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Abstract Cell growth and cell division are fundamental aspects of cell behavior in all organisms. Recent insights

from many model organisms have shed light on the molecular mechanisms that control cell growth

and cell division. A significant body of evidence has now been accumulated, showing a direct link be-

tween deregulation of components of cell cycle machinery and cancer. In addition, defects in one or

more steps that control growth are important for malignant transformation, as many tumor suppressors

and proto-oncogenes have been found to regulate cell growth. The importance of cell growth in tumor

development is further supported by the discovery that rapamycin, an effective anticancer drug, inhib-

its a key regulator of protein synthetic machinery and cell growth, mammalian target of rapamycin

(mTOR). In most cases, cell growth and cell division are coupled, thereby maintaining cell size within

physiological limits. We believe that, in a long-term perspective, understanding how these two pro-

cesses are coordinated in vivo and how their interplay is deregulated in a number of diseases, including

cancer, may have a direct impact on the efficiency of modern therapeutics.

Cell growth, cell division, and cell death

and differentiation are the most fundamental as-

pects of cell behavior (1). The size of an animal

depends mainly on the size and number of the

cells it contains (2). Cell growth and cell division

are genetically regulated to ensure that animals

grow to optimal size, and that their tissues are

appropriately sized, precisely proportioned, and

fully functional. In addition to genetic controls,

cell growth, division, and final body size can also

be influenced by external factors, such as nutri-

ents and temperature in some organisms (3). De-

regulation of the molecular mechanisms control-

ling cell growth results in cells of altered size

and can lead to developmental errors and con-

tribute to a variety of pathological conditions,

including cancer, and inflammatory and meta-

bolic diseases (4,5).

Cell Division

Over the last few decades, major ad-

vances have been made in understanding the ma-

chinery that controls cell progression through the

cell cycle, in particular identifying cell cycle regu-

latory genes, including cyclins, cyclin dependent

kinases (cdk) and their inhibitors, as well as genes

that monitor the distinct steps of cell cycle progres-

sion, termed cell cycle checkpoint genes (6-8). A

cell cycle checkpoint is defined as a regulatory

pathway that controls the order and timing of cell

cycle transitions, ensuring that critical events such

as DNA replication, chromosome segregation,

and probably many other metabolic events are

completed with high fidelity (8-10). Mechanisti-

cally, a cell cycle checkpoint establishes the rela-

tionship between two unrelated biochemical

622 www.cmj.hr

REVIEW

C
r
o
a
t

M
e
d

J
2
0
0
5
;4

6
(
4
)
:6

2
2
-6

3
8



events, notably the incidence in which the lesion

takes place and the second event that prevents the

cell from progressing through the cell cycle until

the first event has been repaired. The establish-

ment of this relationship requires the presence of

three components: 1) a defect; 2) a sensor, which

detects the defect; and 3) a target, cell cycle regu-

lator. The failure to activate these checkpoints al-

lows the cell to divide when DNA is damaged or

when chromosomes are incorrectly partitioned,

leading to genomic instability. This is essential for

the generation of cancer, as evidenced by high

frequency of mutations of cell cycle checkpoint

genes in human cancer (8).

Cell Growth

The term cell growth is used to collec-

tively describe an increase in cell volume, cell

mass, or biosynthetic rates. Yet it is poorly under-

stood what cell growth really is and how it is regu-

lated (2). Generally, cell size in many organisms

correlates with ploidy of the cell, ie, the number of

copies of the basic number of chromosomes (11).

Apparently, ploidy increases are required to pre-

vent genomic DNA from becoming limiting for

cell growth (12). The large cell size that results

from increased ploidy contributes to the formation

of specialized cells and patterning of specific tis-

sues (12). Furthermore, increased ploidy in cancer

cells due to the accumulation of mutations, which

increase chromosome missegregation, could be,

at least partially, responsible for their increased

cell growth potential (8). The control of cell

growth involves balancing positive regulation of

anabolic processes with negative regulation of cat-

abolic processes by a number of signaling path-

ways that are regulated by growth factors, nutri-

ents, and changes in cellular energy status

(3,13-15). We know very little about the anabolic

processes that these signaling pathways control in

order to regulate cell growth. It has been proposed

that one particular anabolic process, protein syn-

thesis, may be a key determinant of cell growth

(16). Certainly, increased rates of protein transla-

tion require synthesis of new ribosomes (17,18).

Indeed, genes that control ribosome biogenesis

and protein translation have been identified in

yeast as critical regulators of cell growth and cell

size (11,19,20). Growth is also coordinated with

cell division in most dividing cells, probably to en-

sure that there are sufficient cellular components

for survival and normal functioning of daughter

cells (3,13,14,21). The molecular mechanisms of

this coordination will be discussed in the next sec-

tion. In addition to the temporal control of growth

mentioned above, cell growth can be subjected to

spatial constrains (2,13,22). For example, budding

yeast and neurons can grow in polarized manner

as a result of localized growth at one end of the

cell. Understanding the molecular mechanism of

the spatial control of cell growth is still in its in-

fancy. Additionally, in multicellular organisms,

growth of individual cells is controlled relative to

overall body growth, such that the organs consti-

tuting the organism are properly proportioned (1).

Coordination of Cell Growth with

Cell Cycle Progression

Numerous studies have emphasized that

cell growth and cell division, even though separa-

ble processes, are coordinated in most dividing

cells during animal development and adulthood

(2,11,21,23,24). Thus, the terms cell growth (in-

crease in cell mass) and cell division (increase in

cell number) are very often incorrectly used syn-

onymously. Although earlier studies in yeast

pointed out to a tight coordination between cell

growth and division, analyses of this phenomenon

in many experimental systems in higher organisms

commonly revealed a loose coordination (25). In

extreme cases, growth and proliferation can occur

in different phases of the life cycle. For example,

the growing oocyte of Xenopus laevis increases in

size 17,000-fold during oogenesis without cell di-

vision (25). Immediately after fertilization, the

embryo goes through twelve rounds of cell divi-

sion, without accompanying growth.

