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The pathways of cell cycle regulation in retinoblastoma

As vias de regulação do ciclo celular em retinoblastoma

Renata Mendes de Freitas1

Artigo de Revisão/Review

Resumo

O retinoblastoma é um tumor ocular infantil ocasionado, frequentemente, pela inativação
bialélica do gene RB1 acometendo crianças até os 5 anos de idade. A proteína retinoblastoma
(pRB), codificada pelo gene supressor tumoral RB1, é responsável por regular a progressão
da fase G1 para a fase S do ciclo celular. Essa proteína forma um complexo com o fator
transcricional E2F fazendo com que o ciclo celular permaneça no estágio G0/G1. Com a
fosforilação de quinases dependentes de ciclinas, a fosforilação da proteína RB é ativada e
o complexo formado com o E2F é desfeito, havendo o avanço do ciclo celular para a fase S
e a proliferação celular. Todo esse controle da proliferação celular é regulado não só pelo
complexo formado pela proteína RB e E2F, mas também por outras proteínas que partici-
pam e/ou interferem neste mecanismo de controle da divisão celular, como, por exemplo, as
proteínas mdm2, mdm4, p21.
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INTRODUÇÃO

Retinoblastoma (RB) is an ocular tumor that affects

retinal cells usually diagnosed in children up to 5 years of

age. The prevalence is one in 15,000 - 20,000 born, being

considered a rare neoplastic type, despite being the most

frequent eye cancer in childhood.(1,2) Some scholars try to

associate the higher incidence in developing countries, the

level of education of the parents, the socioeconomic profile

of the families, the professional qualification of the health care

team and maternal nutritional conditions, emphasizing, for

example, the amount of folic acid consumed during

pregnancy.(3,4) The relationship between race, gender and

ocular laterality in cases of retinoblastoma is not found in the

studies conducted.(5)

This tumor type is associated with the biallelic loss of

the RB1 tumor suppressor gene, which may be hereditary or

sporadic, where the inhibition of retinoblastoma protein (pRB)

function, encoded by the RB1 gene, is determinant in the

genesis of retinoblastoma.(6) The loss of RB1 deregulates

transcriptional factors associated with transcriptional

activation of genes and triggers cellular apoptosis. In many

types of cancers, loss of pRB can alter E2F and allow the

deregulated maintenance of the cell cycle, but tumorigenesis

can be prevented by p53-mediated surveillance.(7) In

addition, in human tumors this event was also associated

with the amplification of proteins encoded by the MDM2

and MDM4 genes, and could act as therapeutic targets for

the treatment of retinoblastoma.(6)

Each component of this complex regulatory pathway

pRB-E2F and associated genes in retinoblastoma will be

addressed below.

THE TUMOR SUPPRESSOR GENE RB1

In 1986, the RB1 gene was identified and cloned as

the first tumor suppressor by Friend et al.(8) This gene,

located in the chromosomal region 13q14, comprises more

than 178,143 kb of genomic DNA and is composed of 27

exons that transcribe a messenger RNA of 4,772 kb. The

complete gene sequence was reported by Toguchida et al.

(1993).(9,10)

The RB1 gene encodes a nuclear protein of 928 amino

acids called pRB, belonging to the pocket family, with ability

to regulate gene transcription and act as regulator of the

G1/S phases of the cell cycle.(11) pRB is also involved in the

transcriptional regulation of genes that act on apoptosis,

differentiation and cell adhesion.(12,13) The major cellular
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functions of pRB are conserved in mammalian cells,

Drosophila melanogaster and Caenorhabditis elegans.(14)

Tracking for mutations in the RB1 gene should occur in

all exons, with single base substitutions and large deletions

being the most recurrent mutations. Many of these mutations

are of the nonsense and frameshift type.(15) Most of the base

substitutions originate from the transition from a cytosine to

thymine (C> T) in the CGA codon into the amino acid arginine,

generating a UGA stop codon, resulting in the loss of pRB

function.(1,16)

Mutations detected in the RB1 gene may increase the

quality of clinical management of retinoblastoma and allow

predictions of risk for all family members.(17)

