, L.W,; Flynn, E.M.; Edgar, B.A_; Eisenman, R.N. dMyc is required for
larval growth and endoreplication in Drosophila. Development 2004, 131, 2317-2327. [CrossRef]

Peyrefitte, S.; Kahn, D.; Haenlin, M. New members of the Drosophila Myc transcription factor subfamily
revealed by a genome-wide examination for basic helix-loop-helix genes. Mech. Dev. 2001, 104, 99-104.
[CrossRef]

Gallant, P. Drosophila Myc. Adv. Cancer Res. 2009, 103, 111-144.

Bellosta, P.; Gallant, P. Myc Function in Drosophila. Genes Cancer 2010, 1, 542-546. [CrossRef]
Schreiber-Agus, N.; Stein, D.; Chen, K.; Goltz, ].S.; Stevens, L.; DePinho, R.A. Drosophila Myc is oncogenic
in mammalian cells and plays a role in the diminutive phenotype. Proc. Natl. Acad. Sci. USA 1997, 94,
1235-1240. [CrossRef] [PubMed]

Johnston, L.A.; Prober, D.A.; Edgar, B.A.; Eisenman, R.N.; Gallant, P. Drosophila myc regulates cellular
growth during development. Cell 1999, 98, 779-790. [CrossRef]

de la Cova, C.; Abril, M.; Bellosta, P.; Gallant, P.; Johnston, L.A. Drosophila myc regulates organ size by
inducing cell competition. Cell 2004, 117, 107-116. [CrossRef]

Pierce, S.B.; Yost, C.; Anderson, S.A.; Flynn, EIM.; Delrow, ].; Eisenman, R.N. Drosophila growth and
development in the absence of dMyc and dMnt. Dev. Biol. 2008, 315, 303-316. [CrossRef] [PubMed]
Brand, A.H.; Manoukian, A.S.; Perrimon, N. Ectopic expression in Drosophila. Methods Cell Biol. 1994, 44,
635-654. [PubMed]

Galletti, M.; Riccardo, S.; Parisi, F,; Lora, C.; Saqcena, M.K,; Rivas, L.; Wong, B.; Serra, A.; Serras, F.; Grifoni, D.;
et al. Identification of domains responsible for ubiquitin-dependent degradation of dMyc by glycogen
synthase kinase 3beta and casein kinase 1 kinases. Mol. Cell Biol. 2009, 29, 3424-3434. [CrossRef]

Grewal, S.S; Li, L.; Orian, A.; Eisenman, R.N.; Edgar, B.A. Myc-dependent regulation of ribosomal RNA
synthesis during Drosophila development. Nat. Cell Biol. 2005, 7, 295-302. [CrossRef]


http://dx.doi.org/10.3390/biom8040106
http://www.ncbi.nlm.nih.gov/pubmed/30282949
http://dx.doi.org/10.1139/O08-034
http://www.ncbi.nlm.nih.gov/pubmed/18443631
http://dx.doi.org/10.1038/nm1042
http://dx.doi.org/10.1007/s11684-018-0650-z
http://dx.doi.org/10.1101/gad.1712408
http://dx.doi.org/10.1038/nrc2819
http://dx.doi.org/10.1101/cshperspect.a018408
http://dx.doi.org/10.1007/3-540-32952-8_9
http://dx.doi.org/10.1128/MCB.25.9.3401-3410.2005
http://www.ncbi.nlm.nih.gov/pubmed/15831447
http://dx.doi.org/10.1101/sqb.2005.70.019
http://www.ncbi.nlm.nih.gov/pubmed/16869766
http://dx.doi.org/10.1073/pnas.0408945102
http://www.ncbi.nlm.nih.gov/pubmed/16087886
http://dx.doi.org/10.1016/S1097-2765(00)80427-X
http://dx.doi.org/10.1038/nrc2231
http://dx.doi.org/10.1126/science.274.5292.1523
http://dx.doi.org/10.1242/dev.01108
http://dx.doi.org/10.1016/S0925-4773(01)00360-4
http://dx.doi.org/10.1177/1947601910377490
http://dx.doi.org/10.1073/pnas.94.4.1235
http://www.ncbi.nlm.nih.gov/pubmed/9037036
http://dx.doi.org/10.1016/S0092-8674(00)81512-3
http://dx.doi.org/10.1016/S0092-8674(04)00214-4
http://dx.doi.org/10.1016/j.ydbio.2007.12.026
http://www.ncbi.nlm.nih.gov/pubmed/18241851
http://www.ncbi.nlm.nih.gov/pubmed/7707973
http://dx.doi.org/10.1128/MCB.01535-08
http://dx.doi.org/10.1038/ncb1223

Int. ]. Mol. Sci. 2020, 21, 4037 15 0f 19

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Grandori, C.; Gomez-Roman, N.; Felton-Edkins, Z.A.; Ngouenet, C.; Galloway, D.A.; Eisenman, R.N.;
White, R.J. c-Myc binds to human ribosomal DNA and stimulates transcription of rRNA genes by RNA
polymerase I. Nat. Cell Biol. 2005, 7, 311-318. [CrossRef] [PubMed]

Wu, C.H.; Sahoo, D.; Arvanitis, C.; Bradon, N.; Dill, D.L.; Felsher, D.W. Combined analysis of murine
and human microarrays and ChIP analysis reveals genes associated with the ability of MYC to maintain
tumorigenesis. PLoS Genet. 2008, 4, e€1000090. [CrossRef] [PubMed]

Arabi, A.; Wu, S.; Ridderstrale, K.; Bierhoff, H.; Shiue, C.; Fatyol, K.; Fahlen, S.; Hydbring, P.; Soderberg, O.;
Grummt, I; et al. ¢-Myc associates with ribosomal DNA and activates RNA polymerase I transcription.
Nat. Cell Biol. 2005, 7, 303-310. [CrossRef]

Oskarsson, T.; Trumpp, A. The Myc trilogy: Lord of RNA polymerases. Nat. Cell Biol. 2005, 7, 215-217.
[CrossRef] [PubMed]

Stine, Z.E.; Walton, Z.E.; Altman, B.].; Hsieh, A.L.; Dang, C.V. MYC, Metabolism, and Cancer. Cancer Discov.
2015, 5, 1024-1039. [CrossRef] [PubMed]

Kenneth, N.S.; Ramsbottom, B.A.; Gomez-Roman, N.; Marshall, L.; Cole, P.A.; White, R.J. TRRAP and GCN5
are used by c-Myc to activate RNA polymerase III transcription. Proc. Natl. Acad. Sci. USA 2007, 104,
14917-14922. [CrossRef] [PubMed]

Gomez-Roman, N.; Grandori, C.; Eisenman, R.N.; White, R.J. Direct activation of RNA polymerase III
transcription by c-Myc. Nature 2003, 421, 290-294. [CrossRef]

Schlosser, I.; Holzel, M.; Murnseer, M.; Burtscher, H.; Weidle, U.H.; Eick, D. A role for c-Myc in the regulation
of ribosomal RNA processing. Nucleic Acids Res. 2003, 31, 6148-6156. [CrossRef] [PubMed]

Herter, E.K; Stauch, M.; Gallant, M.; Wolf, E.; Raabe, T.; Gallant, P. snoRNAs are a novel class of biologically
relevant Myc targets. BMC Biol. 2015, 13, 25. [CrossRef] [PubMed]

Romano, G.; Veneziano, D.; Acunzo, M.; Croce, C.M. Small non-coding RNA and cancer. Carcinogenesis 2017,
38, 485-491. [CrossRef] [PubMed]

Zirin, J.; Ni, X,; Sack, L.M.; Yang-Zhou, D.; Hu, Y.; Brathwaite, R.; Bulyk, M.L.; Elledge, S.J.; Perrimon, N.
Interspecies analysis of MYC targets identifies tRNA synthetases as mediators of growth and survival in
MYC-overexpressing cells. Proc. Natl. Acad. Sci. USA 2019, 116, 14614-14619. [CrossRef]

Nemeth, A.; Perez-Fernandez, J.; Merkl, P.; Hamperl, S.; Gerber, ].; Griesenbeck, J.; Tschochner, H. RNA
polymerase I termination: Where is the end? Biochim. Biophys. Acta 2013, 1829, 306-317. [CrossRef]

Boon, K.; Caron, H.N.; van Asperen, R.; Valentijn, L.; Hermus, M.C.; Van Sluis, P.; Roobeek, I.; Weis, I;
Voute, P.A.; Schwab, M.; et al. N-myc enhances the expression of a large set of genes functioning in ribosome
biogenesis and protein synthesis. EMBO J. 2001, 20, 1383-1393. [CrossRef]

Kaiser, C.; Dobrikova, E.Y.; Bradrick, S.S.; Shveygert, M.; Herbert, ].T.; Gromeier, M. Activation of
cap-independent translation by variant eukaryotic initiation factor 4G in vivo. RNA 2008, 14, 2170-2182.
[CrossRef]

Thoma, C.; Fraterman, S.; Gentzel, M.; Wilm, M.; Hentze, M.W. Translation initiation by the c-myc mRNA
internal ribosome entry sequence and the poly(A) tail. RNA 2008, 14, 1579-1589. [CrossRef] [PubMed]
Giordano, E.; Peluso, 1.; Senger, S.; Furia, M. minifly, a Drosophila gene required for ribosome biogenesis.
J. Cell Biol. 1999, 144, 1123-1133. [CrossRef] [PubMed]

Tortoriello, G.; de Celis, J.E,; Furia, M. Linking pseudouridine synthases to growth, development and cell
competition. FEBS |. 2010, 277, 3249-3263. [CrossRef] [PubMed]

Dalla Venezia, N.; Vincent, A.; Marcel, V.; Catez, F; Diaz, ].J. Emerging Role of Eukaryote Ribosomes in
Translational Control. Int. J. Mol. Sci. 2019, 20, 1226. [CrossRef] [PubMed]

Milkereit, P.; Gadal, O.; Podtelejnikov, A.; Trumtel, S.; Gas, N.; Petfalski, E.; Tollervey, D.; Mann, M.; Hurt, E.;
Tschochner, H. Maturation and intranuclear transport of pre-ribosomes requires Noc proteins. Cell 2001, 105,
499-509. [CrossRef]

Kressler, D.; Hurt, E.; Bassler, ]. Driving ribosome assembly. Biochim. Biophys. Acta 2010, 1803, 673-683.
[CrossRef]

Hierlmeier, T.; Merl, ].; Sauert, M.; Perez-Fernandez, J.; Schultz, P.; Bruckmann, A.; Hamperl, S.; Ohmayer, U.;
Rachel, R.; Jacob, A.; et al. Rrp5p, Noclp and Noc2p form a protein module which is part of early large
ribosomal subunit precursors in S. cerevisiae. Nucleic Acids Res. 2013, 41, 1191-1210. [CrossRef]


http://dx.doi.org/10.1038/ncb1224
http://www.ncbi.nlm.nih.gov/pubmed/15723054
http://dx.doi.org/10.1371/journal.pgen.1000090
http://www.ncbi.nlm.nih.gov/pubmed/18535662
http://dx.doi.org/10.1038/ncb1225
http://dx.doi.org/10.1038/ncb0305-215
http://www.ncbi.nlm.nih.gov/pubmed/15738972
http://dx.doi.org/10.1158/2159-8290.CD-15-0507
http://www.ncbi.nlm.nih.gov/pubmed/26382145
http://dx.doi.org/10.1073/pnas.0702909104
http://www.ncbi.nlm.nih.gov/pubmed/17848523
http://dx.doi.org/10.1038/nature01327
http://dx.doi.org/10.1093/nar/gkg794
http://www.ncbi.nlm.nih.gov/pubmed/14576301
http://dx.doi.org/10.1186/s12915-015-0132-6
http://www.ncbi.nlm.nih.gov/pubmed/25888729
http://dx.doi.org/10.1093/carcin/bgx026
http://www.ncbi.nlm.nih.gov/pubmed/28449079
http://dx.doi.org/10.1073/pnas.1821863116
http://dx.doi.org/10.1016/j.bbagrm.2012.10.007
http://dx.doi.org/10.1093/emboj/20.6.1383
http://dx.doi.org/10.1261/rna.1171808
http://dx.doi.org/10.1261/rna.1043908
http://www.ncbi.nlm.nih.gov/pubmed/18556416
http://dx.doi.org/10.1083/jcb.144.6.1123
http://www.ncbi.nlm.nih.gov/pubmed/10087258
http://dx.doi.org/10.1111/j.1742-4658.2010.07731.x
http://www.ncbi.nlm.nih.gov/pubmed/20608977
http://dx.doi.org/10.3390/ijms20051226
http://www.ncbi.nlm.nih.gov/pubmed/30862090
http://dx.doi.org/10.1016/S0092-8674(01)00358-0
http://dx.doi.org/10.1016/j.bbamcr.2009.10.009
http://dx.doi.org/10.1093/nar/gks1056

Int. ]. Mol. Sci. 2020, 21, 4037 16 of 19

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

Chauvin, C.; Koka, V.; Nouschi, A.; Mieulet, V.; Hoareau-Aveilla, C.; Dreazen, A.; Cagnard, N.; Carpentier, W.;
Kiss, T.; Meyuhas, O.; et al. Ribosomal protein S6 kinase activity controls the ribosome biogenesis
transcriptional program. Oncogene 2014, 33, 474-483. [CrossRef]

Parisi, F.; Riccardo, S.; Daniel, M.; Saqcena, M.; Kundu, N.; Pession, A.; Grifoni, D.; Stocker, H.; Tabak, E.;
Bellosta, P. Drosophila insulin and target of rapamycin (TOR) pathways regulate GSK3 beta activity to control
Myec stability and determine Myc expression in vivo. BMC Biol. 2011, 9, 65. [CrossRef]

Yeh, E.; Cunningham, M.; Arnold, H.; Chasse, D.; Monteith, T.; Ivaldi, G.; Hahn, W.C.; Stukenberg, P.T,;
Shenolikar, S.; Uchida, T.; et al. A signalling pathway controlling c-Myc degradation that impacts oncogenic
transformation of human cells. Nat. Cell Biol. 2004, 6, 308-318. [CrossRef] [PubMed]

Chan, ].C.; Hannan, K.M.; Riddell, K.; Ng, P.Y.; Peck, A.; Lee, R.S.; Hung, S.; Astle, M.V.; Bywater, M.; Wall, M.;
et al. AKT promotes rRNA synthesis and cooperates with c-MYC to stimulate ribosome biogenesis in cancer.
Sci. Signal. 2011, 4, ra56. [CrossRef]

Liu, E; Jin, R.; Liu, X.; Huang, H.; Wilkinson, S.C.; Zhong, D.; Khuri, ER.; Fu, H.; Marcus, A.; He, Y.; et al.
LKB1 promotes cell survival by modulating TIF-IA-mediated pre-ribosomal RNA synthesis under uridine
downregulated conditions. Oncotarget 2016, 7, 2519-2531. [CrossRef] [PubMed]

Ilic, N.; Utermark, T.; Widlund, H.R.; Roberts, T.M. PI3K-targeted therapy can be evaded by gene amplification
along the MYC-eukaryotic translation initiation factor 4E (eIF4E) axis. Proc. Natl. Acad. Sci. USA 2011, 108,
E699-E708. [CrossRef]

Robichaud, N.; Sonenberg, N.; Ruggero, D.; Schneider, R.J. Translational Control in Cancer. Cold Spring Harb.
Perspect. Biol. 2019, 11. [CrossRef]

Liu, P,; Cheng, H.; Santiago, S.; Raeder, M.; Zhang, F; Isabella, A.; Yang, J.; Semaan, D.J.; Chen, C.; Fox, E.A,;
et al. Oncogenic PIK3CA-driven mammary tumors frequently recur via PI3K pathway-dependent and PI3K
pathway-independent mechanisms. Nat. Med. 2011, 17, 1116-1120. [CrossRef] [PubMed]

Hayes, T.K.; Neel, N.F,; Hu, C.; Gautam, P; Chenard, M.; Long, B.; Aziz, M.; Kassner, M.; Bryant, K.L.;
Pierobon, M.; et al. Long-Term ERK Inhibition in KRAS-Mutant Pancreatic Cancer Is Associated with MYC
Degradation and Senescence-like Growth Suppression. Cancer Cell 2016, 29, 75-89. [CrossRef]

Ryan, R.J.H.; Petrovic, J.; Rausch, D.M.; Zhou, Y.; Lareau, C.A.; Kluk, M.J.; Christie, A.L.; Lee, W.Y.;
Tarjan, D.R.; Guo, B.; et al. A B Cell Regulome Links Notch to Downstream Oncogenic Pathways in Small B
Cell Lymphomas. Cell Rep. 2017, 21, 784-797. [CrossRef] [PubMed]

Yochum, G.S.; Sherrick, C.M.; Macpartlin, M.; Goodman, R.H. A beta-catenin/TCF-coordinated chromatin
loop at MYC integrates 5" and 3" Wnt responsive enhancers. Proc. Natl. Acad. Sci. USA 2010, 107, 145-150.
[CrossRef]

Wolpaw, A.].; Dang, C.V.MYC-induced metabolic stress and tumorigenesis. Biochim. Biophys. Acta Rev. Cancer
2018, 1870, 43-50. [CrossRef]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646—-674. [CrossRef]
[PubMed]

Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57-70. [CrossRef]

Pavlova, N.N.; Thompson, C.B. The Emerging Hallmarks of Cancer Metabolism. Cell Metab. 2016, 23, 27-47.
[CrossRef]

Gabay, M; Li, Y.; Felsher, D.W. MYC activation is a hallmark of cancer initiation and maintenance. Cold Spring
Harb. Perspect. Med. 2014, 4. [CrossRef] [PubMed]

Vander Heiden, M.G.; DeBerardinis, R.J. Understanding the Intersections between Metabolism and Cancer
Biology. Cell 2017, 168, 657-669. [CrossRef] [PubMed]

Hsieh, A.L.; Dang, C.V. MYC, Metabolic Synthetic Lethality, and Cancer. Recent Results Cancer Res. 2016, 207,
73-91. [CrossRef]

Parisi, F,; Riccardo, S.; Zola, S.; Lora, C.; Grifoni, D.; Brown, L.M.; Bellosta, P. dMyc expression in the fat
body affects DILP2 release and increases the expression of the fat desaturase Desat1 resulting in organismal
growth. Dev. Biol. 2013, 379, 64-75. [CrossRef]

Paiardi, C.; Mirzoyan, Z.; Zola, S.; Parisi, F; Vingiani, A.; Pasini, M.E.; Bellosta, P. The Stearoyl-CoA
Desaturase-1 (Desat1) in Drosophila cooperated with Myc to Induce Autophagy and Growth, a Potential
New Link to Tumor Survival. Genes 2017, 8, 131. [CrossRef]


http://dx.doi.org/10.1038/onc.2012.606
http://dx.doi.org/10.1186/1741-7007-9-65
http://dx.doi.org/10.1038/ncb1110
http://www.ncbi.nlm.nih.gov/pubmed/15048125
http://dx.doi.org/10.1126/scisignal.2001754
http://dx.doi.org/10.18632/oncotarget.6224
http://www.ncbi.nlm.nih.gov/pubmed/26506235
http://dx.doi.org/10.1073/pnas.1108237108
http://dx.doi.org/10.1101/cshperspect.a032896
http://dx.doi.org/10.1038/nm.2402
http://www.ncbi.nlm.nih.gov/pubmed/21822287
http://dx.doi.org/10.1016/j.ccell.2015.11.011
http://dx.doi.org/10.1016/j.celrep.2017.09.066
http://www.ncbi.nlm.nih.gov/pubmed/29045844
http://dx.doi.org/10.1073/pnas.0912294107
http://dx.doi.org/10.1016/j.bbcan.2018.05.003
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1016/S0092-8674(00)81683-9
http://dx.doi.org/10.1016/j.cmet.2015.12.006
http://dx.doi.org/10.1101/cshperspect.a014241
http://www.ncbi.nlm.nih.gov/pubmed/24890832
http://dx.doi.org/10.1016/j.cell.2016.12.039
http://www.ncbi.nlm.nih.gov/pubmed/28187287
http://dx.doi.org/10.1007/978-3-319-42118-6_4
http://dx.doi.org/10.1016/j.ydbio.2013.04.008
http://dx.doi.org/10.3390/genes8050131

Int. ]. Mol. Sci. 2020, 21, 4037 17 of 19

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

De la Cova, C.; Senoo-Matsuda, N.; Ziosi, M.; Wu, D.C.; Bellosta, P,; Quinzii, C.M.; Johnston, L.A.
Supercompetitor status of Drosophila Myec cells requires p53 as a fitness sensor to reprogram metabolism
and promote viability. Cell Metab. 2014, 19, 470-483. [CrossRef]

Hsieh, A.L.; Walton, Z.E.; Altman, B.J.; Stine, Z.E.; Dang, C.V. MYC and metabolism on the path to cancer.
Semin. Cell Dev. Biol. 2015, 43, 11-21. [CrossRef]

Saeboe-Larssen, S.; Lyamouri, M.; Merriam, J.; Oksvold, M.P.; Lambertsson, A. Ribosomal protein insufficiency
and the minute syndrome in Drosophila: A dose-response relationship. Genetics 1998, 148, 1215-1224.
[PubMed]

Marygold, S.J.; Roote, J.; Reuter, G.; Lambertsson, A.; Ashburner, M.; Millburn, G.H.; Harrison, PM.; Yu, Z,;
Kenmochi, N.; Kaufman, T.C.; et al. The ribosomal protein genes and Minute loci of Drosophila melanogaster.
Genome Biol. 2007, 8, R216. [CrossRef] [PubMed]

Moreno, E.; Basler, K. dMyec transforms cells into super-competitors. Cell 2004, 117, 117-129. [CrossRef]
Barna, M.; Pusic, A.; Zollo, O.; Costa, M.; Kondrashov, N.; Rego, E.; Rao, P.H.; Ruggero, D. Suppression
of Myc oncogenic activity by ribosomal protein haploinsufficiency. Nature 2008, 456, 971-975. [CrossRef]
[PubMed]

Claveria, C.; Torres, M. Cell Competition: Mechanisms and Physiological Roles. Annu Rev. Cell Dev. Biol.
2016, 32, 411-439. [CrossRef]

Amoyel, M.; Bach, E.A. Cell competition: How to eliminate your neighbours. Development 2014, 141, 988-1000.
[CrossRef]

Di Gregorio, A.; Bowling, S.; Rodriguez, T.A. Cell Competition and Its Role in the Regulation of Cell Fitness
from Development to Cancer. Dev. Cell 2016, 38, 621-634. [CrossRef]

Nagata, R.; Igaki, T. Cell competition: Emerging mechanisms to eliminate neighbors. Dev. Growth Differ.
2018, 60, 522-530. [CrossRef]

Morata, G.; Ripoll, P. Minutes: Mutants of drosophila autonomously affecting cell division rate. Dev. Biol.
1975, 42, 211-221. [CrossRef]

Simpson, P.; Morata, G. Differential mitotic rates and patterns of growth in compartments in the Drosophila
wing. Dev. Biol. 1981, 85, 299-308. [CrossRef]

Senoo-Matsuda, N.; Johnston, L.A. Soluble factors mediate competitive and cooperative interactions between
cells expressing different levels of Drosophila Myc. Proc. Natl. Acad. Sci. USA 2007, 104, 18543-18548.
[CrossRef] [PubMed]

Diaz-Diaz, C.; Fernandez de Manuel, L.; Jimenez-Carretero, D.; Montoya, M.C.; Claveria, C.; Torres, M.
Pluripotency Surveillance by Myc-Driven Competitive Elimination of Differentiating Cells. Dev. Cell 2017,
42,585-599 e584. [CrossRef]

Moreno, E.; Basler, K.; Morata, G. Cells compete for decapentaplegic survival factor to prevent apoptosis in
Drosophila wing development. Nature 2002, 416, 755-759. [CrossRef] [PubMed]

Li, W.; Baker, N.E. Engulfment is required for cell competition. Cell 2007, 129, 1215-1225. [CrossRef]
Rhiner, C.; Lopez-Gay, ].M.; Soldini, D.; Casas-Tinto, S.; Martin, F.A.; Lombardia, L.; Moreno, E. Flower
forms an extracellular code that reveals the fitness of a cell to its neighbors in Drosophila. Dev. Cell 2010, 18,
985-998. [CrossRef] [PubMed]

Merino, M.M.; Rhiner, C.; Lopez-Gay, ].M.; Buechel, D.; Hauert, B.; Moreno, E. Elimination of unfit cells
maintains tissue health and prolongs lifespan. Cell 2015, 160, 461-476. [CrossRef] [PubMed]

Portela, M.; Casas-Tinto, S.; Rhiner, C.; Lopez-Gay, ]. M.; Dominguez, O.; Soldini, D.; Moreno, E. Drosophila
SPARC is a self-protective signal expressed by loser cells during cell competition. Dev. Cell 2010, 19, 562-573.
[CrossRef]

Meyer, S.N.; Amoyel, M.; Bergantinos, C.; de la Cova, C.; Schertel, C.; Basler, K.; Johnston, L.A. An ancient
defense system eliminates unfit cells from developing tissues during cell competition. Science 2014, 346,
1258236. [CrossRef]

Alpar, L.; Bergantinos, C.; Johnston, L.A. Spatially Restricted Regulation of Spatzle/Toll Signaling during
Cell Competition. Dev. Cell 2018, 46, 706719 e705. [CrossRef]

Lee, C.H.; Kiparaki, M.; Blanco, J.; Folgado, V.; Ji, Z.; Kumar, A.; Rimesso, G.; Baker, N.E. A Regulatory
Response to Ribosomal Protein Mutations Controls Translation, Growth, and Cell Competition. Dev. Cell
2018, 46, 456-469.e4. [CrossRef]


http://dx.doi.org/10.1016/j.cmet.2014.01.012
http://dx.doi.org/10.1016/j.semcdb.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/9539436
http://dx.doi.org/10.1186/gb-2007-8-10-r216
http://www.ncbi.nlm.nih.gov/pubmed/17927810
http://dx.doi.org/10.1016/S0092-8674(04)00262-4
http://dx.doi.org/10.1038/nature07449
http://www.ncbi.nlm.nih.gov/pubmed/19011615
http://dx.doi.org/10.1146/annurev-cellbio-111315-125142
http://dx.doi.org/10.1242/dev.079129
http://dx.doi.org/10.1016/j.devcel.2016.08.012
http://dx.doi.org/10.1111/dgd.12575
http://dx.doi.org/10.1016/0012-1606(75)90330-9
http://dx.doi.org/10.1016/0012-1606(81)90261-X
http://dx.doi.org/10.1073/pnas.0709021104
http://www.ncbi.nlm.nih.gov/pubmed/18000039
http://dx.doi.org/10.1016/j.devcel.2017.08.011
http://dx.doi.org/10.1038/416755a
http://www.ncbi.nlm.nih.gov/pubmed/11961558
http://dx.doi.org/10.1016/j.cell.2007.03.054
http://dx.doi.org/10.1016/j.devcel.2010.05.010
http://www.ncbi.nlm.nih.gov/pubmed/20627080
http://dx.doi.org/10.1016/j.cell.2014.12.017
http://www.ncbi.nlm.nih.gov/pubmed/25601460
http://dx.doi.org/10.1016/j.devcel.2010.09.004
http://dx.doi.org/10.1126/science.1258236
http://dx.doi.org/10.1016/j.devcel.2018.08.001
http://dx.doi.org/10.1016/j.devcel.2018.07.003

Int. ]. Mol. Sci. 2020, 21, 4037 18 of 19

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.
122.

