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 How Ribosomes  Translate  Cancer    
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         REVIEW    

 ABSTRACT  A wealth of novel fi ndings, including congenital ribosomal mutations in ribosomo-
pathies and somatic ribosomal mutations in various cancers, have signifi cantly 

increased our understanding of the relevance of ribosomes in oncogenesis. Here, we explore the 
growing list of mechanisms by which the ribosome is involved in carcinogenesis—from the hijacking of 
ribosomes by oncogenic factors and dysregulated translational control, to the effects of mutations in 
ribosomal components on cellular metabolism. Of clinical importance, the recent success of RNA poly-
merase inhibitors highlights the dependence on “onco-ribosomes” as an Achilles’ heel of cancer cells 
and a promising target for further therapeutic intervention. 

  Signifi cance:  The recent discovery of somatic mutations in ribosomal proteins in several cancers 
has strengthened the link between ribosome defects and cancer progression, while also raising the 
question of which cellular mechanisms such defects exploit. Here, we discuss the emerging molecular 
mechanisms by which ribosomes support oncogenesis, and how this understanding is driving the design 
of novel therapeutic strategies.  Cancer Discov; 7(10); 1069–87. ©2017 AACR.       
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  INTRODUCTION 

 Does the ribosome translate cancer? This provocative ques-
tion was fi rst posed in a comprehensive review shortly after 
the turn of the century, at a time when evidence supporting 
an oncogenic role of ribosomes was beginning to emerge ( 1 ). 
The ensuing years have seen remarkable progress in this fi eld, 
and the central question has shifted from “does” to “how 
does” the ribosome infl uence cancer progression? 

 The ribosome is posited to have originated in the prebiotic 
world where it evolved to bridge the realms of RNAs and pro-
teins ( 2 ). It was fi rst detected approximately 3.5 billion years 
later as a “small particle” by Albert Claude in the early 1940s 
( 3 ). In the 1950s, these particles became experimentally linked 
to protein synthesis, ushering in a golden age of translation 
that lasted through the invention of molecular biology in the 
mid-1970s. These years fi rmly established the integral role 
of the more descriptively retitled “ribosome” in the central 

dogma of biology. The fi rst links between the ribosome and 
cancer were established early in the 21st century, shortly after 
congenital disorders of ribosome dysfunction—aptly named 
“ribosomopathies”—were fi rst described. The fi rst such 
reports involved recurrent mutations in the ribosomal pro-
tein (RP) S19 (RPS19) in patients with the rare bone marrow 
failure syndrome Diamond–Blackfan anemia (DBA; ref.  4 ). 
Subsequently, more mutations in RPS19 and other riboso-
mal proteins were described in additional ribosomopathies, 
including Shwachman–Diamond syndrome (SDS), X-linked 
dyskeratosis congenita (DC), cartilage hair hypoplasia, and 
Treacher Collins syndrome ( 5 ). Paradoxically, many patients 
with these syndromes progress from an initial phase charac-
terized by cellular hypoproliferative disorders (e.g., anemia) 
toward elevated risk for cellular hyperproliferative diseases 
(cancer) later in life, providing the fi rst indications that ribo-
somal defects might play a role in cancer progression ( 6 ). 

 Additional evidence has strengthened the link between 
ribosomes and oncogenesis. In the early 2000s, it was estab-
lished that ribosomal protein genes act as haploinsuffi cient 
tumor suppressors in zebrafi sh ( 7 ). More recently, recurrent 
somatic ribosomal protein mutations were discovered in 
10% to 35% of multiple tumor types, including T-cell acute 
lymphoblastic leukemia, chronic lymphocytic leukemia, mul-
tiple myeloma, glioblastoma, breast cancer, and melanoma 
( 8–13 ). It is also becoming clear that oncogenic factors can 
extrinsically infl uence the function of wild-type ribosomes. 
Despite the general concept of the ribosome as a “molecular 
machine,” which perhaps stereotypes its outdated view as a 
static entity, the ribosome is now emerging as dynamic and 
malleable ( 14 ), and recent evidence discussed below points to 
various ways of modulating and fi ne-tuning its function in 
response to specifi c conditions. Known oncogenic and tumor 
suppressor proteins can exploit these mechanisms, which 
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normally regulate the ribosomal “machine” to drive novel 
protein expression profi les benefi cial to cancerous cells. 

 An impressive body of evidence has accumulated in recent 
years supporting the notion that a wide spectrum of both 
congenital and somatically acquired ribosomal defects, as 
well as modulation of ribosomal activity by oncogenic fac-
tors, contribute to a cancer phenotype. Many excellent ani-
mal models have been generated to study ribosome-defective 
cancers. Although it is not the purpose of this review to 
specifi cally describe these models in detail, they are listed 

and referenced in  Tables 1  and  2 . Additionally, a novel ribo-
somal protein nomenclature has recently been proposed in 
an attempt to conform to ribosome structures from all three 
domains of life ( 15 ). Although we refer to the traditional 
nomenclature of ribosomal genes throughout this review, 
they are cross-referenced with the proposed universal ribo-
somal protein names in  Table 1  and  Fig. 1 . In this review, we 
summarize and comment on the exponential accumulation 
of discoveries in the fi eld in the past several years and address 
the next big questions: What are the molecular and cellular 

 Table 1.    RPs involved in cancer and cancer-predisposing disease   

RPs involved in disease for which animal models are available

Old name New name

Implicated 

disease Model (organism: modifi cation) Phenotype Reference

 RPS14  uS11 5q- MDS Zebrafi sh: MO against  Rps14 Severe anemia
Morphologic abnormalities

( 188 )

Zebrafi sh: CRISPR/Cas inactivating 
Rps14

No phenotype in heterozygous 
mutants

Embryonically lethal
Decreased hemoglobin
Morphologic abnormalities

( 167 )

Mouse: deletion of chromosomal region 
including  Rps14 

Anemia ( 70 )

Mouse: conditional inactivation of  Rps14 Anemia ( 189 )

 RPS19  eS19 DBA Zebrafi sh: MO against  Rps19 Impaired erythropoeisis
Morphologic abnormalities

( 190, 191 )

Mouse:  Rps19  KO KO lethal before implantation
No phenotype in heterozygous mutant

( 192 )

Mouse: inducible  Rps19 R26W   transgenic Mild anemia
Growth retardation

( 193 )

Mouse: inducible shRNA against  Rps19 Severe anemia
Bone marrow failure

( 194 )

Mouse: spontaneous heterozygous 
 hypomorphic mutation in  Rps19 

Mild anemia ( 195 )

 RPS24  eS24 DBA Zebrafi sh: MO against  Rps24 Morphologic abnormalities
Hematopoietic defects

( 196 )

Mouse: deletion of exons 2–3 of  Rps24 Embryonically lethal
No phenotype in heterozygous mutant
Development of sarcoma in advanced age

( 197 )

 RPS29  uS14 DBA Zebrafi sh: insertional  Rps29  mutant Defective erythropoiesis ( 87 )

Zebrafi sh: insertional  Rps29  mutant Homozygous embryonically lethal
Defective erythropoiesis
Apoptosis in head region

( 198 )

 RPS27  eS27 DBA, 
melanoma

Zebrafi sh: MO against  Rps27 Morphologic abnormalities
Defective erythropoiesis

( 199 )

 RPL5  uL18 DBA, 
 multiple 
cancer 
types

Zebrafi sh: MO against  Rpl5 Morphologic abnormalities
Anemia

( 196 )

Mouse: deletion of exons 1–8 of  Rpl5 Embryonically lethal
No phenotype in heterozygous mutant
Development of sarcoma in advanced 

age

( 197 )
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RPs involved in disease for which animal models are available