Coordination of cell growth and cell di-

vision could be accomplished by one or more of

the following mechanisms: the dependency of cell

cycle progression on growth, the dependency of

cell growth on cell cycle progression, the coordi-

nated control of cell growth and cell cycle progres-

sion, or the independent but coordinated control

of cell growth and division (Fig. 1) (11). Of these

mechanisms, the dependency of cell cycle pro-

gression on cell growth seems to be a predominant

mechanism in yeast and, in some circumstances,

in higher organisms such as Drosophila and mam-

mals (Fig. 1A). Genetic evidence in yeast indicates

that cell growth and cell cycle progression are two

separable yet interconnected processes, and that
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growth is dominant and rate limiting for cell divi-

sion. This finding has been originally based on

analyses of two types of proliferation mutants

(23,24). One group of mutations found in cell cy-

cle regulators blocked cell cycle progression but

did not prevent cell growth. The other group of

mutations prevented both cell growth and cell cy-

cle progression. These mutations were in the

genes that regulate biosynthetic pathways. Block-

ing cell growth in mammalian cells in culture by

deprivation of nutrients, growth factors, or treat-

ment with translational inhibitors leads to cell cy-

cle block, usually in G1 phase (26-28). Con-

versely, abundant nutrients or activation of growth

regulatory signaling pathways can increase the

pace of the cell cycle progression (29,30).

It is yet not clear how the stimulation of

cell growth drives cell cycle progression. Two pos-

sibilities have been proposed. One predicts that

cell cycle machinery is somehow measuring cell

size. Cell-size checkpoints were suggested to exist

in yeast but their existence is questionable in

mammalian cells (31,32). The second possibility is

that cell cycle machinery responds to increased

translation rates, which do not always correlate

with cell size. In that situation, a critical translation

rate of cell cycle regulators, such as cyclin Cln3

and Cdc25 phosphatase in yeast, might trigger cell

cycle progression (33,34). This could explain, at

least partially, how mammalian growth-promoting

oncogenes stimulate cell division and possibly

malignant transformation, and why some growth

inhibitors are effective in treatment of human

cancer (14). These issues will be discussed in more

detail later in the text.

A model whereby cell division drives

cell growth is not well experimentally supported

(Fig. 1B). Acceleration of cell cycle in yeast, Dro-

sophila and mammalian cells does not upregulate

cell growth (mass accumulation), ultimately lead-

ing to generation of abnormally small daughter

cells (21,24,35). This observation has had a huge

impact on understanding the molecular mecha-

nisms of tumorigenesis, implying that, in addition

to accumulating mutations that deregulate cell cy-

cle progression, tumor cell must acquire mutations

that upregulate cell growth.

In the third model, cell growth and cell

cycle progression are coordinated by a common

signal(s) (Fig. 1C). Recently, several molecules that

are thought to function specifically in cell cycle

control, such as p53, retinoblastoma protein (Rb),

and p14 alternative reading frame protein

(p14ARF) have been implicated in the regulation

of cell growth responses (4,36).

The problem is even more complicated

in the context of an intact tissue, where multiple

modes of regulation are possible, such as cell-cell

communications, growth factors, patterning sig-

nals, hormones, and nutrients (Fig. 1D). Recent

studies have helped in elucidating mode of coordi-

nation of cell growth and cell cycle progression in

metazoans. Stimulation of growth of wing ima-

ginal disc cells by overexpression of activators of
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Figure 1. Different models explaining coordination between cell growth and cell division. A. The dependency of cell cycle

progression on growth. B. The dependency of cell growth on cell cycle progression. C. The coordinate control of cell growth

and cell cycle progression. X represents a putative coordinator of both cell growth and cell division. D. The independent but

coordinated control of cell growth and division. Insulin growth factor (IGF), epidermal growth factor (EGF) and glial growth

factor (GGF) are shown.



growth, such as dMyc and dRas1, stimulate G1/S

cell cycle transition most likely by regulating the

expression of cyclin E at the translational level

(21,37). However, stimulation of growth in this ex-

perimental system is not sufficient to drive G2/M

transition and cell division. An increased cell

growth in the absence of cell cycle progression

generates oversized cells. Even in the absence of

cell division, size of wing compartment was nor-

mal, suggesting an enormous plasticity of these

processes at the level of organ. The rate of cell di-

vision in this tissue is under the control of pattern-

ing signals that regulate G2/M transition via

Cdc25/String phosphatase. Interestingly, dE2F can

drive cell growth and cell division by regulating

both cyclin E and Cdc25/String expression (21).

One can assume that there are many different

modes of coordination between cell growth and

proliferation by diverse signaling pathways in

vivo, and that they are used for distinct develop-

mental purposes (25). Similar type of coordination

has been shown in mammalian cells in vitro. Stim-

ulation of Schwann cells with insulin-like growth

factor 1 (IGF-1) increases growth, but does not

drive their division. On the other hand, their stim-

ulation with mitogenic glial growth factor 2

(GGF-2) increases overall rate of division, without

stimulating cell growth. These findings show that

increases of the rate of cell growth alone do not de-

termine the cell cycle progression in these cells.

Interestingly, when Schwann cells were simulta-

neously stimulated with both factors, the size of

daughter cells immediately after division was vari-

able and dependent on relative concentrations of

IGF-1 and GGF-2 (35). These data are in favor of a

model in which coordination of cell growth and

division is flexible and dependent on the relative

concentration of extracellular growth factors and

mitogens.

Signaling Pathways in Regulation

of Growth

Genetic analyses in Drosophila melano-

gaster showed that dRas, dMyc, and phosphati-

dylinositol 3-kinase (dPI3K) signaling cascades

regulate cell growth (37-41).

Loss of dMyc in the developing Dro-

sophila wing retarded cell growth and reduced

cell size, whereas dMyc overproduction increased

growth rates and cell size (37). dMyc causes dra-

matic increases in nucleolar mass, suggesting that

it may mediate its growth effect by increasing pro-

tein synthetic capacity. This notion has been sup-

ported by messenger RNA (mRNA) expression

profiling studies using microarrays in Drosophila,

which indicate that dMyc primarily activates

genes involved in ribosome biogenesis, mRNA

processing, and translation (42,43). Functional

and target identification studies of c-Myc in mam-

mals concur with the work in Drosophila in sup-

porting a role for c-Myc in regulating cellular

growth via increased translation rates (44-47).

