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Abstract

his chapter deals with the role played by the retinoblastoma protein (pRb) in a variety

of differentiation processes. After broadly reviewing the current knowledge on

this issue, it points at two common themes. The first is the exclusive involvement of
pRb in the final maturation stages of each lineage, so that the functional ablation of the protein
produces relatively subtle differentiation defects. The second is that, at least in the cell types
more thoroughly investigated, pRb exerts its pro-differentiation potential by enhancing the
activities of transcription factors that are key regulators of tissue-specific differentiation.

Finally, the hypothesis is put forward that pRb plays a role in the final differentiation stages

of a much wider range of cell types than currently recognized. It is proposed that one reason for
the well-know, poortly-understood, inverse relationship between differentiation and malignancy
is the functional impairment of pRb and possibly its family members in the vast majority of
human cancers.

Introduction

Tumor cells are uniformly characterized by unchecked proliferation on one side and im-
paired or arrested differentiation on the other.” In general, the degree of differentiation of
tumors correlates inversely with their malignancy, the more undifferentiated neoplasias being
also the more aggressive. The mechanisms through which altered proliferation and impaired
differentiation are linked are only partially understood.

The general rule thar all malignant tumors show altered differentiation applies even to
malignancies ostensibly comprised of highly or even terminally differentiated celis. A case in
point is that of multiple myeloma. In this disease, the vast majority of tumor cells are termi-
nally differentiated plasma cells, while the malignancy grows through the expansion of a minor
compartment of cells whose differentiation is arrested at a stage compatible with proliferation.
Conversely differentiation, when allowed to proceed in a tumor cell, can take over cell cycle
control and bring the neoplastic cell to a halt. It is well known that differentiation tends to
oppose cellular transformation. In extreme but not uncommon cases, terminal differentiation
coexists with malignant transformation. Although terminally differentiated cells are unable to
proliferate by definition and cannot possibly be transformed, spontaneous terminal differen-
tiation often takes place even in highly aggressive cancers in a fraction—sometimes the major-
ity—of the tumor cells. Such cells cease proliferating, thus demonstrating that differentiation
can suppress the transforming evenrs that lead to tumorigenesis. By way of example, in the

*Corresponding Author: Marco Crescenzi—Department of Environment and Primary
Prevention, Istituto Superiore di Sanitd, Rome, Italy. Email: crescenz@iss.it

Rb and Tumorigenesis, edited by Maurizio Fanciulli. ©2006 Eurekah.com
and Springer Business+Science Media.




12 Rb and Tumorigenesis

solid tumor rhabdomyosarcoma, most cells are often undifferentiated and morphologically
uncharacteristic. However, a variable percentage of cells derived from the malignant clone ter-
minally differentiate into muscle fibers.> Understanding the molecular underpinnings of the
conflict between neoplastic transformation and differentiation is a fundamental question in
cancer biology. As it is true of all basic questions in cancer, finding answers should provide us
with potential targets for therapeutic interventions. Indeed, it should be stressed that differen-
tiation of some tumors can also be elicited both in vitro and in vivo by chemical treatments. We
must understand the molecular mechanisms through which differentiation can force a tumor
cell to stop as in the instances of differentiation therapies for myeloid leukemias and neuroblas-
tomas.

The universal character of the transformation/differentiation antithesis suggests that one or
very few mechanisms underlay it. While it is known that a large number of genetic and epige-
netic alterations concur to cell transformation in a seemingly endless variety of combinations,
we suggest that most or all transforming mechanisms share a common theme entailing im-
paired differentiation. