International Journal of

Molecular Sciences
Review

Translation Stress Regulates Ribosome Synthesis and
Cell Proliferation
Sivakumar Vadivel Gnanasundram 1, *
1
2
3
4

*

and Robin Fåhraeus 1,2,3,4

Inserm UMRS1162, Institut de Génétique Moléculaire, Université Paris 7, Hôpital St. Louis,
F-75010 Paris, France; robin.fahraeus@inserm.fr
RECAMO, Masaryk Memorial Cancer Institute, Zluty kopec 7, 65653 Brno, Czech Republic
Department of Medical Biosciences, Building 6M, Umeå University, 901 85 Umeå, Sweden
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Abstract: Ribosome and protein synthesis are major metabolic events that control cellular growth
and proliferation. Impairment in ribosome biogenesis pathways and mRNA translation is associated
with pathologies such as cancer and developmental disorders. Processes that control global protein
synthesis are tightly regulated at different levels by numerous factors and linked with multiple cellular
signaling pathways. Several of these merge on the growth promoting factor c-Myc, which induces
ribosome biogenesis by stimulating Pol I, Pol II, and Pol III transcription. However, how cells
sense and respond to mRNA translation stress is not well understood. It was more recently shown
that mRNA translation stress activates c-Myc, through a specific induction of E2F1 synthesis via a
PI3Kδ-dependent pathway. This review focuses on how this novel feedback pathway stimulates
cellular growth and proliferation pathways to synchronize protein synthesis with ribosome biogenesis.
It also describes for the first time the oncogenic activity of the mRNA, and not the encoded protein.
Keywords: mRNA translation stress; ribosome biogenesis; oncogene; cell cycle; cell signaling pathway

1. Human Ribosome Biogenesis—Overview
The ribosome is a complex macromolecule which constitutes the catalytic platform for mRNA
translation [1]. Recent advancements in cryo-electron microscopy (cryo-EM) and high-resolution
atomic crystal structures have provided a deeper understanding of the ribosomal assembly process
and function, while also revealing how ribosomal RNAs (rRNAs) constitute a core part of the ribosome
along with the ribosomal proteins embedded on the surface [2–11]. The core structure of the ribosome
is conserved across all living cells [1,3]. Human ribosomes consist of two basic subunits, with variable
compositions of ribosomal proteins and expansion segments in each subunit compared to other living
cells. A small subunit (40S) consists of 18S rRNA and 33 small ribosomal proteins (RPSs) and a large
subunit (60S) consists of 28S, 5S, and 5.8S rRNAs and 47 large ribosomal proteins (RPLs) [12–14].
The small subunit (40S) is the t-RNA binding, decoding, and mRNA passage site whereas the
large subunit (60S) provides a GTPase binding platform, peptidyl transfer, and polypeptide exit
tunnel [3,15,16].
Ribosome biogenesis (RiBi) is a dynamic and complex metabolic process which occurs in all
living cells and reflects the necessity to control the synthesis of individual proteins and to coordinate
cellular growth with cell proliferation. Human ribosome biogenesis was believed to be conserved
across its mammalian counterparts. However, recent studies suggested that this process is more
complex in human cells [17–21]. RiBi initiates with the synthesis of the 47S pre-rRNA (precursor for
18S, 5.8S, and 28S rRNAs) from RNA polymerase I (Pol I) promoter in the nucleolus and involves the
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participation of at least three prime factors; the ribosomal DNA transcription factor RRN3, Upstream
Binding Factor (UBF), and Selectivity Factor 1 (SL1). This is a key rate-limiting step of the RiBi process
at the Pol I transcriptional level and serves as a key target in cancer cells [22–26]. The transcribed
pre-rRNAs are assembled with ribosomal proteins, undergo various site-specific base modifications
(methylation, acetylation, and pseudouridylation) and ribose methylation (20 -O-methylation), and are
then processed through a series of cleavages (via both exo- and endonucleases) to generate the
functional ribosomes in the cytoplasm, where the final stages of maturation take place. The 5S rRNA
which forms part of the large subunit core is transcribed separately from Pol III promoter in the
nucleoplasm [14,27,28]. To ensure the fidelity, this complex process is regulated spatio-temporally at
multiple steps orchestrated by numerous trans-acting factors, including ribonucleoproteins (RNPs),
and enzymatic proteins [17] (see reviews [9,14,27,29]).
