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Although ribosomal proteins are known for playing an essential role in ribosome assembly and protein translation, their ribosome-

independent functions have also been greatly appreciated. Over the past decade, more than a dozen of ribosomal proteins have

been found to activate the tumor suppressor p53 pathway in response to ribosomal stress. In addition, these ribosomal proteins are

involved in various physiological and pathological processes. This review is composed to overview the current understanding of

how ribosomal stress provokes the accumulation of ribosome-free ribosomal proteins, as well as the ribosome-independent functions

of ribosomal proteins in tumorigenesis, immune signaling, and development. We also propose the potential of applying these pieces of

knowledge to the development of ribosomal stress-based cancer therapeutics.
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Introduction

The eukaryotic ribosome is the cellular translational machinery

primarily responsible for protein synthesis from messenger RNAs

(mRNA) and consists of four ribosomal RNA (rRNA) species and

79 ribosomal proteins (RPs). The production of this machinery

called ribosome biogenesis is an extraordinarily complex process

involving all three RNA polymerases and .150 non-ribosomal

factors that are required for the synthesis, processing, transporta-

tion, and assembly of pre-ribosomes (Fatica and Tollervey, 2002;

Tschochner and Hurt, 2003). In principle, 47S/45S pre-rRNA

synthesized by RNA Polymerase I (RNA Pol I), 5S rRNA generated

by RNA Polymerase III (RNA Pol III), and RP-encoding mRNAs pro-

duced by RNA Polymerase II (RNA Pol II), along with non-ribosomal

factors and small nucleolar RNAs (snoRNA), are assembled to yield

the 90S pre-ribosomes in the nucleolus, which undergo multiple

modifications and subsequent separation into pre-60S and

pre-40S particles. During their transport from the nucleolus to

the cytoplasm, these pre-ribosomes are dissociated from most

of their non-ribosomal factors and then matured to 60S and 40S

subunits for protein translation (Fatica and Tollervey, 2002;

Tschochner and Hurt, 2003). Protein translation is also a highly

organized event in the rough endoplasmic reticulum (RER) where

the ribosomes form a 80S translational machinery, which

decodes mRNA to produce an amino acid chain or polypeptide

facilitated by transfer RNAs (tRNA) that directly bind to the mRNA

template through their complementary anticodon sequences (Dai

and Lu, 2008).

Ribosome biogenesis and protein translation are finely coordi-

nated with and essential for cell growth, proliferation, differenti-

ation, and animal development. Impairment of any of these two

cellular processes can severely retard cell growth and perturb

animal development. This has been demonstrated in almost all ex-

perimental eukaryote systems tested. For example, a genetic study

that analyzes the complete set of yeast strains with deletion of

each of the �6000 yeast genes reveals that depletion of Sfp1, a tran-

scription factor important for controlling expression of over 60 genes

involved in ribosome assembly, results in the smallest cell size

(Jorgensen et al., 2002). RP gene insufficiency that reduces the

number of ribosomes and protein synthesis leads to the classic

minute phenotype in Drosophila, including delayed larval develop-

ment, small body size, short thin bristles, female sterility, malforma-

tion of wings and eyes, and recessive lethality (Lambertsson, 1998;

Saeboe-Larssen et al., 1998). In mammals, conditional deletion of

RPS6 in mice blocks liver cell proliferation after partial hepatectomy

(Volarevic et al., 2000). Homozygous RPL29-knockout mice, al-

though viable, display lower body weight at birth and reduced post-

natal viability due toglobal skeletal growth defects. RPL29-null MEFs

show decreased cell proliferation and protein synthesis (Kirn-Safran

et al., 2007). Additionally, the embryonic lethality resulting from

complete loss of RPS19 (Matsson et al., 2004) or Sbds (Zhang

et al., 2006), a nucleolar protein necessary for rRNA processing

and ribosome biogenesis (Austin et al., 2005; Ganapathi et al.,

2007; Menne et al., 2007), consolidates the crucially important

role of well-executed ribosome biogenesis in cell growth and devel-

opment, although the effect is also partially attributed to abnormal

activation of tumor suppressor p53 (Zhang and Lu, 2009; Zhou et al.,

2012).

It has been known that the rate of cell proliferation is finely tuned
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to match the rate of protein synthesis (Ruggero and Pandolfi,

2003). Several tumor suppressors inhibit tumor cell growth and

proliferation by interfering with ribosome biogenesis and thus

restricting global protein synthesis. For instance, the members of

the retinoblastoma proteins (RB) family, such as RB and p130,

have been shown to attenuate cell growth and proliferation by

reducing rRNA production via a mechanism of direct association

with and inactivation of UBF that is required for RNA Pol I activity

(Cavanaugh et al., 1995; Hannan et al., 2000; Ciarmatori et al.,

2001). The tumor suppressor p53 can also dampen RNA Pol

I-catalyzed transcription by preventing the interaction between

SL1 and UBF (Zhai and Comai, 2000). Moreover, RB and p53 have

also been implicated in regulation of RNA Pol III-catalyzed tran-

scription (White et al., 1996; Cairns and White, 1998; Sutcliffe

et al., 2000). RNA Pol III is responsible for transcription of key

components in ribosome biogenesis and translation, such as 5S

rRNA and tRNAs. RB and p53 can bind to TF-IIIB, a core initiation

factor of RNA Pol III, and perturb its interactions with RNA Pol III

and other components, such as TF-IIIC2, thus markedly inhibiting

RNA Pol III-mediated transcription (White et al., 1996; Cairns

and White, 1998; Sutcliffe et al., 2000). Hence, inactivation of

either RB or p53 in human cancers results in uncontrolled ribosome

biogenesis and protein synthesis, leading to elevated cell prolifer-

ation (Cordon-Cardo and Reuter, 1997). By contrast, oncogenic

signals often promote cell growth and proliferation by boosting

ribosome biogenesis and global protein synthesis (van Riggelen

et al., 2010). A delicate study by crossing c-Myc-transgenic mice

that contain overexpressed ectopic c-Myc in B-cells with RPL24-

haploinsufficient mice validates that c-Myc oncogenic activity

requires robust ribosome biogenesis and protein translation

(Barna et al., 2008). Remarkably, upregulation of total protein

synthesis was well correlated with the increased cell growth and

proliferation in the Em-Myc/+-transgenic mice. Consistently,

when the upregulated protein synthesis was reduced to normal

level by deleting one allele of RPL24, the oncogenic potential

of c-Myc was markedly abrogated (Barna et al., 2008). These

studies demonstrate that the increased rates of ribosomal biogen-

esis and protein synthesis are tightly bound with the elevated cell

growth and proliferation during tumor development and also highly

regulated by both tumor suppressors and oncoproteins.