Complete depletion of the RB1 gene leads to increased

chromosomal instability manifested in aneuploidy or

polyploidy.(18) This phenomenon is attributed to centromeric

dysfunction and failure to recruit components of the condensin

II complex, which are proteins responsible for keeping both

chromatid sisters together, leading to the defect of

chromosome separation during mitosis.(18)

However, tumorigenesis occurs when surveillance

pathways are inactivated, such as the p53 protein, that

prevents the induction of apoptosis in the loss of pRB

function.(19)

THE RETINOBLASTOMA PROTEIN (PRB)

The RB protein (pRB) acts as a regulator of G1/S phases

of the cell cycle and has the ability to regulate the gene

transcription of genes that participate in apoptosis,

differentiation and cell adhesion.(12,13)

This protein belongs to a family of proteins, encoded

by three different genes: the RB1 gene, which encodes pRB;

the RBL1 gene, located in the chromosomal region 20q11.2,

which encodes p107, and the RBL2 gene, located on the

long arm of chromosome 16, which encodes p130.(19,20) All

members of the RB family of proteins have a conserved

region, called pocket, which interacts with the LXCXE motif,

found in viral proteins, used to bind to pRB. Deletions or point

mutations in this domain make the oncoproteins incapable

of inactivating pRB and potentiate cells in tumor targets.(21)

These proteins, known as "pocket", are formed by three

domains: N-terminal, A/B pocket and C-terminal.(20) Protein

functionality is related to elongation factor 2 (E2F) binding

domains.(10)

Cells expressing the mutant pRB, lacking the LXCXE

interaction domain, showed abnormal chromatin structures,

including decondensation of chromatin and loose

chromosomes.(22) These data indicate that pRB also regulates

chromatin remodeling, predominantly in the G0 and G1

phases of the cell cycle.(23)

The p107 and p130 proteins exert the function of

regulating the repression of E2F target genes. However, such

proteins are little mutated in human cancers.(13) Studies in

mice showed that RB1 is an essential gene to the cells, and

knockout mice die during the embryonic development. On

the other hand, knockout mice, for the genes of the p107 and

p130 proteins, usually develop suggesting that such proteins

cannot replace all the functions of pRB and that this is in fact

vital for the survival of the organism.(13)

In the quiescent phase of the cells (G0), the most

abundant protein is p130; subsequently, cells are stimulated

to initiate the cell cycle, and the pRB and p107 proteins are

induced.(20) Thus, when the two begin to have their levels of

expression increased, the levels of p130 are decreasing

(Table 1). Some studies point to p130 as a partial

transcriptional repressor called DREAM, and function to

repress the functions of E2F target genes during the G0

phase.(20,24)

Table1 - Specific types of RB-E2F complexes prevalent during the

cell cycle.

RB family member Transcription Factors Cell cycle stages

pRB 1, 2, 3 G0, G1, S

p107 4, 5 G1, S, G2

p130 4, 5 G0, G1

Source: Adapted from Henley SA and Dick FA.(20)

The initiation of gene transcription in eukaryotes

requires that transcriptional protein factors, together with RNA

polymerase, form a basal transcription apparatus to initiate

gene transcription.(25)

THE TRANSCRIPTIONAL FACTOR IN THE
CONTROL OF THE CELL CYCLE:

The E2F transcription factor was initially identified as

the cellular component required for the anterior region (E1A

region) of the adenovirus protein, in order to mediate the

transcriptional activation of the viral promoter region (E2

region).(26)

Chellappan et al. (1991) deduced the mechanism of

regulation of E2F by activation of the adenovirus E1A region,

allowing the understanding that the transcription factor is

inhibited when associated with the RB protein. This

observation was the first to suggest that E2F could be related

to the development of cancer. (27) It was later identified that

pRB is target of other viral oncoproteins, including SV40 of T

antigen and human papillomavirus (HPV) E6 and E7

proteins.(28,29)

Subsequent studies have demonstrated that E2F

controls the transcription of genes that are essential for cell

division.(29)

This means that the HPV E7 viral protein is capable of

binding to pRB and making it inactive; this way, the E2F factor

becomes free, generating a stimulus for cell proliferation. In
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addition, the association of E7 protein with pRB leads to an

increase in p53 that causes cell cycle arrest or induces

apoptosis.(30) In the context of HPV infection, the E6

oncoprotein initiates the degradation of p53, leading to loss

of control of cell proliferation and blockade in the activation

of apoptosis.(30)