2. Ribosome Biogenesis Nexus with Cell Proliferation
Therefore, RiBi is critical for providing the protein levels required for cellular viability and
proliferation and it is not surprising that in actively dividing cells, the rate of RiBi is tightly coordinated
with cell cycle phases through a series of cell signaling pathways [24,30–32]. Mitogens and extracellular
growth factors can induce the growth proliferation pathways such as PI3K/AKT and MAPK/ERK,
which indeed trigger the RiBi by activating the Pol I through the phosphorylation of UBF and activate
Pol III transcription by phosphorylating TFIIIB [24,28,33,34]. Another major pathway which positively
regulates ribosome biogenesis is the mammalian target of the rapamycin (mTOR) pathway, which is
composed of two major protein complexes, mTORC1 and mTORC2 [13,35–37]. Upon the stimulus
from the growth factors and oncogenic signaling, mTORC1 induces RiBi at various stages, primarily it
increases the Pol I transcription by activating UBF and TIF-IA and increases the Pol III transcription
by associating the factors TFIIIB and TFIIIC with 5S rRNA genes [13,38–40]. Furthermore, mTORC1
increases the RiBi by actively promoting the increased translation of ribosomal proteins through its
50 terminal oligo-pyrimidine (TOP) motifs. Although mTORC1 was known to regulate RiBi in most
of the cases rather than mTORC2, it was reported that mTORC2 interacts with mature ribosomes
and promotes the AKT survival pathway in proliferating cells [13,41] (see reviews [13,40]). Most of
these pathways activate c-Myc which is a major regulatory factor of ribosome assembly by acting on
all three RNA polymerases. Myc activates Pol I transcription by recruiting the factor SL1 to rDNA
promoters and Pol III transcription by activating TFIIIB. It also induces Pol II transcription, resulting in
the increased synthesis of ribosomal proteins, small nucleolar ribonucleoproteins (snoRNPs), and other
assembly factors, see Figure 1 [24,42–44].
Pol I transcription is suppressed during mitosis by Cyclin-dependent kinase 1 (CDK1)-cyclin
B kinase activity and can be reactivated following the inhibition of this kinase activity [25,45–48].
Another RiBi checkpoint factor is retinoblastoma protein (pRb), which, in its normal active form,
binds to factors UBF and TFIIIB and inhibits the rRNA synthesis [25,49–54]. pRb also sequesters E2F
transcription factors, which control the expression of the set of genes responsible for the promotion
of the S phase in the cell cycle [55–57]. During the cell cycle progression, pRb is phosphorylated by
the cyclin-D-CDK-4, cyclin-D-CDK-6, and cyclin-E-CDK-2 kinases resulting in the hindrance of pRb
binding to UBF and TFIIIB, thereby facilitating the Pol I and Pol III transcription [25]. Phosphorylation
of pRb also releases E2F which then promotes the S phase of the cell cycle. The interaction between
pRb–E2F serves as the target for various oncogenic viruses such as the human papillomavirus (HPV),
Simian virus 40 (SV40), and adenovirus that act via E7, Large T, and E1A, respectively, to compete with
E2F binding to pRb [55,58–60].
Phosphorylation of pRb is indirectly regulated by the tumor-suppressor protein, p53, which upon
activation increases the transcription of p21, thereby suppressing the CDK activity required for the
phosphorylation of pRb [25,61,62]. It has been suggested that alteration or impairment in the RiBi
process can release free ribosomal proteins, such asRPL5 and RPL11, that can modulate the levels of
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3. Ribosomopathies and Cancer
3. Ribosomopathies and Cancer
Impairment in the ribosome biogenesis results in the generation of dysfunctional ribosomes which
Impairment in the ribosome biogenesis results in the generation of dysfunctional ribosomes
are associated with collective disorders called ribosomopathies. These include Diamond-Blackfan
which are associated with collective disorders called ribosomopathies. These include
Anemia (DBA), 5q− syndrome, Schwachman-Diamond syndrome (SDS), Treacher Collins syndrome
Diamond-Blackfan Anemia (DBA), 5q− syndrome, Schwachman-Diamond syndrome (SDS),
(TCS), an X-linked form of dyskeratosis congenita, and cartilage-hair hypoplasia [69–72]. These are
Treacher Collins syndrome (TCS), an X-linked form of dyskeratosis congenita, and cartilage-hair
rare diseases that are often due to mutations or deletions in the encoding genes of ribosomal proteins
hypoplasia [69–72]. These are rare diseases that are often due to mutations or deletions in the
or the biogenesis factors involved in this process [73,74], see review [75]. Despite the common nature
encoding genes of ribosomal proteins or the biogenesis factors involved in this process [73,74], see
of defects, the resulting phenotypes of these disorders are often heterogeneous. Interestingly, why the
review [75]. Despite the common nature of defects, the resulting phenotypes of these disorders are
impaired ribosome biogenesis selectively affects certain cell types but not others remains elusive.
often heterogeneous. Interestingly, why the impaired ribosome biogenesis selectively affects certain
Multiple hypotheses were proposed to explain this scenario; (i) Variability in the activation of p53
cell types but not others remains elusive. Multiple hypotheses were proposed to explain this
response pathways in mediating the ribosomopathies resulting in differential cellular phenotypes [76].
scenario; (i) Variability in the activation of p53 response pathways in mediating the ribosomopathies
(ii) Another hypothesis is based on a ribosome concentration model; impaired ribosome synthesis
resulting in differential cellular phenotypes [76]. (ii) Another hypothesis is based on a ribosome
reduces the global translation in all cells but due to variation in the translation initiation rate of certain
concentration model; impaired ribosome synthesis reduces the global translation in all cells but due
mRNAs and depending on the cell’s overall reliability on translation, certain cell types are more
to variation in the translation initiation rate of certain mRNAs and depending on the cell’s overall
sensitized compared to others [77]. (iii) Intriguingly, another hypothesis suggests that a heterogeneous
reliability on translation, certain cell types are more sensitized compared to others [77]. (iii)
composition of ribosomes (called ‘specialized ribosomes’) is present in different tissues/cell types
Intriguingly, another hypothesis suggests that a heterogeneous composition of ribosomes (called
favoring the translation of particular subsets of mRNAs based on different conditions/stress [78–81].
‘specialized ribosomes’) is present in different tissues/cell types favoring the translation of particular
Overall, these studies indicate that differences in the cellular response towards ribosomopathies
subsets of mRNAs based on different conditions/stress [78–81]. Overall, these studies indicate that
could be influenced by multiple parameters, such as ribosomal surveillance mechanisms and rescue,
differences in the cellular response towards ribosomopathies could be influenced by multiple
variation in mRNA translation rate, and compensatory allelic mutations, resulting in the restoration of
parameters, such as ribosomal surveillance mechanisms and rescue, variation in mRNA translation
the ribosome biogenesis process [77].
rate, and compensatory allelic mutations, resulting in the restoration of the ribosome biogenesis
Numerous studies have shown a strong correlation between the deregulated ribosome biogenesis
process [77].
and cancer. However, the precise molecular mechanism causing this deregulation remains elusive.
Numerous studies have shown a strong correlation between the deregulated ribosome
biogenesis and cancer. However, the precise molecular mechanism causing this deregulation
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Interestingly, recent findings suggest that both quantitative, as well as qualitative, modifications
in ribosomes are attributed to tumor progression [12]. In the case of a quantitative change in RiBi,
the principal target could ideally be the Pol I complex as it is involved in the prime rate-limiting step
of RiBi [28,82]. The terminal points of signal transduction pathways such as Myc, mTOR, and ERK
stimulate the Pol I activity. These endpoints are often deregulated during tumor genesis, resulting in
an increased rate of the RiBi. Additionally, the functional loss of tumor-suppressor proteins such as
p53, ARF, pRb, and PTEN results in the deregulated Pol I transcription which is attributed to increased
RiBi. Increased Pol I activity causes the upregulation of pre-rRNA synthesis, resulting in hyperactive
RiBi, this leads to an increase in the global translation rate and altered pattern of mRNA translation,
thereby contributing to the tumor growth [12,28,82]. In line with this, the first experimental evidence of
hyperactive ribosome biogenesis contributing to tumor progression was reported in an Eµ-Myc-driven
transgenic mouse model of Burkitt lymphoma. The overexpression of Myc triggers increased RiBi
leading to lymphomagenesis. When Eµ-Myc/+ transgenic mice were crossed with RPL24+/− and
RPL38+/− mice, RiBi was restored back to normal and tumor progression was reduced [83]. Following
this, several studies were reported about the correlation of hyperactive RiBi with tumor initiation and
progression [24,84–86]. The molecular mechanism of how the increased RiBi leads to cancer remains
elusive. A possible explanation for this could be the malfunctioning of increased ribosome biogenesis
checkpoints (IRBC) due to altered levels/functional loss of tumor-suppressor proteins [12].
Qualitative modifications in ribosomes occur mainly due to missense mutations or deletions
in genes encoding the ribosomal proteins and alteration in the post-transcriptional modifications of
rRNAs such as 20 -O-ribose methylation or pseudouridylation. 20 -O-ribose methylation was enhanced
by either functional loss of p53 or via the activation of Myc, resulting in the increased activity of
rRNA 20 O methyltransferase fibrillarin and subsequent increase in the IRES-mediated translation of
oncogenic mRNAs in addition to causing translation infidelity leading to tumor progression [12,87–91].
Another rRNA base modification, pseudouridylation, is mediated by the enzyme pseudouridine
synthase dyskerin encoded by the DKC1 gene. Mutations in the DKC1 gene are largely reported with
X-linked dyskeratosis congenita, resulting in decreased levels of rRNA pseudouridylation leading
to decreased IRES-mediated translation of the subset of tumor-suppressor-encoding mRNAs and
anti-apoptotic proteins. This also causes translation infidelity by impairing tRNA binding [92–94].
Overall, these qualitative alterations during RiBi are reported to generate ribosome heterogeneity,
which could, in turn, affect the translation fidelity and augment the rate of internal ribosome entry
site (IRES)-dependent translation of a subset of mRNAs and, thereby, potentially contribute towards
tumor initiation and progression. (see reviews [12,24,82]).
4. mRNA Translation Stress and Feedback to Ribosome Biogenesis
The status of global protein synthesis in proliferating cells depends on the availability of functional
ribosomes. Cells use a dynamic process called ribosome homeostasis to strike the balance between
the availability of ribosomes in the cytoplasm and the demand of functional ribosomes for mRNA
translation. At any state of a cell, the mRNA translation draws ribosomes from its available pool,
resulting in the disruption of ribosome homeostasis [77]. After the termination of mRNA translation,
the eukaryotic releasing factors (eRF1 and eRF3) act together with the adenosine triphosphate-binding
cassette family E member (ABCE1) to separate the 40S and 60S ribosomes and recycle back into
the cytoplasm [95,96]. Dysfunctional translation due to ribosome stalling, strong mRNA structure,
truncated mRNAs, or a shortage of tRNA supply tend to disturb the ribosome homeostasis greatly.
Cells use the surveillance mechanism to retrieve these stalled ribosomes and coordinate with the
ribosome recycling machinery in order to restore the ribosome homeostasis [97–102] (see review [77]).
Interestingly, how mRNA translation stress feeds back to the ribosome biogenesis pathway and how
this pathway is synchronized with cell cycle proliferation remains relatively unknown. A recent report
has offered an explanation to begin shedding light on this question.
