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The complex aspects linking the nucleolus and ribo-

some biogenesis to cancer are reviewed here. The avail-

able evidence indicates that the morphological and

functional changes in the nucleolus, widely observed in

cancer tissues, are a consequence of both the increased

demand for ribosome biogenesis, which characterizes

proliferating cells, and the changes in the mechanisms

controlling cell proliferation. In fact, the loss or func-

tional changes in the two major tumor suppressor pro-

teins pRB and p53 cause an up-regulation of ribosome

biogenesis in cancer tissues. In this context, the associ-

ation in human carcinomas of nucleolar hypertrophy

with bad prognoses is worthy of note. Further, an in-

creasing amount of data coming from studies on both

hepatitis virus-induced chronic liver diseases and a sub-

set of rare inherited disorders, including X-linked dys-

keratosis congenita, suggests an active role of the nu-

cleolus in tumorigenesis. Both an up-regulation of

ribosome production and changes in the ribosome

structure might causally contribute to neoplastic trans-

formation, by affecting the balance of protein transla-

tion, thus altering the synthesis of proteins that play an

important role in the genesis of cancer. (Am J Pathol

2008, 173:301–310; DOI: 10.2353/ajpath.2008.070752)

The relationship between the nucleolus and cancer has

been the subject of study for many years. Abnormali-

ties in the nucleolar morphology of cancer cells at-

tracted the attention of tumor pathologists as early as

the late 19th century, when Pianese1 reported that

hypertrophic and irregularly shaped nucleoli were

characteristic of malignant cells. From that moment on,

a series of studies have been performed to clarify

whether these nucleolar changes were a consequence

of the cancerous state or if, instead, they might repre-

sent a cause of neoplastic transformation.

The nucleolus is the organelle of the interphase cell

nucleus where the biogenesis of ribosomes takes

place.2,3 Nucleolar hypertrophy and increased ribosome

biogenesis have been observed in all normal mammalian

cells stimulated to proliferate as a result of the higher

biosynthetic demand characterizing the cycling cells.4

Indeed, in proliferating cells the amount of cell constitu-

ents must be increased to ensure that daughter cells

have the necessary complement for survival and normal

functioning.5–7 This result is accomplished by increased

synthesis of proteins that, in turn, is induced by an up-

regulation of the rate of ribosome production. Cell prolif-

eration appears to be closely coordinated with nucleolar

function. In fact, there is evidence that the mechanisms

controlling cell proliferation also regulate the rate of ribo-

some biogenesis. This relationship exists in cancer cells

in which changes in either tumor suppressors or proto-

oncogenes, which are responsible for uncontrolled cell

proliferation, also up-regulate ribosome biogenesis, thus

increasing the cell growth rate according to the modified

cell cycle progression rate.8,9 Therefore, in this context, it

is reasonable to consider nucleolar structural-functional

changes in tumors as a mere consequence of both the

proliferative activity of cancer cells and alterations of the

mechanisms controlling cancer cell proliferation.

In recent years some data have been produced that

also suggest an active role of ribosome biogenesis in

tumorigenesis. Human nontumor lesions characterized

by an up-regulation of nucleolar function were found to

be associated with an increased risk of neoplastic trans-

formation, and evidence shows that people with inherited

diseases characterized by the production of abnormal

ribosomes have a very high incidence of cancer. A mech-

anism of neoplastic transformation, supported by quan-

titative and qualitative defects in ribosome biogenesis,

has been proposed. These defects might be responsible

for alterations in the translation of specific mRNAs that

induce altered expression of proteins involved in neo-

plastic transformation.10 Therefore, although on the one

hand the nucleolar changes in cancer cells can be con-
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sidered to be the consequence of neoplastic transforma-

tion, on the other hand, increasing evidence suggests

that quantitative and qualitative changes in ribosomes

may be involved in tumorigenesis.

The aim of the present work was to review these two

different and complex aspects linking the nucleolus to

cancer. For the functional aspects of the nucleolus that

are only indirectly connected with its major function in

ribosome biogenesis (such as viral replication, control of

aging, cell cycle regulation, modifications of small nu-

clear ribonucleoproteins, sensing of cellular stress and

telomerase maturation), but that may be of some interest

for broadening the knowledge on the relationship be-

tween the nucleolus and cancer, we refer the reader to

specific reviews.11–15

Nucleolar Changes as a Consequence of

Neoplastic Transformation

Before discussing the relationship between neoplastic

transformation and nucleolar changes, we will briefly de-

scribe the normal structural-functional organization of the

nucleolus and how, in recent years, it has been possible to

evaluate precisely the nucleolar changes in human tumors.