Similarly, loss of dRas reduced growth

rates and cell size, and overproduction of dRas in-

creased cell size and growth rates in the develop-

ing Drosophila wing (38). Same as dMyc, dRas

promoted G1/S but not G2/M transition (38).

Overproduction of dRas activated growth driver

dMyc, suggesting that some effects of dRas on cell

growth and G1/S transition are probably regulated

by dMyc (38).

When PI3K is genetically activated or in-

hibited within developing Drosophila imaginal

wing discs, organ size and cell size are increased

or decreased, respectively (40,41). Although these

changes in cell size are accompanied by a change

in the cell number, cell size is also altered, demon-

strating that the effect on growth is greater than on

cell division.

It has been proposed that protein synthe-

sis may be a key determinant of cell growth (16).

Consistent with this, the Myc, Ras, and PI3K-sig-

nalling pathways increase the overall rate of pro-

tein synthesis by stimulating either the rates of

translation initiation and elongation or ribosome

biogenesis (14). Of these pathways, PI3K-signal-

ling pathway recently received the most attention

in the field of cell growth regulation. Therefore,

we will further discuss its components, regulation,

and relevance to the development of diseases.

PI3K-mTORC1 Signaling Pathway

The activation of PI3K signaling path-

way is initiated by the binding of growth factors,

such as insulin and insulin growth factor-1 (IGF-1)

to their tyrosine kinase receptors, G-protein cou-

pled receptors, but also by direct interaction with

oncogenic Ras (Fig. 2) (48,49). The activation of

PI3K leads to production of the lipid second mes-

senger phosphatidylinositol 3,4,5-trisphosphates

(PtdIns(3,4,5)P3) from phosphatidylinositol 4,5-di-

phosphates (PtdIns(4,5)P2) (49). The tumor sup-
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pressor phosphatase and tensin homologue

(PTEN) reverses the action of PI3K by dephospho-

rylating (PtdIns(3,4,5)P3) at D-3 position and is

thus an essential suppressor of PI3K signaling,

whose function is lost in various advanced-stage

carcinomas (50,51). Phosphatidylinositol 3, 4,5-

trisphosphate recruits proteins containing plec-

kstrin homology (PH) domain to the plasma mem-

brane, thereby coupling PI3K signals to down-

stream effector molecules (48). Activation of one

particular effector molecule, protein kinase B

(PKB), following membrane translocation is essen-

tial in mediating the effects of PI3K, not only on cell

growth, but also in regulating other metabolic and

anti-apoptotic effects (Fig. 2) (52-55). PKB is acti-

vated by phosphorylation on two key residues:

Thr308 by the phosphoinositide-dependent protein

kinase (PDK1) and Ser 473 by mammalian target of

rapamycin complex 2 (mTORC2) (Fig. 2) (56,57).

PKB activation is thought to regulate ac-

tivation of downstream kinase mammalian target

of rapamycin complex 1 (mTORC1) (58). The acti-

vation of mammalian target of rapamycin (mTOR)

by PKB is indirect and involves inactivation of an

inhibitor of cell growth, tumor suppressor tuber-

ous sclerosis complex (TSC) composed of hamar-

tin (TSC1) and tuberin (TSC2) heterodimer pro-

teins (Fig. 2) (59). TSC mutations are associated

with an autosomal dominant genetic disorder, tu-

berous sclerosis (TS), a disease that is associated

with cancer susceptibility, including hamartomas

in various organs (60). One feature of these tumors

is that they contain large cells. In Drosophila, mu-

tations in either dTSC1 or dTSC2 have been identi-

fied in screens for genes that suppress cell growth

(61-65). It has been suggested that phosphory-

lation of TSC2 at PKB phosphorylation sites is im-

portant for inhibition of TSC complex and cell

growth (66-68). However, a recent report in Dro-

sophila presents results that are in contrast with

this hypothesis (69). TSC2 null flies are success-

fully rescued using wild-type TSC2 or PKB-

phosphorylation-site mutants of TSC2. These res-

cued mutant flies have similar sized cells com-

pared with wild-type-rescued flies, suggesting that

phosphorylation of TSC2 by PKB has no effect on

function of TSC2 under conditions of normal PKB

activation during Drosophila development. It is
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Figure 2. The PI3K-mTOR signaling network. In this model, mammalian target of rapamycin complex 1 (mTORC1) is shown at

the center of the network that integrates the three inputs of nutrients (amino acids and glucose), growth factor stimulated

phosphatidylinositol 3-kinase (PI3K) signals and cellular energy status in order to regulate translation and probably other

aspects of cell growth. Two best characterized phosphorylation targets of mTORC1 that regulate translation, S6 kinase 1

(S6K1) and 4E binding protein 1 (4E-BP1), are shown. It is not known what activates mammalian target of rapamycin com-

plex 2 (mTORC2). mTORC2 phosphorylates protein kinase B (PKB) and participates in its activation. This complex is also in-

volved in the regulation of actin organization via Rho/Rac small guanosine triphosphatases (GTPases). Only mTORC1 is sen-

sitive to rapamycin. Solid lines represent known interactions, whereas dashed lines indicate that uncertainty exists as to

how these signals may feed into the pathway. Known proto-oncogenes are shown in red and tumor suppressors in purple.



still possible that under non-physiological condi-

tions, PKB-mediated phosphorylation of TSC2

could be relevant for regulation of cell growth. Re-

solving this contradictory issue requires further in-

vestigation. Recently, a potential positive regula-

tor of TSC1/2 has been identified, the adenosine

monophosphate-activated protein kinase (AMPK)

(Fig. 2) (70). AMPK is activated by adenosine

triphosphate (ATP) depletion or energy stress and

shunts protein and fatty acid synthesis and up-

regulates ATP-regenerative processes, such as glu-

cose uptake and �-oxidation (71). It seems that the

link between AMPK activation and inhibition is

through phosphorylation-mediated enhancement

of TSC1/2 activity (71). Consistent with the role of

AMPK in the activation of TSC1/2, a positive regu-

lator of AMPK, serine/threonine-protein kinase 11

(STK11) is mutated in another hamartoma-suscep-

tibility disease, Peutz-Jeghers syndrome (72). The

overexpression of TSC1/2 inhibits both nutrient-

and growth factor-induced activation of mTORC1

downstream targets, S6 kinase 1 (S6K1) and 4E

binding protein 1 (4E-BP1) (66,67,73). These re-

sults suggest that amino acids stimulate mamma-

lian target of rapamycin (mTOR) signaling via inhi-

bition of TSC1/2 function. However, the molecu-

lar mechanism of this inhibition is unknown. In

conclusion, the TSC1/2 could be a link between

growth factor signaling, nutrients, cellular energy

status, and the mTOR signaling pathway (74).