The ratio of pRB to cell cycle progression is associated

with eight members of the E2F transcriptional factor family

(E2F1 to E2F8) that are central regulators of cell cycle

progression. The pRBs form heterodimers with a subunit

encoded by DP - DP1 and DP2 family members, generating

a DNA binding specificity, mainly determined by the E2F

subunit.(12,13)

The factors E2F1, E2F2 and E2F3 are associated with

transcriptional activation and have pRB as the target; E2F4

and E2F5 are transcriptional repressors and are targets of

p107 and p130, whereas E2F6, E2F7 and E2F8 are

independent repressors of pRB.(23) E2F1 plays an important

role in the induction of apoptosis and is often found amplified

in human cancers.(13)

Although the accepted model for the pRB-E2F complex

reinforces that cyclin-dependent kinases (CDKs)

phosphorylated pRB release the E2F transcription factors,

during the G1/S cell cycle transition, it was observed that the

pRB-E2F1 complexes persist associated beyond the S

phase, independently of pRB phosphorylation. This complex

will occupy promoter regions of apoptotic genes of

proliferating cells.(31)

Thus, these observations indicate that phosphorylation

of pRB by CDKs during the G1/S transition causes the

release of most E2F factors to induce cell cycle gene

transcription, but the pRB-E2F1 complexes remain stable

thanks to the interaction of this complex to the promoter

regions of apoptotic genes, repressing their expression.(31,32)

DeGregori (1997) suggests that E2F1-induced

apoptosis is not simply a consequence of abnormality in S

phase, but represents an intrinsic property of E2F1 in

activating genes that initiate programmed cell death. It is

possible that this ability of E2F1 causes direct or indirect

interaction with other proteins participating in the apoptotic

pathway, including p53. Thus, the results presented by him

suggest the ability of E2F1 to induce an accumulation of p53,

acting in the G1 phase of the cell cycle, promoting cell

differentiation and control.(33)

Studies have suggested that E2F can bind to multiple

promoter sites, allowing the ability to dynamically regulate

the coding of genes that are important for DNA repair,

chromatin remodeling, chromosomal segregation.(34)

THE CELL CYCLE ACTIVATION BY CDK

The proteins of the RB family are activated by

phosphorylation of cyclin-dependent kinases (CDKs), which

are divided into three classes - CDK2, CDK4 and CDK6.

CDK2 associate with cyclins of type A and E; the CDK4

and CDK6 classes are associated with D-type cyclins (D1,

D2 and D3) and are responsible for initiating pRB

phosphorylation.(20) They act to maintain the cells in the G1

phase of the cell cycle, since they favor the maintenance of

the pRB-E2F complex.(20) The CDK2/cyclin E complex

promotes the progression of the G1 phase cycle to S phase,

and CDK2/cyclin A is responsible for maintaining cell cycle

progression after S phase.(6)

In its active form, pRB is hypophosphorylated in G0/G1

and associated with the transcriptional factor E2F, blocking

the cell cycle. Extracellular factors that direct cell mitogenesis

induce the activation of CDK2 and CDK4/CDK6-dependent

cyclin-dependent kinases (CDKs) that promote

phosphorylation of pRB.(28)

Once phosphorylated, the RB protein has its binding to

E2F factor weakened and the dissociation of these molecules

occurs, thereby allowing the onset and progression to the

S-phase of the cell cycle.(29,35) The entire mechanism can be

observed in Figure 1.

The inactivation of pRB promotes genomic instability

and results in deletions, duplications and chromosomal

rearrangements(35) and compromises the ability of cells to

terminate the cell cycle, being highly susceptible to oncogenic

gene proliferation.(12)