The nucleolus can be easily detected by contrast-phase

light microscopy in living cells, as well as by the higher

concentration of RNA and proteins in the nucleolus than in

the nucleoplasm (Figure 1a). In hematoxylin and eosin

(H&E)-stained histological sections from routinely pro-

cessed tissue samples, the nucleoli are intensely stained by

eosin owing to their very high protein content (Figure 1b).

At the electron microscope level, mammalian cell nu-

cleoli constantly exhibit three major components: fibrillar

centers, which appear as roundish structures of varying

size, with a very low electron opacity; the dense fibrillar

component, which frequently constitutes a rim intimately

associated with the fibrillar centers, composed of densely

packed fibrils; and the granular component, composed

of granules that surround the fibrillar components (Figure

1c).2,3 Transcriptionally active ribosomal genes are lo-

cated in the fibrillar centers and the intimately associated

dense fibrillar component. Therefore, the fibrillar centers

plus the associated dense fibrillar component can be

considered to represent the structural-functional units of

the nucleolus producing rRNA molecules that migrate to

the granular component where they undergo maturation

for ribosome subunit constitution.16,17 Some of the pro-

teins located in the fibrillar components, and necessary

for rRNA transcription and processing [nucleolin, nucleo-

phosmin, the upstream binding factor (UBF), the largest

RNA polymerase I (RPI) subunit], are selectively stained

by the same silver-staining method used to visualize the

nucleolar organizer regions (NORs) on metaphase chro-

mosomes (Figure 1d); therefore, these proteins are called

AgNOR proteins, and the silver-stained fibrillar compo-

nents are called interphase AgNORs.18,19 The silver

staining procedure for the AgNOR proteins makes it pos-

sible to visualize—even at the light microscope level—

the interphase NORs, the structural-functional units of the

nucleolus, as well-defined black dots within the nucleolar

body (Figure 1e); these can therefore be quantified very

precisely by morphometric analysis.20 Because the num-

ber and the area occupied by interphase AgNORs within

the nucleolus are directly related to both the whole nu-

cleolar size21 and its transcriptional activity,22,23 the eval-

uation of the distribution of the interphase AgNORs ap-

pears to be a very simple method for quantifying nucleolar

changes and also for obtaining precise information on the

ribosome biogenesis activity of the cell at the light micro-

scope level. This staining procedure has been applied to

routinely processed histological tumor samples24 and is

a very useful tool for studying the nucleolar changes in

tumor pathology.25,26

The nucleolar changes of practically all human can-

cers have been evaluated and shown to be highly vari-

able and independent of the histogenesis of the tumors

as well as within the same tumor sample.26 Interestingly,

even though nucleolar hypertrophy and functional up-

regulation of the nucleolus are generally considered to be

a characteristic of cancer cells, these studies demon-

strate that this was not always true: the nucleolar size and

functional activity is sometimes lower than those of the

corresponding normal cells. In fact, the nucleolar changes

in tumors are closely related to the number of proliferating

cells within the cancer tissue and the rapidity of prolifer-

ation of the cycling cells, kinetics parameters that are

highly variable in human tumors and sometimes of

lower value than in the corresponding proliferating nor-

mal tissues.25,26 There is now evidence that the up-

regulation of the nucleolar function occurring in prolif-

erating cells is attributable to the products of the same

proto-oncogene and tumor suppressor genes that con-

trol cell proliferation.

Changes of proto-oncogenes and tumor suppressor

genes occur very frequently in a variety of human can-

cers that are responsible not only for the loss of the

normal control mechanisms of cell proliferation and cell

cycle progression,27 but also for an enhanced ribosome

biogenesis.8,9 c-Myc, which is necessary and sufficient

for cell-cycle entry,28 may be overexpressed in a variety

of human hematological malignancies and solid tumors29

and directly enhances RNA polymerase I transcription

activity by binding to specific consensus elements of

rDNA and recruiting the selectivity factor 1 (SL1) to the

rDNA promoter.30,31 In fact, SL1 is necessary for rDNA

transcription by recruiting RNA polymerase I, in a com-

plex together with the UBF, to the rRNA gene promoter.32

Furthermore, the Myc oncoprotein directly controls the

transcription of several nucleolar proteins necessary for

ribosome biogenesis.33 Cyclin D and E, which control the

normal cell cycle progression and which may be overex-

pressed or altered in a number of human tumors,34 also

induce the phosphorylation of UBF by cyclin-dependent

kinase 4 (Cdk4)-cyclin D1- and Cdk2-cyclin E mecha-

nism, thus enhancing the transcription of ribosome

genes.35 However, among the genetic changes leading

to neoplastic transformation that are of special impor-

tance for both their highly frequent occurrence and their

effects on ribosome biogenesis, those involving the reti-

noblastoma tumor suppressor protein (pRB) and p53

pathways are undoubtedly the most relevant.
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Figure 1. a: Human breast cancer cells cultured in vitro visualized using the contrast phase microscope. The nucleoli appear as highly refractive bodies. b:
Histological section of human colon carcinoma stained with H&E. The nucleoli are intensely stained by eosin. c: Electron microscope visualization of the nucleolus
of a TG cell (established cell line from a human fallopian tube cancer) after uranium and lead staining. Three fibrillar centers are present (asterisks), with the
closely associated dense fibrillar component (f). The granular component (g) is organized in cord-like structures. d: TG cell, after specific AgNOR protein staining,
at the electron microscopy level. Only the fibrillar centers and the associated dense fibrillar component are stained. e: Same preparation as in d, but visualized
with light microscopy. The silver-stained structures appeared as well-defined, darkly stained dots clustered in the nucleolus. f and g: Histological sections of two
human breast carcinomas, stained for the AgNOR proteins. The nucleoli are specifically stained. Note the small size on the nucleoli in the case reported in f, which
was characterized by a good prognosis, and the larger size of nucleoli in the case reported in g, characterized by a fatal outcome. Scale bars: 12 �m (a); 18 �m
(b); 0.3 �m (c); 1.25 �m (d); 3.25 �m (e); 20 �m (f, g).
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During the cell cycle pRB controls passage through

the G1/S phase restriction point by interacting with the

family of transcription regulators called E2Fs,36 which

regulate the expression of those genes whose products

are necessary for S phase progression.37 In its active

hypophosphorylated form, pRB is bound to E2Fs and

prevents them from activating E2F target genes whereas

in the hyperphosphorylated form, pRB no longer binds to

E2Fs, which are let free to activate the target genes. pRB

undergoes a progressive phosphorylation through the

cell cycle phases. Phosphorylation of pRB is triggered in

the early G1 phase by cyclin D-cyclin-Cdk-4 and -6 com-

plexes and is completed, at the end of the G1 phase, by

cyclin E-Cdk-2 complexes. The activities of the Cdks are

in turn constrained by the Cdk inhibitors: Cdk-4 and

Cdk-6 are inhibited mainly by p16Ink4a whereas the

Cdk-2 is negatively regulated by p21Cip1 and p27.38

There is evidence that pRB, in addition to controlling the

transition from G1 to S phase, also modulates ribosome

biogenesis, thus directly linking cell growth to cell prolif-

eration. Active, nonphosphorylated pRB inhibits rRNA

synthesis by binding to UBF.39–43 Therefore, in cycling

cells the progressive phosphorylation of pRB from early

G1 phase to G2 phase44 induces a progressive increase

of the rRNA transcription rate, along with a progressive

enlargement of the nucleolar size, from the G1 to the G2

phase. In human cancers, genetic changes involving

the pathway leading to pRB inactivation, such as RB1

mutation or deletion, INK4a mutation, deletion or gene

silencing and cyclin D1 or Cdk4 overexpression, are

observed rather frequently.36 These changes, causing

either pRB loss or more frequently pRB hyperphospho-

rylation, cancel or strongly reduce the negative control

over rRNA transcription according the mechanisms de-

scribed above.