Genetic and biochemical evidence has

identified the small guanosine triphosphatase

(GTPase) Rheb (Ras homologue enriched in brain)

as a positive regulator of cell growth and down-

stream target of TSC1/2 (Fig. 2) (74). Mutations in

Drosophila Rheb (dRheb) reduce cell growth and

cell size, whereas dRheb overexpression increases

growth and cell size (75-77). TSC2 has a domain

that shares homology with GTPase, activating pro-

tein domains (GAP) and TSC2 functions as a

Rheb-GAP in unstimulated cells (77-81). Under

such conditions, Rheb is in guanosine diphospha-

te (GDP)-bound form and the mTORC1 signaling

pathway is inhibited via unknown molecular

mechanism. Following inactivation of TSC1/2 by

PKB, a greater proportion of Rheb is in guanosine

triphosphate (GTP)-bound form, and that corre-

lates with stimulation of the mTORC1 signaling

pathway (74). The functional importance of

GTPase activating domain of TSC2 is further un-

derscored by the observation that it is frequently

mutated in tuberous sclerosis (TS) patients (60).

TSC2 harboring a point mutation in the GTPase-

activating domain, a mutation that is found in tu-

berous sclerosis, has no inhibitory effect on the ac-

tivation of mTORC1 downstream targets when

overexpressed in combination with TSC1 (73). Al-

together, these results strongly suggest that TSC2-

mediated regulation of GTPase activity of Rheb is

essential for modulation of the mTORC1 signaling

pathway. Biochemical analyses have shown that

the overexpression of Rheb stimulates the phos-

phorylation of mTORC1 downstream targets,

S6K1 and 4E-BP1, whereas the loss of Rheb func-

tion has the opposite effects (75-77,79,82). Fur-

thermore, rapamycin, an inhibitor of mTORC1,

blocks the effects of Rheb overexpression on S6K1

(79,81,82). These biochemical findings, in con-

junction with detailed epistasis analyses in Droso-

phila, have supported the hierarchical relationship

between TSC1/2, Rheb, and TOR in Drosophila

and mammals (75-77). It is important to keep in

mind that other possibilities are not ruled out by

these experiments.

The conserved serine/threonine protein

kinase TOR was originally identified genetically in

budding yeast, where gain-of-function mutations

in the TOR1 and TOR2 genes were shown to con-

fer resistance to rapamycin, a fungal macrolide

that inhibits yeast growth. Over the last decade,

TOR has emerged as a critical regulator of the pro-

tein synthesis and cell growth in yeast, Droso-

phila, Caenorhabditis elegans, plants, and mam-

mals. In addition to regulating protein synthesis,

mTOR signaling may also regulate transcription,

cell proliferation, cytoskeletal rearrangements,

and autophagy (13,59). Although these TOR-me-

diated effects are physiologically relevant for the

cell, they will not be discussed here due to space

limitation. TOR mutant Drosophila shows a small

cell size phenotype and reduced body size, which

is consistent with a role of dTOR in regulating cell

growth (83,84). It seems that dTOR, in addition to

controlling cell autonomous growth, controls

growth in a systemic fashion (85). mTOR exists in

two distinct complexes within cells: one that con-

tains raptor, G�L, mTOR (mTORC1), and another

containing rictor, G�L, and mTOR (mTORC2)

(Fig. 2) (59,86-89). The identification of the two

structurally and functionally distinct multiprotein

complexes has provided a molecular basis for un-

derstanding the complexity of mTOR signaling.
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mTORC1 is sensitive to rapamycin and mediates

the temporal control of cell growth, in part by reg-

ulating protein synthesis and mass accumulation

through its substrates, S6K1 and 4EBPs (59,86,87,

90). mTORC2 is rapamycin insensitive and medi-

ates the spatial control of cell growth by regulating

a Rho GTPase signaling pathway, which impinges

on the actin organization (88,89). Recently,

mTORC2 was implicated in phosphorylation of

PKB on Ser 473 (57). This observation suggests the

existence of feedback mechanism in which

TORC2 activation leads to positive regulation of

PKB signaling pathway. Cell growth in higher or-

ganisms is tightly coupled to nutrient availability,

growth factors and energy status of the cell. It

seems that mTORC1 integrates all three inputs to

control cell growth (59).

Yet, the primary stimulus for mTORC1 is

still unclear. Regulation of TOR by nutrients is

conserved from yeast to man (59). One possibility

is that nutrients are the primary stimulus, whereas

growth factor signaling may modulate the intensity

of growth in certain tissues or during specific de-

velopmental stages. Alternatively, the primary sti-

mulus in higher organisms might be growth factor

signaling, whereas the nutrient signals subse-

quently modify the potency of the response. Acti-

vated mTORC1 regulates translation through hier-

archical phosphorylation either by activation of

S6K1/2 or by inactivation of eukaryotic translation

initiation factor 4 (eIF4E) inhibitor, 4E-BP1 (Fig. 2)

(90,91). It is poorly understood how cellular re-

sponses mechanistically regulate mTORC1 signal-

ing. It seems that the stability of the mTOR-raptor

interaction strengthens during nutrient depriva-

tion, which correlates with a decrease in the in vi-

tro kinase activity of mTORC1 (92). On the other

hand, stimulation of leucine-starved cells with

leucine reduces the amount of raptor associated

with mTORC1 and correlates with increased

mTORC1 in in vitro kinase activity (92). This regu-

lation requires G�L, since, in its absence, the inter-

action between mTOR and raptor is insensitive to

nutrients (87). It is not known whether amino acids

activate mTORC1 directly or indirectly. The fact

that insulin stimulation does not affect the stability

of mTORC1 complex suggests that the main func-

tion of raptor is to couple nutrient signals to

mTORC1, independently of growth factors (92). It

is also not known how growth factor-activated

Rheb mechanistically regulates the activity of the

mTORC1 signaling pathway. Raptor also serves as

a scaffold for the interaction between mTORC1

and its substrates, S6K1/2 and 4E-BP1 (93). In addi-

tion to nutrients and growth factors, mTORC1

seems to be a major integrator of the signals that

convey the overall status of the cellular environ-

ment to the protein synthetic machinery and cell

growth. As mentioned above, ATP depletion or

energy stress could inhibit mTORC1 activity indi-

rectly trough AMPK, a negative regulator of PI3K-

mTORC1 signaling pathway (71). A direct activa-

tion of mTORC1 kinase activity by ATP had been

reported (94). Because mitochondria are the en-

ergy factories of the cell, and protein synthesis is

the major consumer of cellular energy, it makes

sense that signaling networks have evolved to in-

form the protein synthetic machinery about the en-

ergetic status of the cell (92,94). Furthermore,

mTORC1 has been suggested to respond to phos-

phatidic acid, second messengers in some mito-

genic pathways and osmotic stress (92,95). How

do mTORC1 substrates regulate protein synthesis?

It had been originally proposed that mTOR,

through S6K1/2, mediates phosphorylation of ri-

bosomal protein S6, and facilitates translation of

mRNAs that have an oligopyrimidine tract at their

transcriptional start (5’-TOP mRNAs). They en-

code for components of the translational machin-

ery, most notably ribosomal proteins and elonga-

tion factors 1A (EF1A) and 2A (EF2A) (96-99). Sur-

prisingly, the analysis of compound S6K1 (-/-) and

S6K2 (-/-) mice suggested that the 5’TOP mRNA

regulation is S6K1/2 independent (Fig. 3) (100).

The recruitment of 5’TOP mRNAs to polysomes

was inhibited in serum stimulated S6K1 (-/-) and

S6K2 (-/-) cells by mTORC1 inhibitor, rapamycin

(100). Given that both S6K deficient Drosophila

and S6K1-deficient mice had growth defects, it

seems that S6K is essential for growth (101,102).

Despite a growth defect, S6 phosphorylation was

normal in S6K1-deficient mice, indicating that a

mechanism, dependent on S6K1 and independent

of S6 phosphorylation, is likely to drive growth. It

still remains to be confirmed whether S6K1 poten-

tial substrates, eukaryotic translation initiation fac-

tor 4B (eIF4B) and S6K1 Aly/REF-like target (SKAR)

protein, are mediators of S6K in regulating growth

(Fig. 3) (103,104). The mTORC1 signaling medi-

ates phosphorylation of 4E-BP proteins, which

block translation initiation factor eIF4E (Fig. 3)

(105,106). Upon phosphorylation, the 4E-BPs dis-
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lodge from eIF4E, allowing binding of eIF4E to the

5’ cap of mRNA (91,107). This activation step is

necessary for the enhanced translation of mRNAs

that exhibit extensive secondary structure in their

5’-untranslated regions (5’-UTR) and therefore

have low affinity for translational machinery (90).

More than thirty years ago, Harvey Lodish postu-

lated that spectrum of translated mRNA varies

with the overall rate of protein synthesis (108).

Low affinity mRNAs are outcompeted with high af-

finity mRNAs when the overall rate of translation

is reduced. In contrast, when the translational rates

are upregulated, both mRNAs are translated. The

fact that a very high proportion of low affinity

mRNAs are those encoding oncoproteins, growth

factors, survival factors, and cell cycle regulators,

suggests one possible mechanism by which dereg-

ulation of components of PI3K-mTORC1 signaling

pathway leads to malignant transformation (109).

Furthermore, mTORC1 has been implicated in the

regulation of translation initiation factors 4G

(eIF4G) and 4B (eIF4B), and ribosomal RNA

(rRNA) transcription (Fig. 3) (14,103,110,111).

Taken together, there is ample evidence suggest-

ing that the PI3K-mTORC1 signaling pathway in-

creases the overall rate of protein synthesis by

stimulating either the rates of translation initiation

and elongation or ribosome biogenesis (14).

Role of PI3K-mTORC1 Signaling

Pathway in Cancer

For a long time, it was speculated that

deregulation of protein translation and cell growth

participate in cancer pathogenesis. These specula-

tions were supported by the observations that over-

expression of eIF4E induces malignant transfor-

mation in vitro (112,113), as well as in transgenic

mouse models (114). Furthermore, eIF4E expression

is significantly increased in many cancers (115).

The amount of eIF4E is limiting in cell,

and therefore, its overexpression is thought to en-

hance the translation of mRNA(s) that exhibit exten-

sive secondary structure in their 5’-untranslated re-

gions (5’-UTR), such as c-Myc, cyclin D1, fibro-

blast growth factor 2 (FGF2), and ornithine decar-

boxylase (ODC), and vascular endothelial growth

factor (VEGF), which could enhance growth, pro-

liferation, and angiogenesis (105,116-120). De-

regulation of these molecules may, at least par-

tially, explain malignant transformation by over-

expressed eIF4E.

The evidence of causal relationship be-

tween deregulated protein synthesis and neoplastic

transformation came from the discoveries that hu-

man cancer susceptibility syndromes have been at-

tributed to mutations in tumor suppressor genes

that control cell growth and the rate of protein syn-

thesis, such as TSC1/2, PTEN, 4E-BP(s), and STK11

(60,72,121-123). This evidence is further supported

by the discovery of a number of proto-oncogenes in

PI3K-mTORC1 growth regulatory pathways, in-

cluding PI3K, PKB, and Rheb (4,14,48,49,55,124).