123.

Orian, A.; van Steensel, B.; Delrow, J.; Bussemaker, H.J.; Li, L.; Sawado, T.; Williams, E.; Loo, L.W.;
Cowley, S.M.; Yost, C.; et al. Genomic binding by the Drosophila Myc, Max, Mad/Mnt transcription factor
network. Genes Dev. 2003, 17, 1101-1114. [CrossRef] [PubMed]

Baillon, L.; Germani, F.; Rockel, C.; Hilchenbach, ].; Basler, K. Xrp1 is a transcription factor required for cell
competition-driven elimination of loser cells. Sci. Rep. 2018, 8, 17712. [CrossRef] [PubMed]

Ji, Z.; Kiparaki, M.; Folgado, V.; Kumar, A.; Blanco, J.; Rimesso, G.; Chuen, J; Liu, Y.; Zheng, D.; Baker, N.E.
Drosophila RpS12 controls translation, growth, and cell competition through Xrpl. PLoS Genet. 2019,
15, €1008513. [CrossRef] [PubMed]

Leevers, S.J.; McNeill, H. Controlling the size of organs and organisms. Curr. Opin. Cell Biol. 2005, 17,
604-609. [CrossRef]

Claveria, C.; Giovinazzo, G.; Sierra, R.; Torres, M. Myc-driven endogenous cell competition in the early
mammalian embryo. Nature 2013, 500, 39-44. [CrossRef]

Zimmerman, K.A.; Yancopoulos, G.D.; Collum, R.G.; Smith, R.K.; Kohl, N.E.; Denis, K.A.; Nau, M.M,;
Witte, O.N.; Toran-Allerand, D.; Gee, C.E.; et al. Differential expression of myc family genes during murine
development. Nature 1986, 319, 780-783. [CrossRef]

Munoz-Martin, N.; Sierra, R.; Schimmang, T.; Villa Del Campo, C.; Torres, M. Myc is dispensable for
cardiomyocyte development but rescues Mycn-deficient hearts through functional replacement and cell
competition. Development 2019, 146. [CrossRef]

Bras-Pereira, C.; Moreno, E. Mechanical cell competition. Curr. Opin. Cell Biol. 2018, 51, 15-21. [CrossRef]
Liu, N.; Matsumura, H.; Kato, T.; Ichinose, S.; Takada, A.; Namiki, T.; Asakawa, K.; Morinaga, H.; Mohri, Y.;
De Arcangelis, A.; et al. Stem cell competition orchestrates skin homeostasis and ageing. Nature 2019, 568,
344-350. [CrossRef] [PubMed]

Ellis, S.J.; Gomez, N.C,; Levorse, J.; Mertz, A.F,; Ge, Y.; Fuchs, E. Distinct modes of cell competition shape
mammalian tissue morphogenesis. Nature 2019, 569, 497-502. [CrossRef]

Agrawal, N.; Joshi, S.; Kango, M.; Saha, D.; Mishra, A.; Sinha, P. Epithelial hyperplasia of imaginal discs
induced by mutations in Drosophila tumor suppressor genes: Growth and pattern formation in genetic
mosaics. Dev. Biol. 1995, 169, 387-398. [CrossRef] [PubMed]

Fahey-Lozano, N.; La Marca, J.E.; Portela, M.; Richardson, H.E. Drosophila Models of Cell Polarity and Cell
Competition in Tumourigenesis. Adv. Exp. Med. Biol. 2019, 1167, 37-64. [CrossRef] [PubMed]

Brumby, A.M.; Richardson, H.E. scribble mutants cooperate with oncogenic Ras or Notch to cause neoplastic
overgrowth in Drosophila. EMBO J. 2003, 22, 5769-5779. [CrossRef] [PubMed]

Woods, D.E; Bryant, PJ. The discs-large tumor suppressor gene of Drosophila encodes a guanylate kinase
homolog localized at septate junctions. Cell 1991, 66, 451-464. [CrossRef]

Igaki, T.; Pastor-Pareja, J.C.; Aonuma, H.; Miura, M.; Xu, T. Intrinsic tumor suppression and epithelial
maintenance by endocytic activation of Eiger/TNF signaling in Drosophila. Dev. Cell 2009, 16, 458—465.
[CrossRef]

Froldi, F.; Ziosi, M.; Garoia, F.; Pession, A.; Grzeschik, N.A.; Bellosta, P.; Strand, D.; Richardson, H.E.;
Grifoni, D. The lethal giant larvae tumour suppressor mutation requires dMyc oncoprotein to promote clonal
malignancy. BMC Biol. 2010, 8, 33. [CrossRef]

Pan, D. The hippo signaling pathway in development and cancer. Dev. Cell 2010, 19, 491-505. [CrossRef]
Ziosi, M.; Baena-Lopez, L.A.; Grifoni, D.; Froldi, F,; Pession, A.; Garoia, E; Trotta, V.; Bellosta, P.; Cavicchi, S.
dMyec functions downstream of Yorkie to promote the supercompetitive behavior of hippo pathway mutant
cells. PLoS Genet. 2010, 6. [CrossRef]

Neto-Silva, R.M.; De Beco, S.; Johnston, L.A. Evidence for a growth-stabilizing regulatory feedback mechanism
between Myc and Yorkie, the Drosophila homolog of Yap. Dev. Cell 2010, 19, 507-520. [CrossRef]
Johnston, L.A. Socializing with MYC: Cell Competition in Development and as a Model for Premalignant
Cancer. Cold Spring Harb. Perspect. Med. 2014, 4. [CrossRef]