In addition to their essential house-keeping roles in ribosome

biogenesis and protein production during cell survival and

animal development, RPs have been believed to possess ribosome-

independent functions since their discovery. Over the past decade,

a great progress has been made in understanding the biochemical,

cellular, and physiological roles of RPs independent of the ribo-

some machinery. In this review, we attempt to offer an overview

of the progress in this research area with emphasis on the roles

of several interesting ribosomal proteins in tumorigenesis,

immune signaling, and development (Table 1). For further

reading, we would like to refer readers to other reviews on the

related subjects (Warner and McIntosh, 2009; Zhang and Lu,

2009; Boulon et al., 2010; Zhou et al., 2012; de Las Heras-Rubio

et al., 2014).

Ribosomal stress leads to accumulation of ribosome-free

ribosomal proteins

As discussed above, ribosome biogenesis is a tightly organized

multistep process, during which RPs are synthesized in the cyto-

plasm and immediately imported to the nucleolus where they are

assembled into the pre-ribosome with rRNA. Also, it has been

shown that newly synthesized, but unassembled, RPs are very un-

stable and immediately cleaned up by the cellular proteasome

system in the nucleoplasm (Lam et al., 2007). Then, is it possible

for some of the RPs to escape from the tight regulation and take

other cellular jobs beyond the functions of the ribosome in transla-

tion? Over the past decade, more and more studies using biochem-

ical, molecular biology, cellular biology, and genetic tools and

based on different model systems have demonstrated that this is

indeed the case. It has been shown that disturbance of any single

step in the process of ribosome biogenesis by distinct extracellular

and/or intracellular stimulations results in ribosomal stress (RS,

also called nucleolar stress), leading to accumulation of ribosome-

free form of RPs (Zhang and Lu, 2009; Zhou et al., 2012). These

RS-causing stimuli can be categorized into at least three groups:

(i) chemical agents or radiation that perturbs rRNA production or

mediates RP degradation, (ii) lack of nutrients, including serum

or glucose starvation and hypoxia, and (iii) gene deregulation,

e.g. malfunction of genes required for ribosome biogenesis result-

ing from genetic alterations or experimental manipulation

(Figure 1). Several tested RS-causing reagents and conditions are

briefly described below.

Actinomycin D (Act D), a widely used anti-cancer drug, is a prom-

inent example of RS-inducing chemical agents. An extremely low

dose of Act D (,10 nM) has been shown to exclusively repress

RNA Pol I activity, leading to impaired rRNA transcription (Perry

and Kelley, 1970; Iapalucci-Espinoza and Franze-Fernandez,

1979). Recently, a new activity of triggering RS has also been

unveiled for several traditional drugs. For example, mycophenolic

acid (MPA) is an immunosuppressant drug commonly used

for the prevention of organ transplant rejection (Allison and

Eugui, 2005). Interestingly, treatment of human cells with MPA

makes a nucleolar protein, nucleophosmin (NPM, also called

B23), shuttling out of the nucleolus, resulting in the inhibition

of rRNA processing (Sun et al., 2008). MPA also reduces cellular

GTP levels by inhibiting IMPDH2, a rate limiting enzyme important

for guanine nucleotide synthesis, resulting in the decrease of

another nucleolar protein called nucleostemin (NS), a GTP-

binding protein crucial for rRNA processing (Tsai and McKay,

2005; Romanova et al., 2009), and consequently provoking RS as

well (Dai et al., 2008). In addition, several traditional DNA

damage-inducing drugs, e.g. 5-Fluorouracil (5-Fu) (Ghoshal and

Jacob, 1994; Rubbi and Milner, 2003; Sun et al., 2007), cisplatin

(Jordan and Carmo-Fonseca, 1998; Rubbi and Milner, 2003), doxo-

rubicin (Burger et al., 2010), and UV (Zatsepina et al., 1989; Rubbi

and Milner, 2003) or g-irradiation (Kruhlak et al., 2007), have been

found to impede either rRNA transcription or rRNA processing, and

thus being able to trigger RS as well.

Efficient ribosome biogenesis consumes .60% of cellular
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Table 1 Extraribosomal functions of ribosomal proteins.

Extraribosomal function Ribosomal protein Referencesa

Tumorigenesis

Tumor suppressive

Activate p53 L5, L6, L11, L23, L26, L37, S3, S7, S14,

S15, S20, S25, S26, S27, S27A, S27L

Lohrum et al. (2003), Zhang et al. (2003, 2010, 2013b), Dai and Lu (2004), Dai et al.

(2004), Jin et al. (2004), Takagi et al. (2005), Chen et al. (2007), Ofir-Rosenfeld et al.

(2008), Yadavilli et al. (2009), Zhu et al. (2009), Sun et al. (2011), Xiong et al. (2011,

2014), Daftuar et al. (2013), Zhou et al. (2013a), Bai et al. (2014) and Cui et al. (2014)

Activate TAp73 L5, L11, S14 Zhou et al. (2014)

Inactivate c-Myc L5, L11, S14 Dai et al. (2007), Challagundla et al. (2011), Liao et al. (2013) and Zhou et al. (2013b)

Interacts with PICT1 L11 Sasaki et al. (2011)

Interacts with SRSF1 L5 Fregoso et al. (2013)

Cooperates with E2F1 S3 Lee et al. (2010)

Activates JNK through TRADD S3 Jang et al. (2012)

Inhibits ATF4 L41 Wang et al. (2011)

Inhibits VSMC proliferation L17 Smolock et al. (2012)

Inhibits Paxillin and FGFR3 S27 Dai et al. (2010, 2011)

Improves treatment of EOC S4 Tsofack et al. (2013)

Inhibits Lin28B L22 Rao et al. (2012)

Regulates PI3K/AKT and MAPK S7 Wang et al. (2013)

Stabilizes GADD45a S7 Gao et al. (2013)

Cancer-associated mutations L5, L10, L22 De Keersmaecker et al. (2013) and Kandoth et al. (2013)

Oncogenic

Induces ITGB4 S27 Yang et al. (2013b)

Inhibits DNA damage-induced

p53

Phospho-S6 Khalaileh et al. (2013)

Activate NF-kBb Phospho-S3, S3A, S27, L8, L13 Wan et al. (2007, 2011), Lim et al. (2011), Yang et al. (2012) and Zhang et al. (2013a)

Sequesters RNF8 and BRCA1 SA Guerra-Rebollo et al. (2012)

Inhibits p27(kip1) S13 Guo et al. (2011)

Induces cyclin D1, D3 L19 Kuroda et al. (2010)

Sequesters NPM from Miz1 L23 Wanzel et al. (2008)

Induces CDK1 S9 Iizumi et al. (2013)

Immune signaling

Forms GAIT complex L13A Mazumder et al. (2003), Mukhopadhyay et al. (2008), Vyas et al. (2009) and Jia et al.

(2012)

Activate NF-kBb Phospho-S3, S3A, S27, L8, L13 Wan et al. (2007, 2011), Lim et al. (2011), Yang et al. (2012) and Zhang et al. (2013a)

Target of tuberculosis drug PZA SA Shi et al. (2011)

Inhibits MIF, ERK and NF-kB S19 Filip et al. (2009) and Lv et al. (2013)

Interacts with hantavirus

nucleocapsid protein

S19 Haque and Mir (2010) and Cheng et al. (2011)

Stabilizes LANA S6 Chen and Dittmer (2011)

Mediate IRES-dependent

translation

S6, S25, L22 Wood et al. (2001), Nishiyama et al. (2007), Landry et al. (2009), Huang et al. (2012),

Hertz et al. (2013) and Olivares et al. (2014)

Mediate cap-dependent

translation

S19, L40 Haque and Mir (2010), Cheng et al. (2011) and Lee et al. (2013)

Promote virus production S6, S19, S25, L9, L22, L40 Wood et al. (2001), Landry et al. (2009), Haque and Mir (2010), Cheng et al. (2011),

Huang et al. (2012), Beyer et al. (2013) and Lee et al. (2013)

Inhibits virus production L4 Green et al. (2012)

Development and diseases

Diamond–Blackfan anemia

(DBA)

S7, S10, S15, S17, S19, S24, S26, S27A,

S28, S29, L5, L11, L15, L35A, L36

Draptchinskaia et al. (1999), Gazda et al. (2006, 2008), Cmejla et al. (2007, 2009), Boria

et al. (2008), Farrar et al. (2008), Doherty et al. (2010), Landowski et al. (2013), Gripp

et al. (2014) and Mirabello et al. (2014)

5q-syndrome S14 Ebert et al. (2008) and Barlow et al. (2010)

Isolated congenital asplenia

(ICA)

SA Bolze et al. (2013)

Autism L10 Klauck et al. (2006)

Hereditary hypotrichosis

simplex

L21 Zhou et al. (2011)

Parkinson’s disease S15 Martin et al. (2014)

T-cell development L22 Anderson et al. (2007)

Pancreas development L3, L6, L23a Provost et al. (2012, 2013)

Pigment cell development S6, S19, S20 McGowan et al. (2008)

Sexual differentiation of brain L7 Duncan et al. (2009)

Other multi-tissue

development

S7, S27L, S29, L24, L27A, L29, L38, LP1 Miller et al. (2003), Kirn-Safran et al. (2007), Barkic et al. (2009), Oristian et al. (2009),

Duan et al. (2011), Kondrashov et al. (2011), Terzian et al. (2011), Taylor et al. (2012),

Watkins-Chow et al. (2013), Perucho et al. (2014) and Xiong et al. (2014)

aMay not include all the related references.
bNF-kB is involved in both tumorigenesis and immune signal.
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energy (ATP) and thus is tightly coupled with the energy status of a

cell. This feature makes the nucleolar process highly sensitive to

nutrient deprivation (Zhou et al., 2012), as demonstrated by

several recent studies on the target of rapamycin (TOR) signaling

that has been shown to play a central role in linking the cellular

nutrient status to ribosome biogenesis. This signaling pathway

promotes ribosome biogenesis by regulating the production of

RPs and rRNAs through three different mechanisms. First, studies

using yeast showed that inhibition of TOR globally represses

the transcription of most RP-encoding genes (Cardenas et al.,

1999). Consistently, several transcription factors, such as SFP1

(Jorgensen et al., 2004; Marion et al., 2004) and FHL1 (Martin

et al., 2004; Schawalder et al., 2004; Rudra et al., 2005), were

found to directly associate with RP gene promoters, activating

their transcription under growth-favorable conditions in a TOR-

dependent manner, whereas these two transcription factors were

inactivated upon nutrient deficiency or TOR inhibition, leading to

the downregulation of RP gene expression. Also, TOR can boost

the translation of RP-encoding genes. Because the translation of

RP-coding mRNAs is negatively controlled by the 5
′ TOP (terminal

oligopyrimidines or track of pyrimidines) sequence at their 5
′ tran-

scriptional start site (Meyuhas, 2000; Fumagalli et al., 2009), TOR

could promote 5
′ TOP mRNA translation by phosphorylating and ac-

tivating S6K1, leading to elevated ribosome production and cell

growth (Mayer and Grummt, 2006). Furthermore, TOR is required

for the rapid and sustained serum-induced rDNA transcription in

a S6K1-dependent manner (Hannan et al., 2003). Later on, TOR

was also found to bolster rDNA transcription by sequestering

TIF-IA in the nucleus and facilitating the formation of the RNA Pol

I initiation complex (Claypool et al., 2004; Mayer et al., 2004).

Rapamycin has also been shown to reduce the activity of RNA Pol

III and its specific transcription factor TF-IIIB, repressing the tran-

scription of the 5S rRNA gene (Zaragoza et al., 1998). Therefore,

inhibition of the TOR signaling by nutrient depletion perturbs ribo-

some biogenesis at different levels. In line with this, a downstream

target of the TOR pathway, AMP-activated protein kinase (AMPK),

can be activated upon glucose deprivation to phosphorylate and in-

activate TIF-IA, leading to the repression of RNA Pol I-mediated

transcription (Hoppe et al., 2009). Interestingly, it was found that

RPs and the ribosome itself could be degraded in response to nutri-

ent starvation (Kraft et al., 2008), leading to the severe impairment

of ribosome assembly. Hence, ribosomal biogenesis is highly sen-

sitive to the energy status of cells, and abnormal nutrient levels

could cause RS by disrupting this process.