The literature shows that pRB is functionally impaired

in many tumors as a result of RB1 mutations or mutations

that increase phosphorylation of the protein or by the

expression of viral oncoproteins targeting pRB.(16) Inactivation

Figure 1. Mechanism of regulation of the pRB-E2F complex in cell cycle

control. In G0/G1, the pRB-E2F complex is found with the active pRB

bound to the transcriptional factor so that the cell cycle is halted in the

G0/G1 phases and with highly condensed chromatin. With the activation

of CDK4, CDK6 and CDK2-E in the G1 phase, the pRB-E2F complex is

released and the cell cycle progresses through the S phase. The pRB is

again activated by phosphatases, that allow the hypophosphorylation of

the protein and stop the cell cycle in G0/G1.
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of pRB by oncogenic proteins is induced by viral infection

and RB1 gene expression is suppressed via methylation of

the DNA promoter region.(22)

With cel l  cycle progression, CDK activi ty is

decreased by allowing the phosphatase 1 (PP1) protein

to dephosphorylate pRB, promoting hypophosphorylation

and allowing a new formation of the pRB-E2F complex,

which represses gene transcription and cell cycle

progression.(13)

This negative regulation of cell cycle progression is the

main mechanism by which pRB represses tumor

development. However, pRB interacts with hundreds of

proteins that are critical to multiple processes beyond cell

cycle control.(13)

MAINTAINING DNA INTEGRITY

The signaling pathway of the p53 protein, encoded by

the TP53 gene, located on chromosome 17, is usually

inactivated in several types of cancers; approximately 50%

of all tumor types have mutations in the TP53 gene, and those

with wild type p53 often show mutations in other signaling

pathway genes that allow cell cycle surveillance.(36)

During a DNA damage response, the TP53 gene

prevents cell proliferation through various mechanisms, such

as cell cycle arrest and activation of apoptosis.(37)

In retinoblastoma, it is common for the TP53 gene not

to be mutated, but other associated genes,(38,39) in which the

deregulation of p53 stems from increased expression of

regulatory genes such as MDM2 and MDM4.(40) The mdm2

and mdm4 proteins can prevent the effect of p53, playing a

role of p53 regulators, inhibiting cell cycle control and

preventing apoptosis.(37)

Increased expression of MDM2 and MDM4 genes can

be activated by somatic amplifications in tumors or germ

polymorphisms, leading to a predisposition of individuals to

cancer.(40)

In addition to the increased expression of the p53

signaling pathway antagonist genes, there are several

splicing variants in the formation of messenger RNAs of the

MDM2 and MDM4 genes leading to p53 repression.(36)

CDKIS ACTIVATION AND CELL CYCLE ARREST

The mechanism of activation of CDKs can be regulated

by inhibitory proteins known as CDKI - cyclin-independent

kinase inhibitor, mainly acting in the control of the G1 and S

phases of the cell cycle. There are two classes of CDKI: the

CIP family and KIP, which consists of the p21, p27, p57, p18

and p19 proteins. These members bind cyclin and CDK

subunits, inhibiting kinase activity (Figure 2).(18)

The CDKN1B gene, located in the chromosomal

region 12p13, encodes the p27 kinase inhibitor, which

inhibits the CDK2/E complex, negatively regulating cell cycle

progression in the G1/S phases and promoting cycle arrest

in G1 phase.(18) In this way, p27 controls proliferation,

differentiation, cell adhesion and apoptosis. In G1 the

expression levels of p27, for example, are relatively high

and CDK2/E activity is low, preventing DNA synthesis.(18)

The low expression of CDKN1B is related to

tumorigenesis and the advancement of the clinical stage in

several tumors, such as prostate, gastric, laryngeal,

colorectal and breast. Some SNPs (single nucleotide

polymorphism) in the gene are associated with reduced

transcription rate and low levels of p27.(41) Such SNPs may

affect the normal functioning of CDKN1B by altering the

efficiency of transcription and protein levels, leading to cell

cycle deregulation and neoplastic behavior.(41)

Some studies have shown increased susceptibility

to cancer with the identif ication of polymorphism

rs2066827.(41) Landa et al. (2010) (42) suggests that this

polymorphism (T326G, V109G, rs2066827) in the

CDKN1B gene is associated with reduced transcription

rate and low protein levels with susceptibility to thyroid and

prostate cancer.(42)