Old name New name

Implicated 

disease Model (organism: modifi cation) Phenotype Reference

 RPL11  uL5 DBA, T-ALL Mouse: deletion of exons 3–4 of  Rpl11 ( 200 )

�Cre constitutively and ubiquitously 
expressed

Heterozygous embryonically lethal

�KO Cre ubiquitous inducible KO in adult mice lethal due to bone 
marrow failure

�HTZ Cre ubiquitous inducible Anemia
Prone to radiation-induced lymphomas

Zebrafi sh: mutant identifi ed in shRNA 
screen

Homozygous embryonically lethal
Morphologic abnormalities
Defective erythropoiesis

( 7, 201 )

Zebrafi sh: MO against  Rpl11 Morphologic abnormalities
Defective erythropoieisis

( 98 )

 RPS20  uS10 Colorectal 
cancer

Mouse: spontaneous heterozygous 
 mutation in  Rps20 

Mild anemia ( 195 )

 RPL10  uL16 T-ALL Zebrafi sh: MO against  Rpl10 Morphologic abnormalities ( 202 )

 RPL22  eL22 T-ALL Mouse: gene trap in  Rpl22  between 
exons 3–4

Anemia
Specifi c block in αβ T-cell development
Heterozygous accelerates lymphoma
Homozygous limits spread of 

lymphoma

( 9, 102 )

Zebrafi sh: MO against  Rpl22 T-cell development block ( 203 )

 RPs involved in disease for which no models are available yet 

 RPS17  eS17 DBA

 RPL35A  eL33 DBA

 RPS7  eS7 DBA

 RPL26  uL24 DBA

 RPS10  eS10 DBA

 RPS26  eS26 DBA

 RPL15  eL15 DBA

 RPS28  eS28 DBA

 RPL31  eL31 DBA

 RPS15  uS19 CLL

 RPSA  uS2 Gastric 
cancer

 RPL23A  uL23 Endometroid 
cancer

   NOTE: Table shows all RPs that have been implicated in ribosomopathies (blue), in cancer (red), or in both (purple).
Abbreviations: CLL, chronic lymphocytic leukemia; HTZ, heterozygous; KO, knockout; MO, morpholino; T-ALL, T-cell acute lymphoblastic leukemia.   

Table 1. RPs involved in cancer and cancer-predisposing disease (Continued)

mechanisms by which ribosomes can promote oncogenesis, 
and how can this knowledge be therapeutically exploited?     

  THE RIBOSOME AND DYSREGULATION OF 
TRANSLATIONAL CONTROL 

 The ribosome converts genetic information into proteins 
with great speed and accuracy: Elongation of the polypeptide 

chain by one amino acid occurs in approximately 60 millisec-
onds with an error rate of 10 −3 –10 −4 /codon ( 16 ). In eukaryotes, 
the small (40S) and large (60S) subunits combine to form the 
active 80S ribosome. In humans, the small subunit consists 
of a single ribosomal RNA (rRNA) chain and 33 ribosomal 
proteins (RPS) whereas the large subunit entails three rRNA 
chains and 47 ribosomal proteins (RPL;  17 ). Initially, ribo-
somal proteins were considered to be the central players in 
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ribosome function, whereas rRNA was relegated to a minor, 
scaffolding role. As our understanding of the ribosome 
progressed and its activity as a ribozyme was established, 
these perceived roles were completely reversed. However, 
ribosomal proteins are now reappreciated as more than just 
structural glue: Over half are essential, and some are even 
required for catalytic activity ( 18 ). Moreover, the ribosomal 
protein:RNA mass ratio increases along with organismal 
complexity: from ∼1:2 in bacteria to ∼1:1 in higher eukary-
otes ( 19 ), providing evidence for the importance of these 
proteins for specialized ribosomal function. The presence 
of additional ribosomal proteins and rRNA expansion ele-
ments in human ribosomes is also likely indicative of the 
contribution of each to ribosomal structure and function. 
Indeed, the large surface area of the 4.3 MDa human ribo-
some provides opportunities for interactions with a myriad 
of protein and/or RNA binding  trans -acting factors and for 
modulation of ribosomal activity. 

 As with other cellular polymerization reactions, transla-
tion can be divided into three distinct steps: initiation, elon-
gation, and termination ( Fig. 2 ). Cap-dependent initiation is 
widely considered to be the rate-limiting step of translation 
and is thus a principal regulatory target through numerous 
inputs and  trans -acting factors (for a comprehensive review, 
see ref.  20 ). Cancer cells can exploit this key regulatory nexus 
for their oncogenic programs. Amplifi cation of genes encod-
ing translation initiation factors (EIF), as well as aberrations 
in oncogenic factors such as mTOR, c-MYC, and RAS that 
upregulate the function of ribosomes by increasing rates of 
ribosome production and initiation, has been extensively 

described in a variety of human cancers ( 21, 22 ). Aberrations 
in translation initiation factors outside of the canonical 
cap-dependent initiation machinery are also relevant. For 
example, EIF6 is a regulator of 80S formation that can pro-
mote tumor growth and is overexpressed in many cancers 
( 23 ). Moreover, the recent emergence of EIF2A-driven non-
canonical translation initiation in 5′ untranslated regions 
(UTR), as well as the use of a CUG codon rather than the 
conventional AUG initiation codon in tumor cells, further 
broadens the translational initiation repertoire that cancer 
cells exploit to gain an advantage ( 24 ).  Cis -acting mRNA 
control elements also play critical roles in regulating trans-
lation at many levels. For example, cap-independent trans-
lation via internal ribosomal entry site (IRES) elements is 
emerging as an important mechanism in tumorigenesis 
( 25 ), particularly in neovascularization (reviewed in ref. 
 26 ). RNA G-quadruplex structures (G-rich RNA sequences 
that fold into a four-stranded conformation) located in 
5′ untranslated leader sequences inhibit translation initia-
tion of oncogenes; overexpression of RNA helicases such as 
EIF4A can overcome these barriers to promote overexpres-
sion of G-quadruplex–containing mRNAs ( 27 ). Further-
more, 5′ terminal oligopyrimidine tract motifs regulate 
translation of mRNAs encoding ribosomal proteins; their 
dysregulation enables uncontrolled ribosome synthesis, a 
critical requirement for uncontrolled cellular proliferation 
(reviewed in ref.  28 ). Finally, additional recently discov-
ered mRNA regulons such as the translation inhibitor ele-
ment ( 29 ), pyrimidine-rich translational element ( 30 ), and 
cytosine-enriched regulator of translation ( 31 ), are thought 

 Table 2.    Ribosome biogenesis factors involved in cancer-predisposing disease  

Gene Disease Model (organism: modifi cation) Phenotype Reference

  DKC1  DC Mouse:  Pot1b  del and reduced telomerase activity Hyperpigmentation ( 204 )

Bone marrow failure at 4–5 months

Mouse:  Dkc1 ∆15   truncating mutation Impaired proliferation ( 205 )

Increased DNA damage response independent 

of telomere length

Mouse:  Dkc1 m   hypomorphic mutation DC clinical phenotypes ( 206 )

Impaired ribosomal RNA pseudouridylation 

before onset of symptoms

Telomere defects only later, might exacerbate DC

  SBDS  SDS Zebrafi sh: MO KD of  Sbds Pancreatic hypoplasia ( 207 )

Neutropenia

Skeletal defects

Zebrafi sh: CRISPR/Cas inactivation of  Sbds Pancreatic hypoplasia ( 208 )

Neutropenia

Morphologic defects

Growth retardation

Mouse: transplant of  Sbds  defi cient fetal liver cells Neutropenia ( 209 )

Hypocellular bone marrow

Myeloid differentiation block

Mouse: homozygous and heterozygous loss of  Sbds Embryonically lethal ( 210 )

Mouse:  Sbds  disruption in pancreas Pancreatic hypoplasia ( 211 )

Growth retardation
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Figure 1.  RPs implicated in ribosomopathies and/or human cancer. All RPs that have been implicated in ribosomopathies (blue), in cancer (red), or in 
both (purple) indicated on a structural model of the human ribosome for the small 40S subunit (A) and the large 60S subunit (B). This figure was gener-
ated in PyMOL and is based on the human X-ray structure with a resolution of 3 Å (PDM entry 4V6X).
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to interface with translation initiation factors on distinct 
protumorigenic mRNAs.