Mutations of RP-encoding genes or ribosome biogenesis-asso-

ciated genes can also perturb ribosome biogenesis, thus causing

RS. These mutations are often highly associated with genetic

diseases. One of these inherited diseases is Diamond–Blackfan

anemia (DBA), also known as inherited erythroblastopenia. DBA

is a congenital erythroid aplasia that is highly associated with

mutations of several RP-encoding genes, including RPS19,

RPS24, RPS17, RPL11, RPL5, and RPL35A (Narla and Ebert,

2010). Dysfunction of any of these RP genes leads to abnormal ribo-

some biogenesis resulting in growth arrest of erythroid progenitor

cells (Narla and Ebert, 2010). The other disease is 5q-syndrome,

which is an acquired DBA-like genetic disease predominantly

found in females of advanced age and caused by an isolated inter-

stitial deletion of the long arm of chromosome 5. One of the genes

within this lost 5q chromosome region is the RPS14-encoding gene,

whose deletion has been identified to be responsible for the devel-

opment of this disease through a mechanism similar to that for DBA

(Ebert et al., 2008; Barlow et al., 2010). Remarkably, RS that is

caused by dysfunction of these RP genes can also be manipulated

in vitro, such as impairment of 40S by RPS6 depletion (Fumagalli

et al., 2009) or by RPS14 or RPS19 depletion (Zhou et al., 2013a;

Wang et al., 2014), or disruption of 60S by RPL29 or RPL30 deple-

tion (Sun et al., 2010) in cultured cells.

Altogether, ribosome biogenesis can be compromised via mul-

tiple mechanisms in response to a variety of stress signals, and,

under such circumstances, some of the RPs free from the ribosome

are accumulated in the nucleoplasm to execute their enchanting

ribosome-independent functions (Figure 2) as further described

below.

Figure 1 Numerous external or genetic stimuli, including chemical

agents or radiation, nutrient depletion, and gene mutation, impair ribo-

some biogenesis and trigger RS. Several chemical agents or radiation

are shown to inhibit RNA Pol I and III-associated factors and rRNA

processing-associated factors, or mediate degradation of RPL37

(Llanos and Serrano, 2010). Nutrient depletion is also found to deregu-

late RNA Pol I and III-associated factors and rRNA processing-asso-

ciated factors as well as SFP1 and FHL1 that are required for RP gene

transcription. Genetic mutations of several rRNA synthesis-associated

genes (SBDS, DKC1, RMRP, and TCOF1) (Narla and Ebert, 2010) and

RP-encoding genes also cause RS.
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Ribosomal proteins in cancers: oncoprotein or tumor suppressor

Constantly growing and highly proliferating cancer cells demand

a huge amount of proteins and thus acquire increased protein syn-

thesis. This means that cancer cells need a lot of more highly effi-

cient ribosome translational machineries than do normal cells.

Consistent with this notion is that a number of tumor suppressors

and oncogenic proteins often control the progression of cancer

cells by regulating ribosome biogenesis and global protein synthe-

sis (Ruggero and Pandolfi, 2003; Silvera et al., 2010). Interestingly,

besides the importance of ribosome to the growth and proliferation

of cancer cells, individual ribosome-free RPs could also play a role

in tumorigenesis. This statement is supported by the following

lines of evidence. First, numerous RPs have been found to be

up-regulated at either mRNA or protein level in various human

tumors (Shuda et al., 2000; Kondoh et al., 2001; Artero-Castro

et al., 2011; Chen et al., 2014). Also, overexpression of RPS3A pro-

moted transformation of NIH-3T3 cells and tumor growth in nude

mice (Naora et al., 1998). In addition, RPS13, which is highly

expressed in multidrug-resistant gastric cancer cells, has been

shown to prevent drug-induced apoptosis and to promote gastric

cancer cell proliferation (Shi et al., 2004; Guo et al., 2011). The

fact that some individual RPs are selectively upregulated in

cancers implies that some RPs possess oncogenic activity inde-

pendent of the translational machinery.

By contrast to the oncogenic functions of some RPs as briefed

above, other ribosome-free RPs have been shown to play a role

in suppressing tumorigenesis by either activating other tumor sup-

pressors or inactivating oncoproteins (de Las Heras-Rubio et al.,

2014). Over the past decade, more than a dozen of RPs, including

RPL5 (Dai and Lu, 2004), RPL6 (Bai et al., 2014), RPL11 (Lohrum

et al., 2003; Zhang et al., 2003), RPL23 (Dai et al., 2004; Jin et al.,

2004), RPL26 (Zhang et al., 2010), RPL37 (Daftuar et al., 2013),

RPS3 (Yadavilli et al., 2009), RPS7 (Chen et al., 2007; Zhu et al.,

2009), RPS14 (Zhou et al., 2013a), RPS15 (Daftuar et al., 2013),

RPS20 (Daftuar et al., 2013), RPS25 (Zhang et al., 2013b), RPS26

(Cui et al., 2014), RPS27 (Xiong et al., 2011), RPS27A (Sun et al.,

2011), and RPS27L (Xiong et al., 2011, 2014), have been identified

to regulate the MDM2/MDMX–p53 cascade, consequently sup-

pressing tumor cell proliferation. The first interaction between

RP and MDM2 was revealed in 1994 (Marechal et al., 1994).

However, the physiological relevance of this RP–MDM2 interaction

had remained elusive for almost 10 years until RPL11, RPL5, and

RPL23 were reported to regulate the MDM2–p53 feedback loop

(Lohrum et al., 2003; Zhang et al., 2003; Dai and Lu, 2004; Dai

et al., 2004; Jin et al., 2004). When cells are under RS triggered

by chemical agents or RP depletion, these three RPs were pre-

vented from ribosome assembly or released from pre-ribosome

to the nucleoplasm, where they bind to MDM2 and inhibit

MDM2-mediated p53 ubiquitination and degradation, consequent-

ly leading to cell cycle and proliferation arrest. Although most of the

RPs interact with MDM2 directly, some of them, such as RPS7 (Zhu

et al., 2009), RPS15 (Daftuar et al., 2013), RPS20 (Daftuar et al.,

2013), RPS25 (Zhang et al., 2013b), and RPL37 (Daftuar et al.,

2013), have also been shown to bind to MDMX, the homologue

and partner of MDM2. RPL26 is one of the most enchanting RPs

because it not only interacts with MDM2, but also associates

with p53 mRNA and enhances its translation (Takagi et al., 2005),

and this enhancement can be interfered with by oncogenic signals,

such as MDM2 (Ofir-Rosenfeld et al., 2008) and TGF-b1 (Lopez-Diaz

et al., 2013). RPS3 is another interesting MDM2-interacting RP that

was also shown to induce apoptosis by collaborating with E2F1.