TP53 mutations, resulting in p53 inactivation and nu-

clear accumulation, are also very frequently found in

human tumors.45,46 p53, in addition to its role in response

to a variety of cellular stresses leading to either apoptosis

or induction of the Cdk2 inhibitor p21Cip1, inhibition of

cyclin E/Cdk2, and pRB-dependent cell cycle arrest,47

directly influences ribosome biogenesis. Accumulation of

the wild-type p53 inhibits RNA Pol I transcription by bind-

ing to the selectivity factor SL1, thus hindering the forma-

tion of the UBF-SL1 complex necessary for RNA polymer-

ase I recruitment to the rRNA gene promoter.48 Mutated,

inactive p53 can no longer exert its negative control over

both cell proliferation and rRNA transcription. The activity

of p53 may also be influenced by changes in the expres-

sion of p14Arf, the tumor suppressor protein encoded by

the Arf gene located in the Ink4a-Arf locus.49 The Arf gene

is induced by a series of stress signals such as hyper-

proliferative signals emanating from oncogenic Ras and

overexpressed Myc and may be mutated or silenced in

tumor cells.50,51 p14Arf helps the stabilization of p53 by

binding to Hdm2, the factor responsible for p53 degra-

dation.52 p14Arf, in addition to the activation of the p53

pathway, hinders the ribosome biogenesis by inhibiting

UBF recruitment on the transcription complex53 and by

lengthening rRNA processing.54 Therefore the loss of

p14Arf expression may be responsible for the enhance-

ment of ribosome biogenesis both directly and through

the action on p53 stabilization.

These data, taken together, demonstrate that the up-

regulation of ribosome biogenesis and the consequent

nucleolar changes in cancer cells are the consequence

of the functional changes of those oncogene and tumor

suppressor proteins that control cell proliferation, with the

high variability of the severity of these changes explain-

ing the high variability of the nucleolar changes in cancer.

Figure 2 shows a simplified diagram of the complex

relationship between the mechanisms controlling cell

proliferation and ribosome biogenesis, in which the im-

portance of pRB and p53 is stressed.

This representation of the relationship between factors

regulating cell proliferation and ribosome biogenesis in

cancer cells has also been validated by the observation

that in human tumors the degree of nucleolar hypertrophy

is directly related to the severity of the pRB and p53

pathway alterations.55 It is worth recalling that these find-

ings have practical relevance in tumor pathology consti-

tuting the rational basis for the use of the nucleolus pa-

rameter as an indicator of the clinical outcome of cancer

disease. Disruption of the pRB and p53 pathway induces

genetic instability in cancer cells that affects a series of

processes leading to an increased biological aggressive-

ness of cancer and, from the clinical point of view, to a

bad prognosis of the cancer disease.56 Because pRB

and p53 inactivation are also responsible for the up-

regulation of ribosome biogenesis, the presence of very

Figure 2. Simplified diagram of the control
mechanisms of cell proliferation and ribosome
biogenesis by pRB and p53. Inactive pRB is
linked to UBF and E2Fs. When the cell enters
the cell cycle, phosphorylation of pRB by cyclin-
dependent kinases 4 and 2 occurs, freeing UBF
and the E2Fs. UBF, together with SL1, binds to
the rDNA promoter, thus allowing rDNA tran-
scription by RNA polymerase I (Pol I). The E2Fs
bind to their target genes, thus allowing DNA
duplication and cell cycle progression. DNA
damage stabilizes p53, which blocks ribosome
biogenesis both by directly binding to SL1 and
by hindering pRB phosphorylation through the
inhibitory action of p21 on Cdk4 and 2. Cdk4
may be also constrained by p16Ink4a. Ribosome
biogenesis may also be inhibited by Arf, which
binds to SL1 and stabilizes p53.
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enlarged nucleoli in cancer tissues is frequently associ-

ated with a poor clinical outcome,57 being that nucleolar

hypertrophy is a valuable prognostic parameter in tumor

pathology.7,20,27 Breast histological samples from a can-

cer without changes of pRB and p53 and with small

nucleoli (Figure 1f) and from a cancer with RB1 loss and

mutated p53 and with hypertrophic nucleoli (Figure 1g)

are shown, characterizing good and poor prognosis,

respectively.

Nucleolar Functional Up-Regulation as a Risk

Factor in Developing Cancer

With regard to the relationship between the nucleolus and

cancer, the results reported in the previous section indi-

cate that the nucleolar changes in cancer cells can be

considered to simply represent an adaptation of the nu-

cleolus to the acquired new functional characteristics of

the transformed cells. However, there is also evidence of

an active role of the nucleolus in cancer. Several human

nontumor tissue lesions are characterized by an in-

creased risk of neoplastic transformation. Among these,

chronic liver disease, caused by viral hepatitis, alcohol

abuse, and inborn metabolic errors, is one of the most

important and widespread conditions associated with

cancer development. Eighty percent of all hepatocellular

carcinomas (HCCs) worldwide occur when chronic liver

disease has reached the cirrhotic stage.58 The mecha-

nisms underlying the development of HCC in a chroni-

cally diseased liver are currently being investigated, with

special emphasis on the role of the genetic alterations

occurring during the hepatocarcinogenesis process.