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The system used to study this phenomenon was based on the Epstein–Barr virusnuclear antigen 1
(EBNA1) that harbors oncogenic activity and is essential for viral replication and survival. EBNA1
carries a glycine–alanine repeat sequence (GAr), which spans over 200 residues depending on the viral
strain. It turns out this repeat serves two functions for the virus via the same mechanism. The first is
that by suppressing its own mRNA translation in cis it minimizes the production of EBNA1-derived
antigenic peptides for the major histocompatibility (MHC) class I pathway and, thus, helps the virus
to evade the immune system [103–105]. The translation inhibitory activity of the GAr in cis also
makes it a unique tool for studying the cellular response to mRNA translation stress, bypassing
the use of general protein synthesis inhibitors. This capacity made it possible to demonstrate that
GAr-mediated suppression of translation in cis also results in an increase in cell proliferation and
ribosome biogenesis. By manipulating the 50 end of EBNA1 constructs, it is possible to override
translation suppression and express high levels of the encoded GAr peptide. This results in a loss of
cell proliferation, demonstrating that it is not the encoded peptide that affects cell proliferation but the
capacity to suppress its own synthesis [55].
The induction of cell proliferation was linked with an induction of c-Myc levels and required the
E2F1 binding site in the c-Myc promoter. DNA-ChIP assays also showed that the E2F1 binding sequence
is critical for c-Myc activation. This pointed to an E2F1-dependent mechanism of GAr-mediated
cell proliferation and was supported by the observation that other E2F1 target genes such as cyclins,
were also induced and that the effect of the GAr could be reversed by overexpressing the retinoblastoma
protein (pRb). Interestingly, the increase in E2F1 protein levels was observed without a change in
E2F1 mRNA levels. Overexpression of E1A that binds the pocket of pRb and competes with E2Fs had
only a limited stimulatory effect, underlining that the effect of the GAr is not related to preventing
the pRb from binding E2F1. This shows that EBNA1 is targeting the E2F1 pathway but unlike other
viral oncogenes such as large T, E1A, or E7, it does not affect the pRb–E2F1 interaction. Instead,
the explanation for EBNA1-mediated induction of E2F1 expression is through a unique induction
of E2F1 mRNA translation. It would be expected that disruption in the translation of one mRNA
that leads to induced translation of another would require a signaling pathway. Extensive works
were carried out to identify the responsible signaling pathway and, surprisingly, it was shown that
the PI3Kδ, specifically, is essential [55]. PI3Kδ belongs to the class IA group of the PI3k family,
along with PI3Kα and PI3Kβ [106]. PI3Kδ is predominantly expressed in leukocytes but is also
present in tumor cells of solid origin [107,108]. This kinase plays an essential role in inflammatory
and allergic responses; both loss and gain of function mutations of PI3Kδ were detected in patients
with primary immunodeficiency [109,110]. The participation of PI3Kδ in the mRNA stress response
pathway is intriguing, as this kinase is normally associated with a signal cascade of extracellular
growth stimuli. However, PI3Kδ is reported to have a gain in function mutations in activated PI3Kδ
syndrome (APDS) which is often associated with Epstein–Barr virus (EBV) and other Herpes viral
infections [55,106,111]. Also, in the case of Burkitt lymphomagenesis, the PI3K signaling pathway was
reported to have oncogenic cooperation with Myc in stimulating the rRNA transcription and ribosome
biogenesis [112,113]. More importantly, this is not mediated via the classic RTK-PI3K-AKT pathway
and inhibitors of AKT, mTOR, or PI3Kα/β have no effect on E2F1 synthesis. The AKT pathway
has a global effect on mRNA translation, but in this case the effect is specific for the E2F1 message,
see Figure 2. An inhibitor of PI3Kδ exists in the form of CAL-101 that is used in the clinic (Idelalisib)
to treat chronic lymphocytic leukemia, follicular B cell Hodgkin lymphoma, and relapsed small
lymphocytic lymphoma [114]. The treatment of cells with CAL-101 prevents GAr-mediated induction
of E2F1 and, interestingly, it also suppresses E2F1 levels in non-EBNA1 expressing tumor cell lines.
This shows that this translation stress pathway is not specific for EBNA1 but is a general pathway for
linking ribosome function with cellular growth and proliferation. Therefore, it is possible that some of
the clinical effects of PI3Kδ-inhibitors are mediated via the suppression of E2F1. EBNA1 transgenic mice
develop lymphoma, and a reverse phenotype between EBNA1 expression in animals and lymphoma
incidence was reported [115,116]. It has been difficult to explain how less of an oncogene can give
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