P27 was identified in the association of multiple

endocrine neoplasm syndrome type 1 (MEN-1) with

mutations of loss of germline function in the CDKN1B gene

in mice. Expression studies for p27 showed an absence

or reduced presence in normal and pathological tissues

Figure 2. Regulation of CDKs by action of CDKIs and restoration of

pRB-E2F complex in cell cycle control. The main CDKIs in the control of

CDKs in the pathogenic pathway of retinoblastoma and cell cycle arrest

due to hypophosphorylation of pRB and formation of the pRB-E2F

complex.
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of these mice.(43) In vitro cell culture studies have

demonstrated that the mutant p27 protein retains some

properties of the wild-type protein, such as nuclear

localization and interaction with CDK2/E, but is highly

unstable and rapidly degraded.(43)

The key role of the CDKN1B gene in the regulation

of cell cycle proliferation and as a tumor suppressor has

been demonstrated in knockout mice that showed

gigantism due to increased cell number and increased

tumorigenesis.(44)

Another CDK control gene is CDKN1A, located in

the chromosomal region 6p21.2, which encodes the cyclin-

dependent inhibitory kinase (CDKI) p21, which associates

with the CDK2 or CDK4 complexes, inhibiting the activity

of these complexes and regulating the progression of the

cycle cells in G1.(23) In addition, p21 protein may also play

a regulatory role in S phase during cell duplication and

DNA repair.(45) This signaling control is mediated by p53,

which induces p21 expression in response to DNA

damage, disrupting cell cycle progression in the transition

from G1 phase to S phase by inhibition of CDKs.(45)

Sheikh et al. (1994)(46) have demonstrated in a study

of breast cancer cells that mechanisms regulating p21

expression involve p53-dependent and p53-independent

signaling pathways. In ovarian cancer cells, it has been

observed that the induction of p21 expression can occur

by activation of protein kinase C (PKC) in cells lacking

p53.(47)

A study (2001) demonstrated that p21 expression is

associated with the presence of metastases and probably

with great genetic instability.(48)

The CDKN2A gene, located in the chromosomal

region 9p21.3, generates variant transcripts that differ in

the first exon and at least three alternatively processed

variants encoding different proteins have been described,

two of which encode structurally related isoforms that

function as inhibitors of CDK4 kinase. The remaining

transcript contains an open reading frame (denominated

ARF) which specifies a protein that is structurally unrelated

to the products of the other variants. This ARF product

functions as a stabilizer of the p53 protein, since it can

interact and inhibit mdm2, a protein responsible for the

degradation of p53 (Figure 3).(49)

Despite the structural and functional differences

between the CDK inhibitory isoforms and the ARF product

encoded by this gene, through the regulatory roles of CDK4

and p53 in cell cycle G1 progression, they share a common

functionality in the control of G1. This gene is often mutated

or deleted in a wide variety of tumors, and is known to be

a major tumor suppressor gene.(49) The activating signals

of p16 are diverse, including those that promote cell cycle

arrest due to the presence of DNA damage or to those

associated with tumorigenesis.(50)

REGULATORS GENES OF THE P53 ACTIVATION
PATHWAY

The MDM2 gene, mapped in the 12q15 chromosomal

region, is the major regulator of p53, keeping the protein at

appropriate levels in normal cells. After stress, p53 is activated

and induces apoptosis.(51)

The mdm2 acts as a ubiquitin ligase that binds to p53

for its destruction via proteosomes, preventing apoptosis

from occurring in cells. Cells with damaged DNA activate

protein kinases, which phosphorylate p53 and reduce binding

with mdm2 allowing apoptosis.(31,39) Thus, an increase in

mdm2 levels has been observed in a broad spectrum of

human cancers.(45,52)

The expression of mdm2 has been shown in previous

studies, resulting in a decrease in E2F1 levels, causing mdm2

to inhibit the apoptosis promoted by the transcriptional factor.