These studies have not identified a common profile of

genetic changes leading to a common pathway of neo-

plastic transformation. In fact, gene expression analysis

shows that each HCC is characterized by its own unique

profile of genetic changes.59

Interestingly, there is evidence that, as far as chronic

liver diseases from viral infections are concerned, an

up-regulation of hepatocyte ribosome biogenesis is con-

stantly associated with later onset of HCC.60,61 Both hep-

atitis B (HBV) and hepatitis C (HCV) viruses, which are

responsible for the development of chronic liver disease,

have been shown to up-regulate the activity of the RNA

polymerase I and III.62,63 The HBV X protein, required for

viral replication and correlated with the hepatocarcino-

genesis of individuals chronically infected with HBV,

modulates RNA polymerase I-dependent rRNA transcrip-

tion by enhancing the rRNA promoter activity,62 and ac-

tivates specific RNA polymerase III-dependent promot-

ers.63 The HCV core protein, implicated in the control of

cell growth and proliferation,64,65 enhances the recruit-

ment of UBF and RNA polymerase I to the rRNA promoter

and cooperates in the activation of RNA polymerase III-

dependent transcription.66 According to these findings, it

has been suggested that the increased ribosome pro-

duction induced by these viral proteins may play an

important role during tumorigenesis by sustaining an en-

hanced rate of cell proliferation. A series of studies per-

formed to define whether nucleolar changes might be

related to neoplastic transformation in chronic liver dis-

ease from viral infection demonstrated that the presence

of abnormally enlarged hepatocyte nucleoli represent a

very strong risk factor for developing HCC, mainly in the

HBV-related cirrhotic livers.61 In other words, only those

chronic liver lesions in which the viral infection induced

hypertrophy, and consequently a functional up-regulation

of nucleoli, would be susceptible to cancer development.

The observation that the up-regulation of ribosome

biogenesis represents a risk factor for developing HCC

does not permit the deduction of any cause-effect rela-

tionship. The HBV and HCV proteins that stimulate the

RNA polymerase I and III activity are transcriptional ac-

tivators that also modulate the expression of genes in-

volved in the control of the cell cycle machinery.67,68

Therefore, nucleolar changes may only be the conse-

quence of the activation of the cell cycle-related genes.

However, it is worth noting that the nucleolar hypertrophy,

which precedes the onset of cancer, appears to be in-

dependent of cell proliferation: in fact, most hepatocytes

characterized by the presence of enlarged nucleoli con-

stitute dysplastic foci in which no proliferative activity was

found.69 Thus, it is likely that functional up-regulation of

the nucleolus may either be necessary for, or at least

facilitate, progression toward neoplastic transformation of

chronically diseased liver cells. Additionally, as will be

discussed in the next section, an increased production of

ribosomes, not coordinated with cell division, may also

alter the translational mechanisms, causing quantitative

variations of the synthesis of specific proteins that control

cell cycle progression, thus favoring cell proliferation.

Alterations of Ribosome Biogenesis as a

Cause of Neoplastic Transformation

At the present time, one major question is indeed whether

a perturbation in the normal process of ribosome produc-

tion can induce, or contribute to inducing, neoplastic

transformation by itself. The ultimate products of ribo-

some biogenesis, the ribosomes, act as the central play-

ers of the translation of mRNAs into proteins. Deregula-

tion of mRNA translation has already been demonstrated

to trigger neoplastic transformation. This is observed, for

instance, when the process of translation initiation is

modified by the overexpression of the eukaryotic initiation

factor 4E (eIF4E), a rate-limiting protein in the initiation

process.70 An increased initiation process rate leads to

selective changes in mRNA translation resulting in in-

creased levels of a panel of proteins (such as proto-

oncogenes, anti-apoptotic factors, growth factors, and

matrix remodeling proteins), whose functions support

neoplastic transformation.71
In vitro overexpression of

eIF4E, in cooperation with other pro-oncogenic proteins

such as v-myc and E1A, is able to induce in primary cells

the morphological changes and the capacity to grow in

soft agar that are characteristic of neoplastic transforma-

tion.70
In vivo, transgenic mice expressing higher levels of

eIF4E display a marked increase in tumorigenesis.72 On

the other hand, a similar mechanism can also be hypoth-

esized in the case in which a defect in ribosome biogen-
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esis may generate ribosomes with an intrinsically altered

translation capability, thus affecting levels of the proteins

playing an important role in neoplastic transformation and

progression. The whole ribosome is constituted by almost

7000 RNA nucleotides in length (�200 of which are mod-

ified), assembled with at least 82 different proteins.