However, Akt-mediated phosphorylation of RPS3 attenuates apop-

tosis by abrogating the RPS3–E2F1 interaction in response to DNA

damage (Lee et al., 2010). These results imply that Akt phosphoryl-

ation of RPS3 may play an oncogenic role. Indeed, Phospho-RPS3

was shown to translocate into the nucleus and upregulate pro-

survival gene expression via association with NF-kB in non-small

cell lung cancer cells (Wan et al., 2007; Yang et al., 2013a). More

studies have underscored the notion that the MDM2- or

MDMX-binding RPs, particularly RPL5 and RPL11, are potentially

key tumor suppressors by modulating p53 activity. It has been

found that RPL5 and RPL11 can associate with each other via 5S

rRNA, and this preribosomal complex is essential for p53 activation

upon impairment of ribosome biogenesis (Horn and Vousden,

2008; Donati et al., 2013). Intriguingly, a recent study has shown

that only RPL5 and RPL11, but not other RPs (e.g. RPS7 and RPL23),

are required for RS-elicited p53 activation (Fumagalli et al., 2012).

The anti-tumor functions of RPL5 and RPL11 could be regulated by

some oncoproteins. On the one hand, RPL11 can be inactivated by

PICT1, which is encoded by a gene that resides on human chromo-

some 19q13.32. Although this is a so-called tumor suppressive

region, as its frequent mutations are highly associated with human

cancers, a later study using Pict12/2 mice showed that PICT1 actually

acts as an oncoprotein (Sasaki et al., 2011). Pict12/2 mice died at

E3.5 largely due to p53-induced apoptosis, whereas overexpression

of PICT1 in cancer cells can sequester RPL11 in the nucleolus and

prevent this RP from association with MDM2, leading to p53 inactiva-

tion (Sasaki et al., 2011). On the other hand, another oncoprotein,

Figure 2 Functions of ribosome-free RPs in response to RS. RS

unleashes many free forms of RPs that are involved in tumorigenesis

or immune response by regulating multiple signaling pathways.

Additionally, impairment of ribosomal biogenesis through mutation

or deregulation of RP-encoding genes leads to ribosomopathies and

developmental defects.
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splicing factor SRSF1, was shown to stabilize p53 as an indispensable

component of the RPL5–MDM2 complex and to trigger oncogene-

induced and p53-dependent senescence (Fregoso et al., 2013). An

elegant mouse genetic study further supports the role of RPs in pre-

venting tumorigenesis (Macias et al., 2010). This study showed that

RS fails to activate p53 in a knock-in mouse line that carries a cancer-

associated Mdm2 C305F mutation, which disrupts the interaction of

MDM2 with RPL5 and RPL11 (Lindstrom et al., 2007). When crossing

this line with a c-Myc-transgenic mouse line, this MDM2 mutant

accelerated Myc-induced lymphomagenesis (Macias et al., 2010), in-

dicating that the RS–RPL11–RPL5–MDM2–p53 pathway plays a

physiological role in protecting mammalian cells from tumorigenesis.

Interestingly, a latest study generating a Rps27l knockout mouse

model hasdemonstratedthatRps27l caneitherpositivelyornegative-

ly regulate p53 signals in different TP53 genetic backgrounds (Xiong

et al., 2014). It was found that depletion of Rps27 l, in the p53
+/+

background, triggers RS and thus promotes MDM2-mediated

MDMX degradation, consequently leading to the impairment of the

E3 activity of MDM2/MDMX complexes toward p53, whereas in the

p53
+/2 background, Rps27 l acts as a tumor suppressor for its deple-

tion induces genomic instability and spontaneous lymphoma (Xiong

et al., 2014). Recently, we also found that TAp73, the p53 homologue,

can be activated by RPL5, RPL11, and RPS14. Although these RPs

have never been shown to bind to p53, they can directly bind to

TAp73 and circumvent MDM2 inhibition of this transcription factor,

leading to TAp73 activation and p73-dependent apoptosis (Zhou

et al., 2014).

In addition to activating tumor suppressors, several RPs can also

inactivate oncoproteins, such as c-Myc. Initially, our group showed

that RPL11 specifically binds to the Myc box II (MB II) domain of

c-Myc oncoprotein and inhibits its transcriptional activity by pre-

venting the recruitment of its coactivator TRRAP on their target

gene promoters (Dai et al., 2007). Later on, RPL11 was shown to

not only suppress c-Myc activity, but also promote miR-24/

miRISC-mediated c-Myc mRNA degradation (Challagundla et al.,

2011). Likewise, RPS14 and RPL5 have also been found to suppress

c-Myc activity by directly binding to this transcription factor and

regulating its mRNA turnover (Liao et al., 2013; Zhou et al.,

2013b). Another RP, RPL41, was shown to be able to facilitate

the shuttling of activating transcription factor 4 (ATF4), a major

regulator of tumor cell survival and a potential therapeutic target

of human cancers, from the nucleus to the cytoplasm for degrad-

ation, consequently sensitizing tumor cells to chemotherapy

(Wang et al., 2011). Recent identification of mutations of some

RP-encoding genes, such as RPL5, RPL10, and RPL22, in cancer

patients by genomic deep sequencing further consolidates the

notion that these RPs can function as tumor suppressors (De

Keersmaecker et al., 2013; Kandoth et al., 2013).

The tumor suppressive function of RPs may also be attributed to

their inhibitory effect on angiogenesis, which is essential for solid

tumor progression, as newly formed blood vessels can efficiently

facilitate supplies of nutrients and oxygen to and disposal of

waste metabolites from constantly growing tumors. Blood

vessels are also the channels for tumor cells to metastasize to

other organs, and metastasis is the ultimate cause of cancer

deaths. Intriguingly, one of the RPs, RPL17, was identified by com-

paring the transcriptomes of two mouse strains, C3H/F (resistant to

intima formation) and SJL (with increased intima formation), to play

a potential role in vascular smooth muscle cells (VSMC) growth, as

RPL17 expression was inversely correlated with VSMC growth, and

RPL17 depletion promotes VSMC proliferation (Smolock et al.,

2012). This study suggests that RPL17 might play a role in suppres-

sing angiogenesis, though the underlying mechanism remains to

be elucidated.

Based on these studies, ribosome-free RPs can act as either

oncoproteins or tumor suppressors (Table 1). However, it

remains to be further investigated how their differential functions

are finely balanced or well-coordinated with ribosome biogenesis

and protein production during normal cell growth and proliferation.

Roles of ribosomal proteins in immune signaling

Beyond their roles in oncogenesis, RPs have also been shown by

several studies to participate in the innate immune response. One

of the prominent examples is RPL13A, which was reported to

engage the interferon-g (IFN-g)-mediated inflammatory response

by selectively modulating gene expression. Inflammation is a self-

protective process, through which the body attempts to remove

pathogens and cell debris. Because this process is detrimental to

both intruding organisms and host tissues, it needs to be restrict-

ively controlled. IFN-g is a type II pro- and anti-inflammatory

cytokine and has been shown to fine tune inflammation process

by coordinating the expression of inflammation-related genes. It

has been shown that IFN-g treatment elevates mRNA levels of a

group of inflammatory genes, including Ceruloplasmin (CP)

(Mazumder et al., 2003), VEGF-A (Ray and Fox, 2007), and those

encoding chemokine ligand and receptors (Vyas et al., 2009), up

to 12 h; however, translation of these mRNAs were suppressed

by the IFN-g-activated inhibitor of translation (GAIT) complex

formed at about 12–16 h of treatment (Mukhopadhyay et al.,

2009). Importantly, RPL13A is a key component of the GAIT

complex and required for selective translational inhibition

(Mazumder et al., 2003). Mechanistically, IFN-g, through the

DAPK1–ZIPK kinase signaling cascade, triggers phosphorylation

and release of RPL13A from the 60S ribosomal subunit

(Mukhopadhyay et al., 2008). RPL13A subsequently associates

with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Jia

et al., 2012), glutamyl-prolyl tRNA synthetase (EPRS), and

NS1-associated protein 1 (NSAP1) (Sampath et al., 2004) to form

the active GAIT complex, which binds to a defined element within

3
′ untranslated region (3′ UTR) of target mRNAs consequently

leading to translational inhibition (Mazumder et al., 2003;

Mukhopadhyay et al., 2009). Interestingly, DAPK1 and ZIPK, the

kinases responsible for RPL13A phosphorylation, are also targets

of the GAIT complex, thus forming feedback regulatory loop

(Mukhopadhyay et al., 2008).

As mentioned above, inflammatory response is a double-edged

sword that kills both pathogens and host cells. Identification of

RPL13A as a negative regulator of inflammatory proteins suggests

that this RP could be a repressor of inflammatory signaling. It is

noteworthy mentioning that ZIPK-mediated phosphorylation and
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release of RPL13A from the 60S ribosomal subunit often occur

between 12 and 16 h after IFN-g treatment (Mukhopadhyay

et al., 2009). This belated formation of the GAIT complex allows

elimination of pathogens and removal of damaged cells upon

IFN-g stimulation at the early stage of inflammation, but prevents

excessive accumulation of inflammatory proteins, as thus contrib-

uting to inflammation resolution, a regenerative process, in which

the inflamed tissues are completely restored back to normal

tissues. Interestingly, the anti-inflammation role of RPL13A is

well in accordance with the aforementioned tumor suppressive

function of RPs, as inflammatory response plays an essential role

at different stages of tumorigenesis, and prolonged expression of

inflammatory genes promotes tumor progression. In this regard,

RPL13A is a bodyguard to not only protect host tissues from inflam-

matory injury, but also prevent cancerous growth of the inflamed

cells.

Another example of RP involvement in immune signaling is RPS3

that selectively modulates NF-kB target gene expression. NF-kB is a

family of transcription factors that were originally identified to

regulate genes crucial for immune response, but later on shown

to also regulate genes implicated in cell survival or proliferation.

The NF-kB family consists of five members, RelA (p65), RelB,

c-Rel, NF-kB1 (p50), and NF-kB2 (p52), forming homo- or heterodi-

mers (Ghosh and Karin, 2002). All family members share a con-

served N-terminal Rel domain, while only RelA, RelB, and c-Rel

possess a transactivation domain in their C-termini (Plaksin

et al., 1993; Guan et al., 2005). Interestingly, RPS3 was identified

as a non-Rel component of the NF-kB complex by directly binding

to the RelA subunit, and required for enhanced DNA binding

ability and selectively regulating the expression of transcriptional

target genes of this family (Wan et al., 2007). Thus far, two major

signals have been found to initiate the RPS3 regulation of expres-

sion of NF-kB target genes. First, TNF-a-stimulated expression of

cystathionine g-lyase (CSE) mediates sulfhydration of RelA, and

this modification facilitates the interaction of Rel-A with RPS3

(Sen et al., 2012). The other pathway is through IkB kinase b

(Ikkb)-dependent phosphorylation of RPS3 at serine-309, resulting

in nuclear translocation of RPS3 (Wan et al., 2011). Given that Ikkb

also activates NF-kB by mediating ubiquitination and proteasome

degradation of the master inhibitors of NF-kB (IkBs), the Ikkb–

RPS3 cascade provides an alternative mechanism that selectively

activates NF-kB in a RPS3-dependent manner (Wan et al., 2011).

Due to the essential role of RPS3 in eliciting immune signaling,

this RP becomes a target of bacterial virulence protein. It has

been found that the virulence protein NleH1 of the foodborne

pathogen Escherichia coli strain O157:H7 specifically binds to

and suppresses RPS3-mediated NF-kB activation by inhibiting

phosphorylation and nuclear accumulation of RPS3, as thus impair-

ing host innate immune responses (Gao et al., 2009; Wan et al.,

2011). Given the fact that RPS3 also activates the p53 tumor sup-

pressive pathway as mentioned above, this RP is regarded as one

of the most fascinating RPs with pivotal multifunctions (Gao and

Hardwidge, 2011).

RPs are not always the gatekeeper of our immune system, but

also act as Trojan Horses in the body, because some RPs, such as

RPS6 (Huang et al., 2012), RPS19 (Haque and Mir, 2010; Cheng

et al., 2011), RPS25 (Landry et al., 2009), and RPL22 (Wood

et al., 2001), have been found to facilitate translation initiation of

viral transcripts. Interestingly, depletion of each of these RPs se-

lectively represses viral transcript translation, but not general

translation, indicating that a preferential engagement of these

RPs in bolstering viral translation.

Together, these lines of evidence indicate that some RPs play

diverse roles in host immune response by either boosting

immune signaling or facilitating pathogen production under differ-

ent circumstances (Table 1).

Tissue-specific roles of ribosomal proteins in development

and diseases

In additional to implementing a number of extraribosomal func-

tions aforementioned, RPs are also implicated in the development

of multiple human diseases, named ribosomopathies (Narla and

Ebert, 2010; Ellis, 2014; Wang et al., 2015). Although the ribosome

machinery is ubiquitously produced in all cells and tissues, its im-

pairment caused by RS and the detrimental consequence due to

this impairment may not happen equally to all cells, tissues, or

organs. Indeed, a number of studies have shown that RS triggered

by different RP mutations is actually involved in developmental

defects of specific tissues or organs. The first example is the

RPS19 mutation, which causes RPS19 haploinsufficiency. In

1999, mutation of RPS19 was found to impair ribosome biogenesis

and to be highly associated with a congenital bone marrow failure

syndrome, Diamond–Blackfan anemia (DBA), and a selective de-

crease or absence of erythroid precursors (Draptchinskaia et al.,

1999). Later on, more mutations in other RP-encoding genes, in-

cluding RPS7 (Gazda et al., 2008), RPS10 (Doherty et al., 2010),

RPS15 (Gazda et al., 2008), RPS17 (Cmejla et al., 2007), RPS24

(Gazda et al., 2006; Campagnoli et al., 2008), RPS26 (Doherty

et al., 2010), RPS27A (Gazda et al., 2008), RPS28 (Gripp et al.,

2014), RPS29 (Mirabello et al., 2014), RPL5 (Gazda et al., 2008;

Cmejla et al., 2009), RPL11 (Gazda et al., 2008; Cmejla et al.,

2009), RPL15 (Landowski et al., 2013), RPL35A (Farrar et al.,

2008), and RPL36 (Gazda et al., 2008), were identified in DBA

patients. Moreover, one allele deletion of RPS14 was found to be

pathogenic to an acquired DBA-like disease, called 5q-syndrome

(Ebert et al., 2008). Mutation/deregulation of these RP genes

has been shown to selectively activate p53 through RS in hemato-

poietic progenitor cells, leading to p53-dependent cell cycle arrest

of these cells (Dutt et al., 2011). When TP53, the p53-encoding

gene, was further deleted in the DBA or 5q syndrome animal

models, the impaired erythroid linage was remarkably restored

(Barlow et al., 2010; Jaako et al., 2011). Although it was clear

that abnormal activation of p53 is causative to the manifestations

of these two types of ribosomopathies (Narla and Ebert, 2010), the

mechanism underlying the specific p53 activation in the hemato-

poietic stem cells still remains elusive.

In addition to the function of those RPs in the hematopoietic

progenitor cell development, many RPs have also been found to

be required for the formation of other tissues or organs. For

example, among the DBA patients, only those with mutated RPL5
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exhibit cleft lip and/or palate, which indicates that RPL5, but not

other DBA-related RP genes, is engaged in this regional craniofacial

development (Gazda et al., 2008). The most recently discovered

ribosomopathy, isolated congenital asplenia (ICA), with the

absence of a spleen at birth has been found to be associated

with haploinsufficiency of RPSA (Bolze et al., 2013). Because

lacking a spleen, ICA patients are prone to suffering from life-

threatening bacterial infections, but they have no other observable

developmental defects. RPL10 mutation is associated with the

pathogenesis of autism probably by affecting brain development

(Klauck et al., 2006). Moreover, mutation in RPL21 could be patho-

genic to hereditary hypotrichosis simplex (Zhou et al., 2011). All

these findings suggest that some RPs are selectively required for

the development of specific tissues or organs.

Indeed, animal studies further confirm this notion in laboratories.

Aside from the animal models with phenotypes of the aforemen-

tioned ribosomopathies, increasing evidence has shown that more

RP genes are important for controlling specific developmental

processes. Three development-defective mouse mutants, Tail

short (Ts), Tail-short Shionogi (Tss), and Rabo torcido (Rbt),

display similar severe developmental defects, including an abnor-

mally short and kinky tail, a midline facial cleft and/or cleft palate,

exencephaly, various eye abnormalities, and pronounced axial skel-

etal patterning defects. All the three mutants were mapped to the

chromosome 11, where Rpl38 was identified responsible for

the development-defective phenotypes in the three mouse lines

(Kondrashov et al., 2011). Remarkably, re-expression of functional

Rpl38 in Rpl38-deficient mice restored most abnormal phenotypes.

Mechanistically, Rpl38 regulates a subset of homeobox (Hox) mRNA

expression by mediating the formation of 80S–Hox mRNA complex.

The Hox gene family is a group of evolutionally conserved genes con-

trolling the anterior–posterior patterning during embryogenesis.

Interestingly, this specialized translational control of Hox genes is

not observed in other RP gene-haploinsufficient mouse models,

whereas Rpl38-mutated mice do not display any defective hemato-

poietic progenitor cells typically shown in DBA or 5q-mouse

models (Barlow et al., 2010; Jaako et al., 2011). However, some man-

ifestations, such as the facial defects, do exhibit in both Rpl38-

haploinsufficient and DBA models/patients, implying that some

RPs might also play overlapping roles during development.

Another interesting example is Rpl22 deletion. This deletion se-

lectively impairs ab-lineage T cell development (Anderson et al.,

2007), though Rpl22 is not essential for translation or cell survival,

because unlike other reported RP genes (Matsson et al., 2004),

deletion of Rpl22 in mice does not cause a lethal phenotype

(Anderson et al., 2007). Homozygous deletion of Rpl22 triggered

restricted p53 activation in the ab-lineage progenitor cells, retard-

ing T cell development, but further depleting p53 completely

rescued this specific defect (Anderson et al., 2007). This cell

lineage-specific phenotype is strikingly similar to the defect of

erythroid development in DBA patients, as both of the defects,

though of different cells, could be completely rescued by deleting

TP53 (Narla and Ebert, 2010). It is highly possible that the progeni-

tor cells need a large number of ribosomes for their rapid prolifer-

ation, and are thereby much more sensitive to RS-induced p53

activation, which is also consistent with an intriguing study

showing that mouse embryonic stem cells (ESCs) and induced

pluripotent stem cells (iPSCs) undergo p53-dependent apoptosis

in response to RS (Morgado-Palacin et al., 2012). However, this

mechanism is not universally true for other RP deficiencies, as

downregulation of several other RP genes, such as rpl3, rpl6, and

rpl23a, in zebrafish impairs the expansion of pancreatic progenitor

cells by a p53-independent mechanism (Provost et al., 2012, 2013),

which might be a species-specific phenotype.