In this way, mdm2 is a negative regulator of E2F1 and also of

p53.(52,20)

Nutlin-3a consists of an inhibitor of mdm2. A recent study

showed that this substance causes p53 and p21

accumulation and pRB hypophosphorylation, which led to cell

cycle arrest in some cell lines.(20) On the other hand, in other

strains, nutlin-3a downregulated pRB and resulted in

apoptosis independent of E2F1. Thus, nutlin-3a is considered

a potential therapeutic agent that could suppress and/or kill

tumor cells. However, the mechanism by which this substance

Figure 3. p14ARF inhibiting mdm2 also blocks the activity of p53 but

activates p21 that will inhibit CDK2 and block pRB. A p16 is a CDK

inhibitor that limits the activity of CDK4 and CDK6 complexes, disrupting

their interaction with D-type cyclins. Thus, p16 regulates the

phosphorylation of pRB by inhibiting CDK4 or by releasing specific CDK6

inhibitors, resulting in non-phosphorylated pRB, keeping the cells in the

G1 phase.(1,26)

The pathways of cell cycle regulation in retinoblastoma
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acts by inducing hypophosphorylation of pRB in some cells

is not well understood.(20)

Another gene, MDM4, located at 1q32, regulates the

stability of p53 in a process dependent on mdm2. The mdm4

protein, belonging to the same mdm2 family, shares several

structural and functional properties, including a highly

conserved p53 binding domain capable of inhibiting p53

transactivation.(52)

amplification of MDM2. Nutlin-3a-like molecules weaken the

mdm2-p53 interaction by impairing the survival of tumor cells

in retinoblastoma.(54) Expression of MDM4 in the absence of

MDM2 suggested a mode of regulation of p53. With the

absence of MDM2, the effects of Nutlin-3a were related to

inhibition of tumorigenesis mainly by blocking the mdm4-p53

interaction.(54) Previous studies have shown that the high level

of MDM2 expression is crucial for the proliferation and survival

of retinoblastoma cells.(54)

Many functions of pRB are related to genomic instability,

cancer associated with poor prognosis, tumor heterogeneity

and development of therapeutic resistance. Signaling

pathways that influence pRB and retinoblastoma have been

shown here. All components are critical for understanding cell

cycle control and activation of apoptosis. Loss-of-function

mutations in each molecule comprising this large pathway

can generate responses that alter cellular behavior, leading

to uncontrolled cell proliferation, chromosomal instability and

tumorigenesis.(54)

Abstract

Retinoblastoma is a childhood ocular tumor often caused by the biallelic

inactivation of the RB1 gene affecting children up to 5 years of age. A

retinoblastoma protein (pRB), encoded by the tumor suppressor gene

RB1, is responsible for the regular progression of the G1 phase to the

In addition to binding to p53 and blocking apoptosis,

mdm4 has the ability to increase the stability of p53 by binding

to mdm2 through a conserved domain so that the interaction

between mdm2-mdm4 complexes inhibits targeted p53

degradation by mdm2.(52)

The mdm4 protein also regulates pRB levels by mdm2-

mediated ubiquitination, being inhibited by mdm4 due to

competition between mdm2-mdm4 by binding sites in the

C-terminal domain of pRB.(39) Polymorphisms and mutations

in MDM4 have been frequently studied because of the impact

on the regulation of p53 and pRB and the association of risk

for some types of cancer.(53)

CONCLUSION

In most cancers, these pathways are impaired by

mutations in TP53, inactivation of the CDKN2A gene or

Figure 5. Normally, p53 activates p21 expression leading to inactivation

of CDKs and cell cycle arrest. The mdm2 and mdm4 proteins when

blocking p53 also block apoptosis and DNA repair.

Figure 4. Regulation of Nutlin-3a in mdm2, E2F, p53, p21, pRB, apoptosis

and cell cycle arrest. Nutlin-3a when it blocks mdm2, also blocks E2F

and consequently apoptosis. Thus, with the blockade of mdm2, the

accumulation of p53, p21, pRB occurs, restoring the formation of the

pRB-E2F complex, stopping the cell cycle and enabling the activation of

apoptosis.
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phase S of the cell cycle. This protein forms a complex with the

transcriptional factor E2F causing the cell cycle to remain in the G0/G1

stage. With a phosphorylation of cyclin-dependent kinases (CDK), the

phosphorylation of the RB protein is activated and the complex formed

with E2F is disrupted, with the advancement of the cell cycle to an S

phase and cell proliferation. All the control of cell proliferation is regulated

not only by the complex formed by RB and E2F proteins, but also by

other proteins that participate in and/or interfere in this cell division control

mechanism, such as mdm2, mdm4 and p21 proteins.
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Retinoblastoma protein; retinoblastoma; cell cycle proteins
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