Therefore, a variety of different possible modifications

can alter such a complex structure at different levels.

Such an intriguing hypothesis can be used to explain

what occurs in a rare inherited syndrome called X-linked

dyskeratosis congenita (DC), attributable to a mutation in

the DKC1 gene. DC is characterized by skin, mucosal,

and bone marrow failure associated with an increased

risk of developing tumors.73 The DKC1 product, dyskerin,

is a nucleolar protein that has at least two different major

functions. First, dyskerin is a component of small nucle-

olar ribonucleoproteic particles (snoRNPs) involved in

rRNA processing. In particular, dyskerin is necessary for

the site-specific conversion of uridine residues in rRNA to

pseudouridine.74 Secondly, dyskerin binds to the telom-

erase RNA component stabilizing the telomerase enzy-

matic complex.75 Therefore, the alterations of dyskerin

result in defects of ribosome biogenesis, such as the

reduction of rRNA pseudouridylation and the slowing

down of ribosome rRNA processing rate76 as well as in

defective telomerase function attributable to the degra-

dation of the telomerase RNA component, causing the

impairment of the enzymatic activity of the telomerase

complex and the progressive telomere shortening of pro-

liferating cells.75–78

Recent reports have sought to address the specific

function of dyskerin that, when lost, contributes to tumor-

igenesis. Loss of the telomerase function may lead to an

increased susceptibility to cancer, as observed in mice

lacking telomerase activity because of the deletion of the

telomerase RNA component. In this case, telomere attri-

tion—which in mice generates functional consequences

only after being present in the hTR knockout mice for five

to six generations—leads to a limited increase in the

incidence of tumors in late-generation mice, probably

because of chromosomal instability.79 On the other hand,

an increased incidence of tumors has been observed in

a hypomorphic mouse in which the DKC1 gene is tar-

geted, and dyskerin expression is reduced to 30% as

compared to control littermates.76 In this mouse model

that, because the DKC1 knockout is embryonic lethal,80 is

the only one available so far for in vivo studies, the re-

duced expression of dyskerin results in a reduction of

both telomerase activity and rRNA pseudouridylation. In-

terestingly, in the DKC1 hypomorphic mice the increase

in tumor incidence is also observed in the early genera-

tions, when telomeres are still very long. It has been

therefore concluded that the defective pseudouridylation

of rRNA might itself play a role in promoting tumor gen-

esis. Moreover, in cells from both DC patients and the

DKC1 hypomorphic mice, a selective defect has been

demonstrated in the translation of a group of mRNAs

containing internal ribosome entry site elements.81 Inter-

nal ribosome entry site nucleotide sequences, originally

described in viral mRNA, are also present in some eu-

karyotic mRNA molecules. Their presence in a mRNA

makes it possible to accomplish its translation indepen-

dently of other elements generally required for translation

initiation, including the mRNA 5� cap and the availability

of translation initiation factors. The internal ribosome entry

site translation defects in DC cells, if associated with a

reduction of 5� cap-dependent translation initiation, result

in the relative impairment of the translation of some mR-

NAs, including those encoding the tumor suppressor

p27, as well as antiapoptotic factors such as Bcl-xL and

XIAP.81 The defective translation of tumor suppressors

might then contribute to the neoplastic phenotype, at

least in tumors arising in DC patients. It would be inter-

esting to know whether such a ribosome defect might

support malignant transformation in tumors arising in the

general population also. In fact, it has been demon-

strated that dyskerin expression is extremely variable in

human tumors of various histological origins, such as

breast, lung, and colon carcinomas, and B-cell lympho-

mas. Moreover, in breast carcinomas, dyskerin expres-

sion levels are actually closely related with its functions.

In particular, a group of tumors characterized by very low

dyskerin expression also exhibited a defective rRNA

pseudouridylation.82 These results, together with the data

obtained studying DC patients and the DC mouse model,

are compatible with a scenario in which intrinsic ribo-

some alterations because of defective dyskerin function

may contribute to neoplastic transformation by an altered

translation-mediated mechanism both in DC and in a

subset of human tumors.