Regulation of gene expression during the translation 
elongation cycle is equally important for maintaining cel-
lular homeostasis. For example, programmed -1 ribosomal 
frameshifting (-1 PRF), a molecular mechanism in which 
cis-acting elements cause elongating ribosomes to slip back-
ward on mRNAs by one base, is emerging as a potentially 
important regulatory mechanism (reviewed in ref. 32). Key to 
regulation by -1 PRF is the finding that frameshift events on 

cellular mRNAs direct elongating ribosomes to premature 
termination codons, stimulating their rapid degradation by 
the nonsense-mediated mRNA decay pathway (33). Thus, 
dysregulation of -1 PRF can result in changes in gene expres-
sion. KEGG analysis of the predicted ribosomal frameshift 
signal database (PRFdB; http://prfdb.umd.edu/; ref. 34) 
reveals a significant enrichment for genes in particular path-
ways. For example, although approximately 10% of human 
protein coding genes harbor predicted -1 PRF signals, 30% 
of the genes in the oncogenic JAK–STAT pathway contain 
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these elements (35). The potential role of -1 PRF deregula-
tion on mRNAs encoding oncogenic and tumor suppressor 
proteins is an exciting avenue for future research. Regula-
tion of the translocation step of elongation through EEF2 
phosphorylation by EEF2 kinase has also been implicated 
in cancer by exerting cytoprotective effects (reviewed in 
ref. 36).

Lastly, the termination step of translation also provides 
opportunities for the regulation of gene expression. For 
example, programmed read-through of the termination 
codon in the VEGF mRNA results in a C-terminally extended 
isoform of the protein (VEGFAx) with antiangiogenic activ-
ity, i.e., it antagonizes the normal angiogenic activity of 
VEGF (reviewed in ref. 37). Beyond termination codons, 

Figure 2.  Ribosome dysfunction in cancer. The main differences in the function of ribosomes in cancer cells compared with healthy cells throughout 
the ribosomal lifecycle are shown. These include upregulation of both ribosome biogenesis and canonical translation initiation by oncogenic factors such 
as mTOR, c-MYC, and RAS; noncanonical translation initiation at oncogenes such as c-MYC; the use of unconventional start codons; and altered transla-
tional fidelity and translational profiles. Current and potential promising therapeutic intervention points at key nodes are indicated.
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mammalian mRNAs tend to have long 3′ UTRs that have 
been shown to contain many different families of cis-acting 
regulatory elements which function to regulate gene expres-
sion through their interactions with both protein- and non–
coding-based trans-acting factors. As it is beyond the scope 
of this review, the reader is directed to other recent reviews 
on this topic (38–42).

Dysregulation of translational control, particularly at the 
step of initiation and briefly summarized above, has been 
well studied in past years (20, 43). Dysregulation of ribosomal 
function due to mutations in ribosomal proteins, particularly 
those that are somatically acquired, represents a novel topic 
warranting increased exploration. We focus on this growing 
field of study in the following section.

DEFECTS IN RIBOSOME BIOGENESIS, 
RIBOSOMAL PROTEINS AND RIBOSOMAL 
RNA MODIFICATION AND DYSREGULATION 
OF RIBOSOMAL FUNCTION

In the 19th century, scientists discovered a visually distin-
guishable characteristic of cancer cells: an increased number 
and size of nucleoli visible in the nucleus. Nucleoli are the 
initial sites of ribosome production, a complex process known 
as ribosome biogenesis. They are dense structures organized 
around ribosomal DNA sequences (rDNA), the DNA tran-
scriptional units that encode the rRNA components of the 
ribosome which co- and posttranscriptionally associate with 
RPs and other nonstructural factors to assemble the mature 
ribosome. The individual assembly of the subunits occurs in 
several steps and cellular compartments. First, the transcrip-
tion of precursor rRNA by RNA polymerase I (RNA Pol I) 
occurs in the nucleolus. Here, this pre-rRNA undergoes a 
series of modifications along with processing by small nucleo-
lar ribonucleoproteins (snoRNP), followed by early assem-
bly with RPs to form the subunit cores. A large number of 
trans-acting factors contribute to further processing in the 
nucleoplasm and eventual export of the preribosomal sub-
units into the cytoplasm where the final steps of maturation 
occur. Lastly, 80S formation is achieved on target mRNAs 
(44, 45). Up to 2,000 ribosomes per minute are estimated to 
be produced in growing eukaryotic cells (46), and a highly 
proliferating cancer cell relies extensively on this process. Con-
sequently, several tumor suppressors involved in the negative 
control of rDNA transcription (e.g., CDKN2A, TP53, RB1, and 
PTEN) are frequently deleted in cancer. For example, p53 has 
a well-characterized role in inhibiting the RNA Pol I transcrip-
tion machinery to repress rRNA synthesis (47). Loss of p53 
in cancer, therefore, provides a mechanism for bypassing this 
control. For more than 100 years, the site of ribosome pro-
duction in the cell has thus been linked to cancer. Mutations 
in RPs were not suspected to be found in transformed cells 
because they were thought to be incompatible with viability. 
However, the recent discovery of both congenital and somatic 
mutations in RPs as well as ribosome biogenesis factors has 
overturned that view and has become an increasingly impor-
tant topic in cancer biology. In this section, we present an 
overview of ribosomopathies with elevated cancer risks and 
of the somatic ribosome defects that have been described in 
cancer to date (Tables 1 and 2; Fig. 1). We first cover defects 

in ribosome biogenesis factors, followed by ribosomal protein 
and ribosomal RNA modification alterations, and end with a 
discussion of the emerging molecular insights on how these 
defects might promote cancer.

Ribosomopathies with Elevated Cancer Risk

Ribosomopathies are a collection of syndromes with the 
shared underlying feature of defective ribosomal function or 
production. The majority of these disorders are congenital, 
with the notable exception of 5q-syndrome, an acquired 
ribosomopathy that usually emerges at advanced age. Many 
of these syndromes initially present clinical phenotypes that 
can be categorized as cellular hypoproliferative defects: bone 
marrow failure, malformations, mental and motor defi-
ciency. Intriguingly, some of these diseases are also linked 
with higher incidences of cancer later in life (6, 48, 49). This 
review will focus on this latter subset of ribosomopathies, 
and for more extensive reviews we refer to other literature 
(50, 51).

Shwachman–Diamond Syndrome

SDS is characterized by pancreatic insufficiency, ineffec-
tive hematopoiesis, and frequent serious infections due to 
neutropenia (52, 53). Approximately 90% of patients have 
biallelic mutations in the Shwachman–Bodian–Diamond syn-
drome (SBDS) gene (54). The SBDS protein was observed 
to be localized in the nucleolus in human cells, implying a 
role in ribosome biogenesis (55). This idea was strengthened 
by the observations that SBDS associates with rRNA and 
several RPs (56, 57). SBDS plays an essential role in the final 
steps of ribosome biogenesis by facilitating the release of the 
anti-association factor EIF6 from the pre-60S particle, allow-
ing the association of the 60S and 40S subunits into mature 
and translationally competent 80S ribosomes (58, 59). SDS 
patients are at increased risk of developing myelodysplastic 
syndrome (MDS) and subsequently acute myeloid leukemia 
(AML), with a cumulative risk for malignancy of 19% at 20 
years and up to 36% at 30 years of age (53). This is remarkable, 
considering that the average risk of developing MDS or AML 
under the age of 50 years in the general population is less than 
0.1% (60, 61).

Dyskeratosis Congenita

DC carries one of the highest risks of malignancy among 
all ribosomopathies and is characterized by abnormal skin 
pigmentation, white patches inside the mouth (oral leuko-
plakia), and nail malformation. Additionally, 86% of patients 
develop bone marrow failure, which is reported as the major 
cause of premature mortality at the median age of 44 (62, 63).

Genetically, DC can present as X-linked recessive, autoso-
mal dominant, or autosomal recessive. The X-linked variant 
(X-DC) is the most common and has been associated with 
defects in DKC1 (64, 65). DKC1 encodes dyskerin, which 
has two important nucleolar functions during ribosome 
biogenesis. First, it binds to a group of small nucleolar 
RNAs (snoRNA) containing the H-box (ANANNA) and ACA 
box (ACA) sequence motifs (H/ACA; ref. 66). These H/
ACA snoRNAs are involved in rRNA pseudouridylation, a 
type of rRNA modification that is required for proper ribo-
some biogenesis and function (67). Secondly, dyskerin also 
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binds to the RNA component of the telomerase complex  
(TERC), through the same sequences as present in the H/ACA 
snoRNAs. This interaction stabilizes TERC, allowing telo-
mere lengthening (68). The latter function of dyskerin links 
the X-linked form of the disease to the autosomal forms, 
which are manifested by either recessive or dominant muta-
tions of various components important for telomere main-
tenance, including TERC and telomerase (TERT; refs. 69–71). 
Indeed, short telomeres are a hallmark of DC cells and 
can be used to identify patients in the absence of other 
symptoms (72). Cancer incidence in patients with DC is 11 
times higher than in the general population. The cumula-
tive risk of malignancy is 40% to 50% by the age of 50, with 
a median age of 29. The elevated risk is highest for head and 
neck squamous cell carcinoma and is elevated by 1,154-fold 
[observed over expected ratio (O/E)], followed by AML at 196 
O/E. Importantly, the risk to develop MDS is an astounding 
2,500-fold higher than the expected risk (48).

MDS with Chromosome 5q Deletion

Although the risk of developing solid tumors varies 
between the disorders described above, they share an elevated 
risk for MDS, a syndrome that progresses to AML in up to 
40% of cases. It is therefore not surprising that a subtype of 
MDS has been identified as a ribosomopathy.

The World Health Organization has divided MDS into sub-
types, one of which is “MDS associated with isolated del(5q).” 
The long arm of chromosome 5 is deleted [del(5q)] in 10%–20% 
of patients with MDS (73–75), suggesting that the 5q region 
contains genes whose loss contributes to the initiation and/or 
progression of the syndrome. The commonly deleted region 
(CDR) delineates a 1.5-kb region encompassing 40 genes at 
5q32–33 that includes, among other candidates, ribosomal 
protein RPS14 and the kinase CSNK1A1 genes (76). Although 
mutations of genes in the CDR are rare, 7% of del(5q) patients 
carry CSNK1A1 mutations on the nondeleted allele (77).

Diamond–Blackfan Anemia

The first identified and best-studied congenital ribosomo-
pathy is DBA, a disease characterized by red blood cell aplasia 
(78). Patients typically develop anemia before the first birth-
day and some also present with birth defects such as crani-
ofacial and digit abnormalities (79).

The RPS19 gene was discovered as the target of chromo-
somal translocation, mutation, and deletion in approxi-
mately 25% of patients with DBA (4, 80). Subsequent 
research identified additional RPs, of both the small and 
large subunit, that are mutated or deleted in another 30% 
of patients with DBA [RPL5 (7%), RPS10 (6%), RPL11 (5%), 
RPS26 (3%) RPL35A (3%), RPS24 (2%), RPS17 (1%), RPS7 (1%), 
RPL26, RPL27, RPS27, RPL15, RPS28, RPL31, RPS29; Fig. 1; 
refs. 81–90]. Apart from mutations in the ribosome, some 
patients carry mutations in the hematopoietic transcription 
factor GATA1 (91). Reduction of RPS19, RPL5, RPL11, or 
RPS24 can also affect GATA1 levels, thereby linking these 
defects mechanistically (92, 93).

DBA is a classic example of “Dameshek’s Riddle” (94): 
Patients initially develop anemia, but those who survive to 
adulthood are at increased risk of developing cancer. An 
average elevated cancer risk of 5.4-fold has been described for 

patients with DBA, with a cumulative risk of 22% of develop-
ing malignancy by the age of 46 years. Patients present with 
a variety of malignancies such as AML (O/E = 28), colon 
carcinoma (O/E = 36), and osteogenic sarcoma (O/E = 33). 
Additionally, patients with DBA have a 287-fold higher risk 
of developing MDS, which in turn predisposes to AML (49).

Somatic Ribosomal Protein Defects in Cancer

After the initial correlation between congenital defects in 
ribosomal proteins or biogenesis factors and increased cancer 
risks, more evidence for a direct link between ribosomal pertur-
bation and cancer followed. In 2004, the observation of tumors 
in heterozygous RP mutant zebrafish provided the first indica-
tion that ribosome deficiency is sufficient to cause cancer (7). 
Several years later, next-generation sequencing–based genome-
wide screens for mutations in cancer samples revealed previ-
ously unanticipated somatic mutations in various ribosomal 
protein genes. This section explores the most well-understood 
mutations affecting ribosomes that are implicated in cancer.

60S Proteins

RPL5. In addition to its established role in DBA, RPL5 is 
also a target for somatic mutations in cancer. In T-cell acute 
lymphoblastic leukemia (T-ALL), 2% of patients carry heterozy-
gous inactivating mutations in RPL5 (8). Moreover, RPL5 is 
located at a significant peak of heterozygous deletion, and it is 
deleted or mutated in 11% of glioblastoma, 28% of melanoma, 
34% of breast cancer, and ≥20% of multiple myeloma tumors 
(11, 12). A haploinsufficient tumor suppressor role for RPL5 is 
further supported by the observation that a 50% knockdown 
of RPL5 in breast cancer cell lines enhances G2–M cell-cycle 
progression and accelerates tumor progression in a xenograft 
mouse model (12). Of therapeutic relevance, in the context of 
multiple myeloma, patients with low RPL5 expression have 
poor prognoses, which can be overcome by including the pro-
teasome inhibitor bortezomib in the treatment regimen (11).

RPL10. RPL10 is mutated in 8% of pediatric patients with 
T-ALL. The RPL10 gene contains a strong mutational hot-
spot with nearly all patients displaying the same arginine-
98-serine (R98S) missense mutation in T-ALL (8). RPL10 is 
functionally linked to SBDS, as they work in conjunction 
to promote the release of EIF6 from the pre-60S particle in 
the final 60S maturation steps. It is thus not surprising that 
mutations in SBDS and the RPL10-R98S allele result in similar 
ribosome biogenesis defects (8, 59, 95). Rare somatic muta-
tions in RPL10 have also been described in multiple myeloma. 
Interestingly, the RPL10 mutations in this disease entity 
cluster in a different region as compared with the described 
mutational hotspot in T-ALL (96).

RPL11. Whereas RPL11 is an established DBA gene, 
somatic mutations in this gene are less common in cancer 
samples. Rare somatic mutations in patients with relapsed 
T-ALL have been described, and 1.4% of melanoma cases show 
mutations (12, 97). Besides displaying a DBA phenotype, 
heterozygous Rpl11 knockout mice present increased suscep-
tibility to radiation-induced lymphomagenesis (98), making 
this mouse the only model fully recapitulating DBA to date, 
including its cancer predisposition.
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RPL22. RPL22 is somatically inactivated by mutations and 
deletions in 10% of patients with T-ALL (9). A recurrent muta-
tion in the RPL22 gene resulting in a truncated protein has 
been described in ∼10% of gastric, endometrial, and colorectal 
cancer samples (99–101). This RPL22 mutation is a single base 
deletion in a homopolymeric stretch of eight A nucleotides, 
which is consistent with the exclusive presence of this muta-
tion in microsatellite-unstable tumors. Although this may 
indicate a passenger role for these defects, a haploinsufficient 
tumor suppressor role for RPL22 is supported by the observa-
tion that heterozygous inactivation of RPL22 can accelerate 
lymphoma development driven by myristoylated AKT2 (9). 
Homozygous inactivation also accelerates generation of a 
lymphoma that limits the migration of the lymphoma cells to 
peripheral tissues such as the spleen, lymph nodes, and liver. 
Consequently, Rpl22−/− lymphoma mice have an increased size 
and angiogenesis of the thymic tumors (102).

RPL23A. RPL23A is amplified in 12.5% of uterine can-
cers, where it is part of a distinct amplification peak. These 
RPL23A amplifications are more frequent among the serous 
endometroid tumors, a more rare and aggressive subtype of 
uterine cancers (12).

40S Proteins

The most frequent somatic defects in 40S proteins identified 
so far are the defects in RPS15. This gene is a targeted by somatic 
missense mutations that mainly cluster in a 7 amino-acid region 
of exon 4 in 10% to 20% of patients with chronic lymphocytic leu-
kemia (CLL; refs. 10, 13). Additionally, RPS27 contains an identi-
cal mutation in its 5′ UTR in 10% of patients with melanoma 
(103). The impact of this noncoding variant on RPS27 expression 
remains to be determined. Finally, RPSA is significantly mutated 
in 3% of patients with stomach cancer, with clustering of the 
mutations pointing to a possible role in the disease (12).

It is important to comparatively consider the incidence of 
somatic ribosomal protein mutations in the crowded world 
of oncogenic mutations. The total number of somatic point 
mutations is highly variable among cancers, ranging from 4 
to as much as 1,600 per cancer type (104), and incidences of 
copy-number changes are generally much lower than those 
of point mutations (104, 105). Interestingly, in contrast to 
this general trend in cancer, alterations of ribosomal protein 
genes occur more often through copy-number changes than 
point mutations. Moreover, the cancer types with the highest 
incidences of ribosomal protein mutations are not correlated 
with high general mutation incidences. For example, pedi-
atric T-ALL contains ribosomal mutations in 15% to 20% of 
cases, but is characterized by a very low load of copy-number 
changes and somatic point mutations (8, 106, 107). Other 
cancer types in which ribosomal protein mutations have been 
described have similarly low-to-moderate mutational loads, 
with the exception of UV exposure–driven melanoma (104).

Moreover, the currently known incidences of ribosomal 
protein defects are lower than those in other functional protein 
classes. For example, all pediatric patients with T-ALL have 
mutations in transcription factors, the large majority have 
cell-cycle regulator lesions, 60% have mutations in signaling 
pathways, and 40% have mutations in epigenetic regulators 

(108). A similar trend applies to other cancer types with a 
significant incidence of ribosomal protein lesions: mutational 
categories such as the p53 pathway, signaling, transcription 
factors, and epigenetic modulators are often represented at 
higher frequencies than the ribosome. This could be due to 
the stringent filtering in the detection of ribosomal muta-
tions: All ribosomal protein genes with copy-number changes 
that coincided with copy-number changes in known cancer 
genes were excluded from the analysis (12). Although this 
eliminates the possibility of false positive detection of ribo-
somal protein genes due to their proximity to other known 
cancer drivers, it also likely causes an underestimation of the 
incidence of ribosomal gene mutations. Alternatively, ribo-
somal protein mutations could influence a wide variety of 
downstream pathways. This is exemplified by the RPL10-R98S 
mutation in T-ALL, which functionally mimics activation of 
the oncogenic JAK–STAT signaling pathway, thereby eliminat-
ing the need for JAK–STAT-activating lesions (35). Finally, the 
lower incidences of ribosomal gene mutations might be due to 
the incompatibility of such mutations with viability. Indeed, 
only a fraction of the 81 ribosomal proteins show congenital 
and/or somatic defects in cancer and ribosomopathies. This 
may suggest that cells cannot survive with defects in particular 
critical RPs, as supported by the fact that many of the cancer-
associated RPs are incorporated into the ribosome late in 
the biogenesis process and are not involved in the formation 
of the ribosomal core. Alternatively, modulation of certain 
extraribosomal functions, discussed in more detail in the next 
section, may be needed for carcinogenesis, and the differential 
implication of distinct RPs in cancer could be a reflection of 
their different involvement in these functions.

Somatic ribosomal protein mutations form a novel func-
tional class of defects in cancer, and their importance in 
oncogenesis may still be underestimated. Additional RPs, 
besides the ones described above, show differential expres-
sion in cancer, often because of copy-number changes (86, 
87). Thus, further investigations are needed to elucidate the 
role of the deletions and amplifications of ribosomal protein 
genes in cancer. In contrast to the congenital syndromes in 
which components of the 60S and 40S subunits have both 
been heavily implicated in disease pathogenesis, the somatic 
defects identified in cancer samples are more common in 
ribosomal proteins of the large subunit at this time, with 
heterozygous inactivating lesions in RPL5 being the most 
common. RPL5 moreover displays congenital defects in DBA, 
whereas other ribosomal protein defects seem to display 
specificity for either congenital or somatic disease, or even 
a single particular disease entity. A striking example of the 
latter is the RPL10-R98S point mutation, which has been 
described only in childhood T-ALL so far. An explanation for 
this could be the concept of “specialized ribosomes”: tissue-
specific phenotypes might stem from cell-specific differences 
in ribosomal composition (rRNA, RPs, and/or their modi-
fications), or be mediated through binding of cell-specific 
and developmentally regulated RNA or ribosome-associated 
factors (29, 109–113). In support of this, a quarter of human 
ribosomal proteins were recently found to exhibit tissue-
specific expression, with primary hematopoietic cells display-
ing the most complex expression patterns (114). Moreover, 
extensive analysis of ribosomes in mouse embryonic stem 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rd

is
c
o
v
e
ry

/a
rtic

le
-p

d
f/7

/1
0
/1

0
6
9
/1

8
3
7
8
2
4
/1

0
6
9
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g
u
s
t 2

0
2
2



Sulima et al.REVIEW

1078 | CANCER DISCOVERY OctOber  2017 www.aacrjournals.org

cells revealed heterogeneity in ribosomal protein composi-
tion that is associated with translation of distinct subsets 
of mRNAs by different ribosomal subpopulations (113), 
suggesting that ribosomes can function in the absence of 
specific ribosomal proteins (115). Yet another layer of het-
erogeneity is added by ribosome-associated proteins that 
are differentially expressed in subcellular locations, enabling 
another mechanism for transcript-specific translation and 
regulatory potential (112).

rRNA Modification Defects

The importance of rRNA modification in gene expres-
sion and cancer is also becoming apparent. rRNA is highly 
modified, containing over 100 modifications, the most com-
mon of which are base and ribose 2′-hydroxyl methylation 
and pseudouridylation (116). rRNA hypomodification has 
been linked to numerous diseases including X-DC, several 
cancers, and aging (1, 116–118). Although none of the close 
to 100 known pseudouridylation events are essential, it is 
thought that these modifications provide an additional layer 
for fine-tuning ribosome structure, enabling it to equally 
distinguish between 61 different tRNAs and other ligands 
(104). Interestingly, quantitative mass spectroscopic analyses 
have revealed sub-stoichiometric rRNA base modification 
in normal populations of ribosomes (119, 120). That cells 
may normally harbor mixed populations of ribosomes rep-
resents a radical departure from the general concept of “the” 
ribosome. Rather, diversity among ribosomes may confer a 
means to “buffer” translational capacity, enabling cells to 
maximize their ability to interact with many different trans-
acting partners and translate many different mRNAs (14). It 
also presents a potential modality for ribosome specialization 
(14). As discussed below, biochemical and genetics analyses 
have shown that mutations that result in either base-specific 
or general hypomodification of rRNA alter translational fidel-
ity, resulting in decreased translational accuracy (121–126). 
Additional ribosome heterogeneity at the rRNA level could 
be ascribed to the function of snoRNAs and snoRNPs, the 
expression of which is altered in various cancers (reviewed in 
ref. 127). It is thus tempting to speculate that expression of 
different rRNA forms may be regulated during normal cell 
growth and differentiation, and that its dysregulation may 
result in dysmorphisms and cancers.

Mechanistic Insights into the Oncogenic Potential 
of Ribosomal Defects

The work described above established the involvement 
of RPs and ribosome biogenesis factors in ribosomopathies 
and malignancies. The underlying molecular mechanisms by 
which these factors promote oncogenesis are beginning to 
emerge and are summarized below.

Ribosomal Functions

It is reasonable to speculate that the ribosomopathy-asso-
ciated phenotypes, including increased cancer susceptibility, 
might be due to altered translation potential of the ribosome. 
Several lines of evidence support this hypothesis and suggest 
that certain phenotypes associated with RP and biogenesis 
factor defects are caused by highly specific changes in transla-
tion. For example, the Rps19 and Rpl11 mutant zebrafish lines 

show a decrease in globin translation in erythroid cells, pos-
sibly explaining their dysfunction (128). Additionally, reduced 
expression of RPS19, RPL5, RPL11, or RPS24 in DBA cells 
leads to a specific reduction of GATA1 translation, raising the 
possibility that this link between RPs with GATA1 translation 
contributes to the anemia phenotype in RP-mutated DBA cases 
(93). Moreover, cells derived from nerve sheath tumors devel-
oped in heterozygous RP mutant zebrafish display a specific 
defect in translation of p53 (129). Knockdown or mutation 
of SBDS impairs translation reinitiation of the CEBPA and  
CEBPB mRNAs, indispensable regulators of granulocytic dif-
ferentiation (130).

Altered ribosome function can also be attributed to differ-
ences in rRNA modification. Changes in rRNA 2′-O-methyla-
tion patterns due to p53 control of fibrillarin expression result 
in changes in termination codon read-through and increased 
translation of IRES-containing cellular mRNAs (131). Con-
versely, fibrillarin overexpression contributes to tumorigen-
esis and is associated with poor survival in patients with 
breast cancer (131). Hypo-pseudouridylation of rRNA renders 
ribosomes unable to directly translate of IRES-containing 
mRNAs, including the tumor suppressor genes TP53 (132) 
and CDKN1B, and the antiapoptotic factors BCL2L1 and XIAP 
(133). Indeed, the demonstration that loss of IRES-mediated 
p27 translation contributed to pituitary tumorigenesis in mice 
established DKC1, the gene responsible for rRNA pseudou-
ridylation, as a tumor suppressor (134). In the context of DC, 
expression of CBF5P-D95A (a catalytically impaired mutant of 
CBF5P, the yeast homolog of DKC1) reduces rRNA pseudouri-
dylation, resulting in reduced ribosomal affinity for tRNAs and 
certain viral IRES elements. These biochemical impairments in 
ribosome activity manifest as decreased translational fidelity 
and IRES-dependent translational initiation, which are also 
evident in mouse and human cells deficient in DKC1 (126). 
Additionally, decreased affinities for tRNAs result in increased 
rates of -1 PRF (126). As discussed above, given the overrep-
resentation of -1 PRF signals in cancer pathways, this obser-
vation may provide a mechanistic explanation for increased 
cancer incidence in patients with X-DC. Altered biochemical 
properties and decreased translation fidelity of the ribosome 
have also been attributed to the T-ALL–associated RPL10-R98S 
mutation in yeast (95). Interestingly, in the context of lym-
phoid cells, RPL10-R98S expression results in overexpression 
of the JAK–STAT oncogenic signaling cascade, a pathway that 
is highly enriched for -1 PRF signals (35).

Extraribosomal Functions

Several RPs have been shown to function outside the ribo-
some. These “extraribosomal” roles might also be relevant 
to understanding the cancer-promoting action of ribosome 
defects, particularly because some of these functions relate to 
major cancer genes such as TP53 and MYC.

MDM2, an inhibitor of p53, is directly regulated by several 
RPs in an essential pathway in response to nucleolar stress 
(135–137). In growing cells, ribosome biogenesis is fully 
active, and free RPs are incorporated into the ribosome. In 
particular, RPL5 and RPL11 first assemble into a complex 
with the 5S rRNA before being added at the late stages 
of large subunit assembly. Under these conditions, MDM2 
is free to bind p53, promoting p53 ubiquitination and  
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degradation (Fig. 3A). Conversely, reduction of RP synthesis 
in response to starvation, stress or antigrowth signals stalls 
the ribosome biogenesis process, inducing nucleolar stress. 
This results in free RPL5/RPL11/5S rRNA complexes that 
sequester MDM2, thereby stabilizing p53 (138, 139). Acti-
vated p53 can then turn on transcriptional programs induc-
ing cell-cycle arrest and apoptosis (Fig. 3B). Although only 
RPL5, RPL11, and RPS27A have been demonstrated to be 
essential for p53 activation in response to nucleolar stress, 
many other RPs have also been linked to this direct regulation 
of p53 (140–143). Of these, RPL26 is of particular interest, 
as it has also been shown to bind TP53 mRNA to enhance 
its own translation (144, 145). The linkage of RP-associated 
malignancy to the p53 pathway has also been explored in 
RP mouse and cellular models. For example, RPL11 het-
erozygous knockout mouse lymphomas show an impaired 
p53 response (98). The same applies for the RPS15 mutants 
recently found in CLL, although modeled in a colorectal 
cancer cell line (13). The relevance of the RP–MDM2 inter-
action in hematopoietic failure and malignancy is also sup-
ported by mouse models with Mdm2 mutations abrogating 
its ability to bind RPs. These animals develop hematopoietic 
deficiencies similar to those of DBA models while accelerat-
ing MYC-induced lymphomagenesis (146). RPL22 deficiency–
associated T-cell development phenotypes have also been 
linked to p53 via an indirect mechanism. RPL22-deficient 
mice display selective apoptosis of the αβ T-cell lineage (9), 
causing endoplasmic reticulum (ER) stress in this subset of  
T cells. Whereas increased ER stress normally inhibits protein 
synthesis, RPL22 deficiency appears to aggravate ER stress by 
interfering with the ability of ER stress signals to block pro-
tein synthesis, resulting in p53 induction and apoptosis of αβ 
T cells (102). It has been suggested that p53-induced apopto-
sis in distinct tissues can lead to both the morphologic and 
the hematopoietic defects of the DBA models.

A second extraribosomal role of RPs involves a negative 
feedback loop with c-MYC. This factor enhances ribosome 
biogenesis by inducing both rRNA and RP transcription 
(147–149), and certain RPs in turn inhibit c-MYC levels and 
function (150). RPL11 interacts with c-MYC at promoter 
regions of c-MYC target genes, inhibiting c-MYC–dependent 
transcription (Fig. 3C; refs. 150, 151). In addition, RPL5 and 
RPL11 cooperatively bind to the c-MYC mRNA and guide it 
to the RNA-induced silencing complex (RISC) for degrada-
tion (Fig. 3D; refs. 152, 153). A similar mechanism has also 
been described for RPS14 (154). Regulation of c-MYC may 
also be relevant in a cancer setting, as RPL11-deleted mouse 
lymphomas show c-MYC upregulation (98). RPL22 inactiva-
tion also leads to c-MYC activation, albeit indirectly via the 
NFκB–LIN28B–LET7 miRNA axis (9). On the other hand, 
MYC-induced lymphomas can be suppressed by heterozygous 
deletion of Rpl24 and Rpl38 in mouse models (155). Following 
this observation, overexpression of RPL24 has been impli-
cated in breast cancer progression (156). Collectively these 
findings indicate that RP defects could be regulating onco-
genic c-MYC in a context-dependent manner—an interesting 
concept requiring further exploration.

Whereas the extraribosomal links with c-MYC and p53 
are by far the most well described, several other findings are 
worth mentioning. RPSA has an extraribosomal role on the 

cellular membrane as a laminin receptor and transduces extra-
cellular signals regulating cancer-related pathways including 
apoptosis and cell migration (157, 158). Rare mutations impli-
cated in stomach cancer affect residues that might be essential 
for this RPSA function (12). Additionally, the recent observa-
tion of elevated STAT3 and mTOR phosphorylation levels in 
leukocytes from patients with SDS reflects a potential novel 
extraribosomal link between SBDS and mTOR/STAT3 (159). 
The increased ROS levels and autophagy phenotypes observed 
in zebrafish models of several DBA RPs including RPS19 may 
also reflect novel extraribosomal functions (160).

THERAPEUTIC STRATEGIES

The recent insights into the role of dysregulation of pro-
tein synthesis in cancer provide opportunities for therapeutic 
intervention. Such approaches comprise (i) “starving” can-
cer cells of ribosomes and preventing translation initiation,  
(ii) targeting the consequences of a translational defect, and 
(iii) specifically targeting the “onco-ribosome.” Considering 
the low efficacy of single-agent cancer therapies due to resist-
ance development, multiagent combination therapy cocktails 
should be developed to treat cancer with high efficacy and 
low toxicity. Such drug cocktails may contain a combination 
of several agents targeting translation.

Current drug therapies primarily address the first point by 
inhibiting targets including RNA Pol I, EIF4A, EIF4e, EIF2S1, 
mTOR, and dual PI3K–mTOR, resulting in inhibition of ribo-
some production and initiation (Fig. 2). Given its mechanistic 
and regulatory complexity, 5′ 7MeGppp cap–dependent initi-
ation is a target-rich environment for therapeutic intervention. 
Indeed, one of the earliest effective therapeutics, rapamycin, 
targets mTOR, a critical protein in the PI3K–mTOR–EIF4 axis. 
With the advent of high-resolution structural information, 
newer small-molecule therapeutics are being designed to target 
other key regulatory proteins and pathways in this process, 
including components of the MEK/ERK/MNK pathway, the 
cap binding protein EIF4E and its regulation by EIF4E-BP, and 
formation of the EIF2 complex. For a more extensive descrip-
tion of available agents interfering with these steps, we refer to 
other excellent reviews (43, 161, 162).

Regarding inhibition of other steps of translation, several 
recently described antibiotics interfere with ribosomal func-
tion through direct interactions. For example, homohar-
ringtonine (also known as omocetaxine or Synribo) is an 
inhibitor of the first round of peptide bond formation by the 
ribosome that has been approved for treatment of tyrosine 
kinase inhibitor–resistant chronic myeloid leukemia (163) 
and is currently in clinical trials for AML (43, 164, 165). Sev-
eral eukaryotic-specific inhibitors that bind the ribosomal 
E-site, e.g., cycloheximide, show promising antiproliferative 
effects in a panel of leukemia cell lines (166). Conversely, 
administration of L-leucine, a known activator of mRNA 
translation, shows promising results for correcting the ane-
mia and developmental defects in DBA and 5q- syndrome 
(167, 168). It is however unclear if L-leucine is also able to 
reduce the risk of transition to the cancer phenotype associ-
ated with these diseases. Although L-leucine dampens activa-
tion of p53 target genes in a DBA RPS19 mouse model (168), 
it does not impair ribosomal stress–induced p53 response in 
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Figure 3.  Oncogenic potential of the extraribosomal functions of RPs. A, Under growth conditions, the cell is actively translating. Ribosome biogen-
esis is highly efficient, and the RPL5–5SRNA–RPL11 complex is rapidly incorporated into mature ribosomes. In this situation, MDM2 is free to bind p53 
and promote its degradation. B, Under stress conditions, translation and ribosome biogenesis decrease, leaving the RPL5–5SRNA–RPL11 complex free 
to sequester MDM2. p53 is therefore stabilized, suppressing the cell cycle and eventually promoting apoptosis. C, RPL11 has been shown to negatively 
regulate c-MYC by binding c-MYC at the promoter regions of its target genes, thereby inhibiting the recruitment of coactivators such as TRAPP. D, RPL5 
and RPL11 have both been shown to associate with c-MYC mRNA to promote its degradation through recruitment of the RISC complex, which includes 
DICER, AGO2, and TRBP.
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RPS19 and RPS14 morpholino zebrafish and human CD34+ 
cells (169). An intact p53 response upon administration 
of L-leucine may thus protect the cells from transforma-
tion. However, because L-leucine does not correct the actual 
ribosomal defect in these diseases, it might promote usage 
of defective, cancer-promoting ribosomes. It will be inter-
esting to determine to what extent translational fidelity 
is perturbed by the ribosomal protein defects in DBA and 
MDS. If fidelity is impaired, combining L-leucine with a drug 
that corrects fidelity defects may be required. Indeed, drugs 
targeting ribosomal fidelity are an active field of research: 
Drug screens have identified compounds that decrease the 
fidelity of start codon initiation (170). Moreover, ataluren 
(Translarna), a drug promoting premature stop-codon read-
through (171), has received market authorization from the 
European Commission and is in clinical trials for treatment 
of diseases caused by nonsense mutations, such as Duchenne 
muscular dystrophy and cystic fibrosis (172, 173). Because 
stop-codon read-through is emerging as a relevant cellular 
antiangiogenic mechanism (174), similar drugs could also 
find applications in cancer treatments in the future.

Targeting the consequences of a translational defect 
requires thorough knowledge of the molecular biological 
implications of the lesion and requires availability of drugs 
to target these downstream consequences. For example, the 
RPL10-R98S mutation in T-ALL enhances JAK–STAT signal-
ing and alters cellular proteasome activity, sensitizing the 
cells to clinically used JAK–STAT and proteasome inhibi-
tors (35). Notably, lesions in RPL5 have also been linked to 
increased sensitivity to proteasome inhibitors (11), suggest-
ing that proteasome inhibitors might benefit patients with 
cancer with various ribosomal protein defects.

Although the strategy of specifically targeting defective 
“oncogenic” ribosomes in somatic cancers is in its infancy, it 
is perhaps the most promising. Selective inhibition of defec-
tive ribosomes in tumors could be achieved with small-mole-
cule inhibitors and antibiotics. Because of the central role of 
translation in the cell, as well as the structural and functional 
differences between prokaryotic and eukaryotic ribosomes, 
protein synthesis inhibitors have been the most successful 
clinical antibiotics to date. As the ribosome exceeds the size 
of an average antibiotic by four orders of magnitude, it pro-
vides a multitude of targets: Approximately 50% of all exist-
ing antibiotics inhibit ribosome function, and antibiotics 
interfering with almost every step of translation are clinically 
available (175, 176). The past decade has seen the advent of 
high-resolution bacterial ribosomal structures bound with 
antibiotics, which led to invaluable insights into the mode 
of antibiotic interactions and exact mechanisms of action. 
High-resolution structures of human ribosomes bound to 
various antibiotics (166) are paving the way toward a new 
era of ribosomal inhibitors which specifically interact with 
defective human ribosomes. Recent breakthroughs in single-
particle molecular imaging, for example, in cryo-EM (177)  
and femftosecond high-energy electron X-ray technologies 
(178), promise to reveal novel structural features of mutant 
ribosomes that can be targeted by computer-aided “designer” 
small molecules, which should allow development of new 
drugs that bind only “onco-ribosomes.” Such drugs can be 
exploited to specifically eliminate cells with acquired ribo-

some defects and would minimize unwanted side effects by 
minimizing their ability to target healthy ribosomes. Addi-
tionally, identifying such new classes of ribosomal inhibitors 
could be accomplished by the screening and repurposing of 
existing prokaryotic-specific antibiotics which could display 
specificity for the distinct structural differences of cancer-
mutant ribosomes.

CONCLUSIONS AND FUTURE PERSPECTIVES

Translational dysregulation and tumor protein biology 
have been largely overlooked in cancer biology. This is likely a 
function of technological necessity: Proteomics technologies 
have lagged for several decades as compared with other -omics  
technologies. Although interrogation of nucleic acid sequences 
and their regulation was amenable to the earliest tools of 
molecular biology, and genomes and transcriptomes of 
tumors have been catalogued in detail for many years thanks 
to copy-number and gene expression arrays and next-genera-
tion DNA and RNA sequencing, analyzing entire proteomes 
of cancer cells is not yet within reach of many research labs. 
The Cancer Genome Atlas (TCGA) contains full transcrip-
tome, exome, and genome data for thousands of tumor 
samples. In contrast, protein data are often restricted to 
reverse phase protein array data measuring abundances 
and phosphorylation of only 200 to 300 proteins and post-
translational modifications for which reliable antibodies are 
available (179). The first full quantitative mass spectrometry– 
based proteomic and phosphoproteomic descriptions of TCGA 
cancer datasets are only now emerging (180, 181). We are 
just beginning to build correlations between tumor tran-
scriptomes and proteomes, enabling the identification and 
categorization of significant RNA–protein discordances, 
indicative of extensive translational deregulation. We thus 
envision that in the coming years increased understanding 
of the translatome will complement transcriptomic and 
genomic data, and that such studies may reveal additional 
tumor samples with extensive translational dysregulation 
due to yet undiscovered mechanisms.

Many questions and challenges remain. For instance, is 
there a single cause or multiple causes for the paradoxical  
transition from hypoproliferation to hyperproliferation 
phenotypes in congenital ribosomopathies? Why are the 
hematopoietic lineages so heavily affected by these pheno-
types? Models addressing the latter question have recently 
been proposed. One posits that because some blood lineages 
lose the ribosomal recycling factor ABCE1 during terminal 
differentiation, they may be sensitized to ribosomal protein 
and biogenesis mutations that further imbalance ribosome 
homeostasis (182). Alternatively, specialized composition 
of ribosomes in hematopoietic lineages might make these 
cells more vulnerable (14). Yet another potential explana-
tion proposed for heterozygous defects could be that the 
balance between expression of the wild-type and mutant 
protein might differ between tissues (183). Eventually, how-
ever, the same cells gain a hyperproliferative phenotype. 
Therefore, we postulate that RP defects mainly create a 
selective pressure on cells to compensate for the prolifera-
tion defect. This would eventually be achieved through the 
acquisition of secondary mutations that, in cooperation 
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with the RP defect, lead to oncogenesis (Fig. 4; refs. 6, 95).  
It is important to note that not all ribosomopathies are 
linked to elevated cancer risks. For example, Treacher Col-
lins syndrome is characterized by craniofacial deformities 
but is not associated with hematologic abnormalities nor an 
increased incidence of malignancy. It is caused by defects in 
the ribosome biogenesis factor TCOF1, which is implicated 
in the transcription and methylation of rRNA (184). Among 
the multitude of ribosomal variations implicated in cancer, 
rRNA alterations are currently underrepresented compared 
with the growing list of ribosomal protein defects. This 
may reflect (i) a different threshold for the development of 
malignancy driven by rRNA alteration, (ii) a higher need  
for cooperating defects, and/or (iii) the fact that no system-
atic analyses of rRNA modifications in cancer have been 
performed to date. The possible contribution of changes 
in rRNA modification in cancers is therefore an important 
area for future research.

Cancers with somatic RP defects might also go through a 
hypoproliferative phase. Regarding hematologic cancers, one 
can imagine the existence of a niche in the bone marrow in 
which cells with fewer functional ribosomes could survive 
until they acquire the necessary compensatory/cooperating 
mutations. Such secondary mutations have not yet been 
identified in a cancer setting. However, research on the leuke-
mia-associated RPL10-R98S mutation in yeast has provided 
some insights. RPL10-R98S alters translation fidelity by the 
ribosome and impairs ribosome biogenesis and proliferation 
(8, 95). Whereas ribosome production and cell proliferation 
could be rescued by acquisition of mutations in ribosome 
biogenesis factors NMD3 and TIF6 (human EIF6), the altered 

translational fidelity was not (95), resulting in cells with 
restored proliferation capacity but altered protein synthesis 
properties. A mechanism of the cooperative effect of these 
rescuing mutations lies in their ability to circumvent ribo-
some production control. Because ribosome biogenesis and 
protein synthesis are two of the most energy-consuming pro-
cesses in a growing cell, cells have evolved critical surveillance 
systems for monitoring proper assembly of the translational 
machinery: Final proofreading steps during late ribosome 
assembly have been described for both the pre-40S (185) and 
pre-60S (186, 187). These translation-like “test-drives” serve 
as final quality control steps in which major functions of the 
maturing subunits are tested before they are released into the 
translationally active ribosome pool. The NMD3 and TIF6 
mutations can bypass these quality control checkpoints in 
RPL10-R98S cells (95). Given the overexpression of ribosome 
assembly factors in cancer cells, it is likely, though it still 
remains to be determined, that cancer cells exploit similar 
mechanisms.

In summary, although the past decade has seen great pro-
gress in elucidating the role of translational dysregulation and 
the ribosome in cancer, the next promises tremendous new 
breakthroughs that will be translated to the clinical setting.
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