As mentioned above, deregulation of these mole-

cules can lead to increases in eIF4E-dependent and

-independent translation of mRNAs that encode

proteins highly enriched in cancer-promoting func-

tions (Fig. 3). It has to be kept in mind that muta-

tions in components of the PI3K-mTORC1 growth

regulatory pathway can also deregulate cell cycle

progression, apoptosis, and many other cellular

processes independently of translation, all of which
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Figure 3. Pathways downstream of mTORC1 that regulate

translation and cell growth. mTORC1 regulates translation

by directly phosphorylating 4E-BP1, S6K, and eukaryotic

translation initiation factor 4G (eIF4G). Phosphorylation of

4E-BP1 liberates eukaryotic initiation factor 4E (eIF4E),

leading to upregulation of cap-dependent translation. Acti-

vated S6K phosphorylates eukaryotic initiation factor 4B

(eIF4B), possibly leading to translation of messenger

RNAs (mRNAs) that have a highly structured 5’-untrans-

lated region (5’-UTRs), such as c-Myc. Increased expres-

sion of c-Myc could enhance ribosome biogenesis. Fur-

thermore, mTORC1 also activates ribosome biogenesis by

upregulating ribosomal RNA (rRNA) transcription and

translation of mRNAs that have an oligopyrimidine tract at

their transcriptional start (5’-TOP mRNAs).



could contribute to malignant transformation and tu-

mor progression (14,49,74).

The importance of the PI3K-mTORC1

signaling pathway in cancer is further underscored

by the discovery that rapamycin, an effective anti-

cancer drug is a specific mTORC1 inhibitor. Rapa-

mycin is the most effective in the treatment of

PI3K/PKB-overexpressing or PTEN- or TSC-defi-

cient tumors, which rely extensively on mTORC1

pathway activation. The exact molecular mecha-

nisms of its anti-tumor action are not known. Rapa-

mycin probably, in addition to protein synthesis,

inhibits many other mTORC1-mediated biological

responses in tumor cells. Due to upregulation of

mTORC1 signaling in neuroblastoma, glioblasto-

ma, pancreatic carcinoma, and prostate cancer,

these cells are particularly sensitive to rapamycin

action (125,126). Furthermore, rapamycin is cur-

rently in clinical trials for the treatment of TS syn-

drome (14). Since the majority of advanced carci-

nomas loose both PTEN alleles, it is reasonable to

speculate that rapamycin could show some bene-

ficial effects in the treatment of these tumors.

Ribosome Biogenesis

To meet the increased demand for pro-

teins during cellular adaptation to changing envi-

ronments, the cell must increase translational ca-

pacity by upregulating ribosome biogenesis

(17,18). It has been estimated that proliferating

HeLa cell produces about 7,500 ribosomes per

minute, which requires the synthesis of approxi-

mately 300,000 ribosomal proteins, transcription

of about 150-200 ribosomal RNA genes, and nu-

merous interactions with factors such as endo- and

exoribonucleases, RNA helicases, assembly fac-

tors, and small nucleolar ribonucleoprotein parti-

cles (snoRNPs), putting an immense demand on

cellular machinery (127). Indeed, ribosome bio-

genesis is the most energy consuming process in

the exponentially proliferating cell (128). Correct

assembly of ribosomes requires the coordination

of synthesis and processing of rRNA, synthesis and

transport of ribosomal proteins, and the concomi-

tant assembly of ribosomal proteins into the pre-ri-

bosomal subunits and transport of 40S and 60S

subunits from the nucleolus to the cytoplasm (Fig.

4) (129).

The molecular mechanisms that regulate

ribosome biogenesis in response to extracellular

stimuli or changes in cellular metabolism are still

poorly understood. As discussed above, growth

regulation signaling networks upregulate ribo-

some biogenesis at the level of rRNA transcription,

transcription of factors involved in ribosome bio-

genesis, and translation of 5’-TOP mRNAs (4,14,

110,111).

Ribosome biogenesis is precisely coor-

dinated with different phases of the cell division

cycle, ensuring that translation of mRNAs occurs

at the appropriate levels and during a specific

stage of the cell cycle (130). Recent evidence in

yeast has suggested that intimate coordination be-

tween ribosome biogenesis and cell division

could be achieved through interactions between

ribosome synthesis factors and specific steps in

cell division (131,132). Such interactions have not

yet been demonstrated in mammalian cells.

Role of Ribosome Biogenesis in

Diseases

No one would argue that upregulation in

ribosome biogenesis is necessary to allow rapid cell

growth and division in tumors. After all, cancer-as-

sociated morphological changes in the nucleolus

were recognized a long time ago as a reliable

marker of malignant transformation (133). Nucleoli

readily stain with silver and their size and number

directly reflect the rate of cell growth. In the clinical

practice, these numbers are used as tools in deter-

mining the patients’ prognosis in cancers such as

those of the breast, liver, and lung (134).

However, a large body of recent evi-

dence has suggested that quantitative and qualita-

tive changes in ribosome biogenesis could lead to

the development of a number of pathological pro-

cesses, including cancer (Fig. 4) (4,14).

Several tumor suppressors and proto-

oncogenes have been implicated in the regulation

of ribosome biogenesis at the level of rRNA tran-

scription (Fig. 4). Two tumor suppressors, Rb and

p53 have been shown to downregulate the activity

of Pol I and Pol III promoters, thus limiting the pro-

duction of rRNA and transfer RNA (tRNA) mole-

cules (4). Inactivating mutations of Rb and p53

may, in addition to deregulation of cell division

cycle, result in aberrant upregulation in rRNA syn-

thesis (135). Mutations in Drosophila tumor sup-

pressor brain tumor (brat) lead to the development

of malignant brain tumors. The brat-mutant cells

are larger than wild-type cells and they have en-

larged nucleoli. The brat gene encodes a protein
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that directly inhibits rRNA synthesis (136). There-

fore, the loss of p53, Rb, or brat in tumors might re-

sult in malignant transformation through upregulation

of ribosome biogenesis and protein synthesis (4).