In addition to DC, there is evidence that an altered

ribosome biogenesis is associated with increased tumor

susceptibility in other inherited disorders. These diseases

include Diamond-Blackfan anemia, cartilage hair hyp-

oplasia, and Shwachman-Diamond syndrome. Interest-

ingly, all these disorders are characterized by some

grade of bone marrow failure as in DC. Although the

molecular pathogenesis of these diseases is less char-

acterized than in DC, it is known that the increase in

cancer susceptibility is associated with defects in ribo-

some biogenesis that may occur at different levels. For

instance, in 25% of the familial and sporadic cases of

Diamond-Blackfan anemia, the ribosome defect was at-

tributable to mutations in RPS19, the gene coding for

protein 19 in ribosomal small subunits.83 It is not clear

what the specific consequences of these mutations on

mRNA translation are; however S19 ribosomal protein is

necessary for proper 18S rRNA processing and 40S sub-

unit maturation in yeast.84 In another 2% of cases of

Diamond-Blackfan anemia, the ribosome defect was at-

tributable to mutations of the RPS24 gene coding for

small ribosomal subunit protein 24.85 In cartilage hair

hypoplasia the noncoding RNA component of the ribo-

nucleoprotein complex RNase MRP, called RMRP, is mu-

tated. This noncoding RNA has been shown to have

several different functions, including mitochondrial DNA

replication, cell cycle progression at the end of mitosis,

and ribosomal RNA processing.86,87 The mutations de-

scribed in cartilage hair hypoplasia primarily affect the

processing of 5.8S rRNA, suggesting a ribosome involve-

ment in the pathogenesis of this disorder also.88 A defect

in rRNA processing is also behind Shwachman-Diamond
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syndrome. The function of the product of the SBDS gene,

which is mutated in this syndrome,89 has been charac-

terized only recently. Phylogenetic studies show that

through evolution it shares a high similarity with a group

of proteins involved in RNA metabolism, translation, and

ribosome-associated function.90 Moreover, recent stud-

ies have demonstrated that the SBDS protein is localized

in the nucleolus and is essential for a key step in 60S

maturation and for the translational activation of ribo-

somes such as the shuttling of the ribosome subunit

anti-associating factor eIF6.91

Interestingly, there is at least one additional inherited

disorder in which ribosome biogenesis may be altered.

Indeed, mutations of the Tcof1 gene have been re-

ported in Treacher-Collins syndrome.92 The Tcof1 gene

product, named treacle, is a nucleolar protein linking

transcription of rRNA to its posttranscriptional site-spe-

cific methylation.93,94 In this disorder, mainly character-

ized by craniofacial deformities, no increase in tumor

susceptibility and no bone marrow failure have been

observed, indicating that these two types of conse-

quences are not necessarily shared by every perturba-

tion of ribosome biogenesis. Table 1 summarizes the

main features of inherited disorders in which ribosome

biogenesis is altered.

In addition to these important observations in human

pathology, in vivo experimental data from animal models

also support the hypothesis that alterations in ribosome

biogenesis may promote neoplastic transformation. In

drosophila mutations, reducing the expression of the

gene coding for ribosomal protein S6 can cause aberrant

cell growth and neoplastic transformation of the hemato-

poietic system.95,96 In zebrafish many ribosomal protein

genes behave as tumor suppressors. Indeed, heterozy-

gous mutations in 11 different ribosomal protein genes

lead to elevated cancer susceptibility.97 In mice, in ad-

dition to the DKC1 hypomorphic mouse model described

above, another example is represented by the effect of

the targeting of NPM, the gene coding for the nucleolar

protein nucleophosmin. Nucleophosmin is a multifunc-

tional protein involved in rRNA processing and export,

the response to stress stimuli, and the control of cellular

genomic integrity and ploidy.98 Although NPM knockout

is embryonic lethal, the reduction of nucleophosmin ex-

pression (such as in the NPM wild-type/knockout het-

erozygous mice) is associated with accelerated tumori-

genesis.98 However, in this case, because of the variety

of nucleophosmin functions, its role in ribosome biogen-

esis cannot be identified as the factor responsible for the

tumor susceptibility.

Most of the examples reported here are perfectly in line

with the hypothesis of a mechanism of neoplastic trans-

formation supported by defects in ribosome biogenesis.

As hypothesized, this can be explained by ribosome

intrinsic defects leading to alterations in the translation of

specific mRNAs that are important for tumorigenesis.

However, alternative possible explanations also exist.