Moreno, E. Is cell competition relevant to cancer? Nat. Rev. Cancer 2008, 8, 141-147. [CrossRef]

Rhiner, C.; Moreno, E. Super competition as a possible mechanism to pioneer precancerous fields.
Carcinogenesis 2009, 30, 723-728. [CrossRef] [PubMed]

Patel, M.S.; Shah, H.S.; Shrivastava, N. c-Myc-Dependent Cell Competition in Human Cancer Cells.
J. Cell Biochem. 2017, 118, 1782-1791. [CrossRef] [PubMed]


http://dx.doi.org/10.1101/gad.1066903
http://www.ncbi.nlm.nih.gov/pubmed/12695332
http://dx.doi.org/10.1038/s41598-018-36277-4
http://www.ncbi.nlm.nih.gov/pubmed/30531963
http://dx.doi.org/10.1371/journal.pgen.1008513
http://www.ncbi.nlm.nih.gov/pubmed/31841522
http://dx.doi.org/10.1016/j.ceb.2005.09.008
http://dx.doi.org/10.1038/nature12389
http://dx.doi.org/10.1038/319780a0
http://dx.doi.org/10.1242/dev.170753
http://dx.doi.org/10.1016/j.ceb.2017.10.003
http://dx.doi.org/10.1038/s41586-019-1085-7
http://www.ncbi.nlm.nih.gov/pubmed/30944469
http://dx.doi.org/10.1038/s41586-019-1199-y
http://dx.doi.org/10.1006/dbio.1995.1155
http://www.ncbi.nlm.nih.gov/pubmed/7781886
http://dx.doi.org/10.1007/978-3-030-23629-8_3
http://www.ncbi.nlm.nih.gov/pubmed/31520348
http://dx.doi.org/10.1093/emboj/cdg548
http://www.ncbi.nlm.nih.gov/pubmed/14592975
http://dx.doi.org/10.1016/0092-8674(81)90009-X
http://dx.doi.org/10.1016/j.devcel.2009.01.002
http://dx.doi.org/10.1186/1741-7007-8-33
http://dx.doi.org/10.1016/j.devcel.2010.09.011
http://dx.doi.org/10.1371/journal.pgen.1001140
http://dx.doi.org/10.1016/j.devcel.2010.09.009
http://dx.doi.org/10.1101/cshperspect.a014274
http://dx.doi.org/10.1038/nrc2252
http://dx.doi.org/10.1093/carcin/bgp003
http://www.ncbi.nlm.nih.gov/pubmed/19126656
http://dx.doi.org/10.1002/jcb.25846
http://www.ncbi.nlm.nih.gov/pubmed/27982483

Int. ]. Mol. Sci. 2020, 21, 4037 19 of 19

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.
135.

136.

137.

138.

139.

140.

141.

142.

143.

Di Giacomo, S.; Sollazzo, M.; de Biase, D.; Ragazzi, M.; Bellosta, P; Pession, A.; Grifoni, D. Human Cancer
Cells Signal Their Competitive Fitness Through MYC Activity. Sci. Rep. 2017, 7, 12568. [CrossRef] [PubMed]
Ulirsch, J.C.; Verboon, ].M.; Kazerounian, S.; Guo, M.H.; Yuan, D.; Ludwig, L.S.; Handsaker, RE;
Abdulhay, N.J.; Fiorini, C.; Genovese, G.; et al. The Genetic Landscape of Diamond-Blackfan Anemia. Am. ].
Hum. Genet. 2018, 103, 930-947. [CrossRef] [PubMed]

Uechi, T,; Tanaka, T.; Kenmochi, N. A complete map of the human ribosomal protein genes: Assignment of 80
genes to the cytogenetic map and implications for human disorders. Genomics 2001, 72, 223-230. [CrossRef]
[PubMed]

Kenmochi, N.; Yoshihama, M.; Higa, S.; Tanaka, T. The human ribosomal protein L6 gene in a critical region
for Noonan syndrome. |. Hum. Genet. 2000, 45, 290-293. [CrossRef]

Narla, A.; Ebert, B.L. Ribosomopathies: Human disorders of ribosome dysfunction. Blood 2010, 115,
3196-3205. [CrossRef]

Draptchinskaia, N.; Gustavsson, P.; Andersson, B.; Pettersson, M.; Willig, T.N.; Dianzani, I.; Ball, S.;
Tchernia, G.; Klar, ].; Matsson, H.; et al. The gene encoding ribosomal protein S19 is mutated in Diamond-
Blackfan anaemia. Nat. Genet. 1999, 21, 169-175. [CrossRef] [PubMed]

Mills, E.W.; Green, R. Ribosomopathies: There’s strength in numbers. Science 2017, 358. [CrossRef]
Montanaro, L.; Trere, D.; Derenzini, M. Nucleolus, ribosomes, and cancer. Am. J. Pathol. 2008, 173, 301-310.
[CrossRef] [PubMed]

Zink, D.; Fischer, A.H.; Nickerson, J.A. Nuclear structure in cancer cells. Nat. Rev. Cancer 2004, 4, 677-687.
[CrossRef] [PubMed]

Gentilella, A.; Kozma, S.C.; Thomas, G. A liaison between mTOR signaling, ribosome biogenesis and cancer.
Biochim. Biophys. Acta 2015, 1849, 812-820. [CrossRef] [PubMed]

Ruggero, D. Translational control in cancer etiology. Cold Spring Harb. Perspect. Biol. 2013, 5. [CrossRef]
Bellodi, C.; Kopmar, N.; Ruggero, D. Deregulation of oncogene-induced senescence and p53 translational
control in X-linked dyskeratosis congenita. EMBO ]. 2010, 29, 1865-1876. [CrossRef]