Then, it remains puzzling how deficiencies of different RPs cause

specific phenotypes in different cell types and tissues? Several

mechanisms have been proposed to expound this tissue-specific

phenomenon. The simplest and most direct explanation could be

the dosage requirement of each RP for maintenance of normal

physiological events, such as ribosome biogenesis, p53 modula-

tion, and other cellular processes, in different cell types. Another

possible mechanism is that ribosomal components of the ribosome

may vary in different cell types. It was speculated that the ribosome

is a monolithic machine that requires all the RPs and rRNAs for ribo-

some assembly. Yet, recent studies, creating viable Rpl22
2/2 or

Rpl29
2/2 homozygous mouse lines, challenged the classical

notion (Anderson et al., 2007; Kirn-Safran et al., 2007). It is possible

that these two RPs are only needed for specific cell types and may

not be present in other cell types. Alternatively, though constitu-

tion of the ribosome is universal to all cells, the ribosome-

associated RPs may confer specific affinity for mRNA translation.

For example, RPL38 controls a subset of Hox mRNA expression by

mediating formation of the ribosome–Hox mRNA complex, and

as such, plays a role in the anterior–posterior patterning during

embryogenesis. An additional example is provided by the finding

that haploinsufficiency of DBA-associated RP genes selectively

attenuates the internal ribosome entry site (IRES)-mediated trans-

lation of Bag1 and Csde1, both of which are required for erythroid

differentiation, consequently leading to impaired hematopoiesis

(Horos et al., 2012; Garcon et al., 2013). In this scenario, the differ-

entiation status or potential of cells may also account for the tissue-

specified functions of RPs. Lastly, the cell-specific functions of

RPs might be due to their interplays with some cell type-specific

proteins. This idea has been proved, at least in the case of

RPS15, in neurodegenerative Parkinson’s disease (PD). The patho-

genic leucine-rich repeat kinase 2 (LRRK2) mutations are the most

common genetic etiology of PD. The G2019S mutation in LRRK2

increases the kinase activity, but the phosphosubstrate that links

LRRK2 kinase activity to neurodegeneration had been elusive

until RPS15 was identified as a bona fide substrate of LRRK2

(Martin et al., 2014). Phospho-deficiency or partial knockdown of

RPS15 prevented pathogenic and LRRK2-stimulated elevation of

global protein synthesis and dopamine neuron degeneration in

Drosophila and human cells.

Hence, in addition to their essential roles in ribosome biogenesis

and protein translation, a large number of RPs can act as individual

regulatory proteins to execute numerous extraribosomal functions

during the development of specific tissues (Table 1). However, the

enigma is why cells need so many house-keeping RPs to perform

diverse functions.
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Prospects: from basic to clinic

Although perturbation of ribosome biogenesis during embryo-

genesis causes severe developmental defects, resulting in

various human genetic diseases, restricted RS in cancerous cells

has profound clinical applications. First, a number of ribosome-free

RPs induced by RS can enhance the activities of tumor suppressors.

For example, p53 activity is highly boosted by ribosome-free RPs

upon RS, as reduction of RPs, such as RPL5, RPL11, and others, dra-

matically impairs RS-induced p53-dependent cell cycle arrest and

apoptosis in multiple tumor cells (Zhang and Lu, 2009; Zhou

et al., 2012). Second, the ribosome-free RPs also inactivate onco-

genic proteins, such as c-Myc (Dai et al., 2007; Challagundla

et al., 2011; Liao et al., 2013; Zhou et al., 2013b). Additionally,

rapidly and actively growing and proliferating tumor cells need

more ribosome machineries compared with normal somatic cells,

as evidenced by the fact that c-Myc-promoted tumor growth is dra-

matically abolished when the enhanced ribosome biogenesis in

tumor is reduced to normal (Barna et al., 2008). This suggests that

tumor cells are more sensitive to RS than normal somatic cells,

and hence, targeting ribosome biogenesis of the tumor cells could

be a reasonable strategy for the development of anti-cancer

therapy. Anti-ribosome biogenesis drugs might be less toxic to

normal and differentiated cells, as usually they would not cause

DNA damage and thus are little genotoxic to normal cells, unlike

traditional chemotherapeutic anti-cancer drugs, such as cisplatin

and doxorubicin that are genotoxic, though they could induce RS

as well. Apparently, selectively targeting ribosome biogenesis may

be a more efficient and non-genotoxic strategy for developing new

cancer therapeutics. Indeed, several anti-cancer chemotherapeutic

agents that selectively target RNA Pol I and thereby induce RS

have been identified. Transcription of human GC-rich rDNA is accom-

panied by the formation of a G-quadruplex DNA/nucleolin complex

in non-template strands, which prevents renaturation of template

DNA, facilitating RNA Pol I-mediated rDNA transcription. A small

molecule CX-3543 has been identified as the first G-quadruplex-

interacting agent that competes with nucleolin for binding to the

G-quadruplex structures, consequently leading to specific inhibition

of RNA Pol I-dependent transcription (Drygin et al., 2009). CX-5461,

another specific RNA Pol I inhibitor identified by the same group, pre-

vents the recruitment of SL1 to the RNA Pol I-responsive promoter

and represses rDNA transcription initiation (Drygin et al., 2011).

Interestingly, this inhibitor displays a remarkable anti-cancer effect

as tested in an animal tumor model system by specifically targeting

RNA Pol I-specific transcription (Bywater et al., 2012). It can elicit

apoptosis in Em-Myc lymphoma cells by reducing RNA Pol I-driven

transcription rate. More remarkably, CX-5461 administration select-

ively kills Em-Myc lymphoma cells, but not normal B cells, in vivo in a

p53-dependent manner. This study again demonstrates that tumor

cells are highly responsive to RS, and presents a great example of

targeting ribosome biogenesis as a potential anti-cancer therapy.

Besides RNA Pol I, ribosome biogenesis also needs hundreds

of other proteins, including RPs, RNA Pol III, and other non-

ribosomal nucleolar factors. Theoretically, any of the nucleolar pro-

teins could be a potential target for the development of anti-cancer

treatment, as targeting each of them might cause RS. Systematical

characterization of the functions of these proteins important

for ribosome biogenesis in the nucleoli of cancer cells would effect-

ively facilitate this development in the near future. Therefore,

we anticipate that more anti-cancer drugs, and even more anti-

immune drugs or gene therapy for genetic diseases, will be

developed against ribosomal biogenesis in the coming years or

decades.
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