First of all, alterations in ribosome biogenesis may pro-

duce quantitative changes in cellular ribosome availabil-

ity that could influence the translation of genes involved in

neoplastic transformation. Second, most of the proteins

involved, including ribosomal proteins,99 have extra-ribo-

somal functions. These other functions may support tu-

morigenesis independently of ribosome function and

mRNA translation. Last, the disruption of a normally well-

coordinated process such as ribosome biogenesis may

generate by-products (eg, unassembled ribosomal pro-

teins) that may affect other cellular functions that are

relevant in tumor genesis (eg, checkpoints).100 Figure 3

assembles all these proposed hypotheses. In any case, it

is clear that several, independent alterations of ribosome

biogenesis are causally related to an increase in tumor

development. This implies a series of relevant conse-

quences, not only for the related human disorders but

also for the understanding of basic biological processes.

Conclusions

The relationship between the nucleolus and cancer ap-

pears to be much more complex than that known just a

few years ago. The morphological and functional

changes of the nucleolus, widely observed in cancer

tissues, are the consequence of the increased metabolic

necessities that characterize proliferating cells. More-

over, the most frequent gene alterations occurring in

human tumors are responsible for up-regulation of the

rRNA transcriptional activity. In this context, which is still

currently true, we can reasonably speak of an adaptation

of the nucleolus in the transformed cells. On the other

Table 1. Human Inherited Disorders Attributable to Defects of Ribosomal Biogenesis and Cancer Susceptibility

Disease Gene(s) Function(s)

Bone
marrow
failure Cancer susceptibility

X-linked dyskeratosis
congenita

DKC1 rRNA and snRNA pseudouridylation,
telomerase stabilization

Yes Yes: lymphomas, squamous
carcinomas

Diamond-Blackfan
anemia

RPS19 (25%), RPS26

(2%), others?
28S rRNA processing, 40S subunit

maturation
Yes Yes: leukemia,

osteosarcoma
Cartilage-hair

hypoplasia
RMRP pre-rRNA cleavage Yes Non-Hodgkin’s lymphoma,

basal cell carcinoma
Shwachman-Diamond

syndrome
SBDS, others rRNA processing—ribosome

maturation? Nucleolar localization
Yes Leukemia

Treacher-Collins
syndrome

Tcfo1 rRNA transcription and maturation No No

Alterations of ribosome biogenesis and cancer susceptibility in inherited disorders.
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hand, there is increasing evidence, coming from the

studies of certain human diseases, that also suggests an

active role of ribosome biogenesis in tumorigenesis. In

chronic liver diseases, especially in those from HBV in-

fection, the presence of hepatocyte nucleolar hypertro-

phy is closely associated with the later development of

HCC. In this case an up-regulated ribosome biogenesis

rate might be responsible for changes in the balance of

the translational processes, with an increased quantity of

ribosomes making it easier to translate those mRNAs

(whose product might be involved in tumorigenesis) but

that were not, or to a lesser degree, translated in normal

conditions. In addition to quantitative changes of ribo-

somes, qualitative ribosome modifications have also

been found to be associated with an increased frequency

of cancer development, as in the case the inherited dis-

order DC. Ribosomes with an intrinsically altered trans-

lation capability might affect the balance of protein trans-

lation by favoring the synthesis of these proteins, playing

an important role in neoplastic transformation.

The study of the quantitative and qualitative changes

of ribosome biogenesis as possible causes of cancer

represents a new, exiting research topic both for gaining

more insight into the mechanisms involved in the trans-

formation from a normal to a neoplastic cell and for trying

new therapeutic strategies for cancer disease treatment.

However, the enthusiasm for this topic is counterbal-

anced by the difficulties in obtaining clear-cut models to

use for experimental studies. Indeed, the modification of

a fundamental process such as ribosome biogenesis

almost inevitably leads to a variety of effects. This makes

it extremely difficult to draw definitive conclusions. Hope-

fully, new technological approaches and the definition of

more selective experimental models will make it possible

in the near future to characterize precisely the mecha-

nisms linking ribosome biogenesis changes to cancer.

Given the available evidence discussed earlier, it seems

appropriate to apply these approaches to experimental

models reproducing human pathological conditions in

which a link between changes in ribosome biogenesis

and neoplastic transformation has been observed, such

as in chronic liver diseases and in inherited disorders

with mutations in ribosome biogenesis genes. This could

lead to the identification of the translational targets of the

ribosomal changes associated with cancer susceptibility,

providing more detailed knowledge of the molecular

mechanisms underlying the contribution of ribosome bio-

genesis to neoplastic transformation. This knowledge

could be also useful in studies aiming to clarify whether

these defects might support malignant transformation in

subsets of human tumors of different origins, thus repre-

senting one mechanism of tumorigenesis.
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