Yoon, A.; Peng, G.; Brandenburger, Y.; Zollo, O.; Xu, W.; Rego, E.; Ruggero, D. Impaired control of
IRES-mediated translation in X-linked dyskeratosis congenita. Scierice 2006, 312, 902-906. [CrossRef]
Devlin, J.R.; Hannan, K.M.; Hein, N.; Cullinane, C.; Kusnadi, E.; Ng, PY.; George, A.J.; Shortt, ].;
Bywater, M.].; Poortinga, G.; et al. Combination Therapy Targeting Ribosome Biogenesis and mRNA
Translation Synergistically Extends Survival in MYC-Driven Lymphoma. Cancer Discov. 2016, 6, 59-70.
[CrossRef] [PubMed]

Hald, O.H.; Olsen, L.; Gallo-Oller, G.; Elfman, L.HM.; Lokke, C.; Kogner, P; Sveinbjornsson, B.;
Flaegstad, T.; Johnsen, ].I.; Einvik, C. Inhibitors of ribosome biogenesis repress the growth of MYCN-amplified
neuroblastoma. Oncogene 2019, 38, 2800-2813. [CrossRef]

Farley-Barnes, K.I.; Ogawa, L.M.; Baserga, S.J. Ribosomopathies: Old Concepts, New Controversies.
Trends Genet. 2019, 35, 754-767. [CrossRef]

Liu, Y.; Deisenroth, C.; Zhang, Y. RP-MDM2-p53 Pathway: Linking Ribosomal Biogenesis and Tumor
Surveillance. Trends Cancer 2016, 2, 191-204. [CrossRef] [PubMed]

Morcelle, C.; Menoyo, S.; Moron-Duran, ED.; Tauler, A.; Kozma, S.C.; Thomas, G.; Gentilella, A. Oncogenic
MYC Induces the Impaired Ribosome Biogenesis Checkpoint and Stabilizes p53 Independent of Increased
Ribosome Content. Cancer Res. 2019, 79, 4348-4359. [CrossRef] [PubMed]

Ebright, R.Y.; Lee, S.; Wittner, B.S.; Niederhoffer, K.L.; Nicholson, B.T.; Bardia, A.; Truesdell, S.; Wiley, D.F;
Wesley, B.; Li, S.; et al. Deregulation of ribosomal protein expression and translation promotes breast cancer
metastasis. Science 2020, 367, 1468-1473. [CrossRef] [PubMed]

Mirzoyan, Z.; Sollazzo, M.; Allocca, M.; Valenza, A.M.; Grifoni, D.; Bellosta, P. Drosophila melanogaster:
A Model Organism to Study Cancer. Front. Genet. 2019, 10, 51. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/s41598-017-13002-1
http://www.ncbi.nlm.nih.gov/pubmed/28974715
http://dx.doi.org/10.1016/j.ajhg.2018.10.027
http://www.ncbi.nlm.nih.gov/pubmed/30503522
http://dx.doi.org/10.1006/geno.2000.6470
http://www.ncbi.nlm.nih.gov/pubmed/11401437
http://dx.doi.org/10.1007/s100380070018
http://dx.doi.org/10.1182/blood-2009-10-178129
http://dx.doi.org/10.1038/5951
http://www.ncbi.nlm.nih.gov/pubmed/9988267
http://dx.doi.org/10.1126/science.aan2755
http://dx.doi.org/10.2353/ajpath.2008.070752
http://www.ncbi.nlm.nih.gov/pubmed/18583314
http://dx.doi.org/10.1038/nrc1430
http://www.ncbi.nlm.nih.gov/pubmed/15343274
http://dx.doi.org/10.1016/j.bbagrm.2015.02.005
http://www.ncbi.nlm.nih.gov/pubmed/25735853
http://dx.doi.org/10.1101/cshperspect.a012336
http://dx.doi.org/10.1038/emboj.2010.83
http://dx.doi.org/10.1126/science.1123835
http://dx.doi.org/10.1158/2159-8290.CD-14-0673
http://www.ncbi.nlm.nih.gov/pubmed/26490423
http://dx.doi.org/10.1038/s41388-018-0611-7
http://dx.doi.org/10.1016/j.tig.2019.07.004
http://dx.doi.org/10.1016/j.trecan.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28741571
http://dx.doi.org/10.1158/0008-5472.CAN-18-2718
http://www.ncbi.nlm.nih.gov/pubmed/31292158
http://dx.doi.org/10.1126/science.aay0939
http://www.ncbi.nlm.nih.gov/pubmed/32029688
http://dx.doi.org/10.3389/fgene.2019.00051
http://www.ncbi.nlm.nih.gov/pubmed/30881374
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Ribosome Biogenesis 
	Role of Myc in Ribosome Biogenesis 
	Drosophila Myc and the Regulation of Size 
	Myc Controls the Transcription of rDNA, Ribosomal Proteins and snoRNAs Genes 
	Myc Controls rRNA Processing and Assembly of the Ribosomes 
	Myc-Dependent Regulation of Ribosome Biogenesis Can Be Influenced by Growth Factors Signaling 
	Myc Control of Metabolism 

	Cell Competition 
	Early Discoveries in Cell Competition 
	Cell Competition Mechanisms 
	Myc and Ribosomes as Drivers of Cell Fitness 
	Physiological Role of Cell Competition 
	Cell Competition and Cancer 

	Myc and Ribosomes in Cancer 
	The Contribution of Ribosomes in Cancer 
	The Cooperation between Myc and Ribosomes in Cancer 

	Conclusions 
	References