Additionally, some positive regulators of

rRNA transcription, such as extracellular regulated

kinase (ERK) and PI3K, are either overexpressed or

hyperactivated in many human tumors (49,137).

These kinases also affect translational efficiency and

many other biological processes in the cell. There-

fore, it is difficult to causally relate their role in ribo-

some biogenesis to malignant transformation.

Overexpression of ribosomal proteins

seems to be frequently associated with tumori-

genesis (Fig. 4) (4,138,139). As discussed above,

the activation of the PI3K-mTORC1 signaling path-

way results in increased translation 5’TOP

mRNAs, which encode many components of the

translational apparatus, most notably ribosomal

proteins (14). Hyperactivation of this signaling

pathway might be responsible for the overexpres-

sion of ribosomal proteins in many human tumors.

Furthermore, the proto-oncogene c-Myc that is de-

regulated through genomic aberrations in B cell

lymphomas and some other malignancies upregu-

lates transcription of genes that encode ribosomal

proteins, factors involved in ribosome biogenesis

and translation factors (140-142).

It is difficult to imagine how would an

increase in the expression of individual compo-

nents of a ribosome upregulate ribosome biogene-

sis and translation in tumor cells. One possible ex-

planation is that these cells must acquire muta-

tions in a number of tumor suppressors and onco-

genes to upregulate the synthesis of all compo-

nents of ribosomes, in order to increase ribosome

biogenesis and translational capacity.

Surprisingly, overexpression of a single

ribosomal protein, S3a, was able to induce trans-

formation of NIH3T3 cells and induce formation

of tumors in nude mice (143). The ability of S3a to

induce transformation could be a consequence of

its effects on protein translation, although such ef-

fects were not tested in this study. Since ribosomal

protein S3a was shown to be endonuclease that

cleaves DNA in response to ultraviolet irradiation,

this extra-ribosomal function of S3a might be im-

portant for some aspects of tumor development

(144). Similarly, many other ribosomal proteins

have a second function apart from the ribosome.

Understanding these functions could be relevant

in understanding the role of ribosomal proteins in

cancer (145). Although increases in the expression

of ribosomal proteins have been correlated with a

malignant transformation in many instances, some

ribosomal protein genes are suggested to be haplo-
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Figure 4. Deregulation of ribosome biogenesis and malignant transformation. Ribosome biogenesis involves coordination

of synthesis, processing, and modification of rRNAs (pseudouridines and methyl groups are shown as stars and black rect-

angles, respectively), synthesis and import of ribosomal proteins, and the concomitant assembly of ribosomal proteins with

rRNAs, and transport of 40S and 60S subunits from the nucleolus to the cytoplasm. In the cytoplasm, they become func-

tional ribosome following initiation of translation. Shown are different steps in ribosome biogenesis that could contribute to

malignant transformation, if deregulated.



insufficient tumor suppressors in Zebrafish and

Drosophila (146-148). How could decreases in the

level of ribosomal proteins lead to tumorigenesis?

The reduction in the number of ribosomes that is

the result of ribosomal protein deficiency could

lead to an impaired translation of specific mRNAs

that require more direct contact with ribosomes.

The identification of mRNAs that are deregulated

in cells with lower number of ribosomes will im-

prove our understanding of how deficiency in ri-

bosomal proteins may contribute to the develop-

ment of malignant tumors. The reduction in ribo-

some number could result in impaired translation

of specific mRNAs that are coding tumor suppres-

sors (14). However, as mentioned above, the pos-

sibility for an extraribosomal function for ribo-

somal proteins can not be easily excluded (145).

Consistent with this notion, some cases of Dia-

mond-Blackfan anemia in humans include also

growth retardation and an increased susceptibility

to hematopoietic tumors and are associated with

mutations in the ribosomal protein S19 (149). It

has yet to be determined if the S19 deficiency

leads to malignant transformation through its ef-

fects on ribosomes and translation. Alternatively,

S19 could function outside of ribosomes as a tu-

mor suppressor. Interestingly, mice in which one

allele of S19 was inactivated by gene targeting did

not develop any symptoms of Diamond-Blackfan

anemia (150). The reason for this discrepancy is

not understood.

In addition to changes in the expression

of ribosomal components, a defect in modification

of rRNA can be responsible for tumor predisposi-

tion (Fig. 4). Mutation in dyskerin (DKC1), a puta-

tive pseudouridine synthase, which mediates post-

transcriptional modification of rRNA through site-

specific conversion of uridine to pseudouridine, is

the cause of a human disease, dyskeratosis con-

genita (DC), which is characterized by cancer pre-

disposition (151). The role of DKC1 mutation in

the pathogenesis of malignant tumors was tested

in a genetically defined mouse model. A compli-

cating issue was that DKC1 has an additional role

in the maintenance of telomeres, dysfunction of

which can also lead to cancer (152). More than

50% of mice, having hypomorphic DKC1 muta-

tion, develop malignant tumors in the first genera-

tions, when telomeres are functional. These results

suggest that the role of DKC1 in tumor suppression

is related to its function in ribosome biogenesis

(153). The reduction in modified uridines in the ri-

bosome could affect the regions of the ribosome

that are important for binding of tRNA and mRNA,

leading to an impaired translation of tumor sup-

pressors. Alternatively, a misfunctional ribosome

could mistranslate mRNAs into aberrant oncoge-

nic proteins.

Fidelity of Ribosome Biogenesis

and Cell Cycle Progression

Since ribosome biogenesis is one of the

most energy consuming processes in the exponen-

tially proliferating cells, and errors in this process

could affect the gene expression at the level of

translation, the molecular mechanisms may have

evolved to sense its fidelity (4,14,18). The re-

sponses to defects in ribosome biogenesis induced

by mutations in genes that participate in this pro-

cess or different types of stresses have been

recently analyzed.

We generated a conditional deletion of

both genes for ribosomal protein S6 gene in the

liver of adult mice using an interferon-inducible

Mx-Cre system (154). Livers from fasted animals,

deficient for S6 grew in response to nutrients, even

though 40S ribosomal subunit biogenesis was abol-

ished. However, hepatocytes failed to proliferate or

induce cyclin E, following partial hepatectomy, de-

spite formation of active cyclinD/cdk4 complexes.

These results suggested that a defect in ribosome

biogenesis might induce a checkpoint control that

prevents cell cycle progression in vivo.

A recent observation linked defects in ri-

bosome biogenesis and a p53-dependent cell cy-

cle checkpoint control. A nucleolar block of prolif-

eration 1 protein (BOP1), which is involved in

rRNA processing, has been shown to cooperate

with p53 in regulating G1/S transition (155). A

dominant negative mutant form of BOP1 induced

a cell cycle block in NIH 3T3-derived LAP3 cells,

which was abrogated by inactivation of p53, al-

though rRNA processing was still impaired. These

results strongly support the existence of the molec-

ular mechanisms that inhibit cell division in the

presence of mutations in genes that are involved in

ribosome biogenesis to prevent infidelity of trans-

lation and development of pathological processes,

as discussed in the previous sections.

Ribosome biogenesis is a complex pro-

cess that is extremely sensitive to changes in cellu-

lar metabolism, energy levels, nutrient availabil-
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ity, and various chemical inhibitors (156). Recent

experiments provided some insight into the mo-

lecular mechanisms that coordinate cell cycle pro-

gression with ribosome biogenesis under such

conditions. For example, L5, L11, and L23 ribo-

somal proteins are released from the nucleolus,

following the treatments that inhibit ribosome

biogenesis, such as starvation for nutrients or incu-

bation with a low concentration of actinomycin D

in vitro, to interact with mouse double minute 2

homolog (MDM2) and inhibit its activity towards

p53 (157-161). It has been proposed that they cou-

ple cell growth to the cell cycle. Cell growth

would cause L5, L11, and L23 to be assembled

into ribosomes, whereas inhibition of cell growth

would release them from the nucleolus to inhibit

MDM2 and activate p53, leading to the cell cycle

block. Furthermore, p14ARF, which binds to

MDM2 and negatively regulates its activity, is un-

der normal condition sequestered in the nucleo-

lus. Perturbation of the nucleolus during stress

may release p14ARF from the nucleolus to the

nucleoplasm, where it binds to MDM2 to inhibit

its activity and p53 degradation, which may result

in transcriptional activation of p21 and the cell cy-

cle block (162,163). In addition, p14ARF was

found to suppress the processing of pre-rRNA by

interacting and inactivating the nucleolar protein

B23, a nuclease that carries out early pre-RNA

cleavage (36,164). These findings suggest that the

MDM2-p14ARF-B23 interaction may function in

coordinating ribosome biogenesis and cell growth

with cell cycle progression under stress conditi-

ons. Therefore, it is not surprising that p14ARF is

frequently mutated and B23 over-expressed in

many tumors (165,166).

All together, alterations in ribosome bio-

genesis can lead to quantitative or qualitative de-

fects in mRNA translation, which could have dele-

terious consequences on the cell (Fig. 4). A ribo-

some checkpoint is probably activated to either

eliminate defective cells or prevent cell division

under such conditions. We can speculate that fail-

ure to activate this checkpoint could lead to the

development of number of diseases, including

cancer.

Perspective

Although the regulation of the gene ex-

pression at the transcriptional level attracted most

of the attention in the past, it is becoming increas-

ingly evident that the control of mRNA translation

is equally or even more important (167). Also, the

molecular mechanisms that mediate and integrate

many parameters of cell growth have been largely

neglected, despite their relevance for biology and

medicine (11). Hopefully, important progress will

be made in understanding the molecular basis of a

number of the diseases caused by deregulation of

cell growth. It is safe to predict that in the near fu-

ture much more will be learnt about the PI3K-

mTOR signaling pathway and mechanisms of its

activation. Genetic screens in model organisms

such as Drosophila and Caenorhabditis elegans,

genetic inactivation of individual molecules in the

PI3K-mTOR signaling pathway in the mouse, and

large scale analyses of protein-protein interactions

in the pathway provide the most promising ap-

proaches in understanding the role of this pathway

in an organismal context (168). In a broader per-

spective, it will be crucial to understand the contri-

bution of growth deregulation to malignant trans-

formation and tumor progression relative to other

oncogenic events. Do mutations in growth regula-

tion pathways cooperate with other oncogenic

events during transformation process? In that

sense, crosses between these mice and mice defi-

cient in tumor suppressors such as p53 and Rb,

will be particularly informative (169). Microarray

based global analyses of mRNAs shifts into poly-

somes following deregulation of different compo-

nents of the PI3K-mTOR signaling pathways will

likely reveal novel translationally regulated target

genes and help in elucidating the molecular mech-

anisms that contribute to malignant transformation

and tumor progression (22,170). These studies will

be of great importance for the identification of

novel drug targets and development of effective

anti-cancer drugs (14).

Although, a significant progress has

been made recently in understanding the connec-

tions between ribosome biogenesis and cell cycle

progression, this field is still in its early phase.

Many effects of the increased rates of ribosome

biogenesis on the cell division cycle are probably

mediated through increases in the overall rate of

protein synthesis as discussed above (14). Surpris-

ingly, results in yeast have shown the existence of

multiple interactions between diverse factors in-

volved in ribosome biogenesis and specific steps

in the cell division cycle (131,132). Discovery of

the functional importance of these interactions
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and their relevance for human diseases will be a

huge challenge for the future. As discussed earlier

in the text, a number of research groups pointed

out to the existence of a cell cycle checkpoint that

monitors fidelity of ribosome biogenesis (4,154-

156). It will be necessary to discover the molecular

steps involved in the activation of ribosome cell

cycle checkpoint and understand molecular

mechanisms of their activation. The most chal-

lenging questions in the field are related to the

analysis of checkpoint responses induced by de-

fects in ribosome biogenesis in genetically defined

in vivo mammalian models. The gene targeting of

ribosome biogenesis checkpoint genes in the

mouse and phenotypic analysis of mutant mice

will be the next line of investigations in this field.

We hope that understanding the molecular steps

involved in activation of ribosome cell cycle check-

points will help in designing drugs for treatment of

a number of diseases, including cancer.
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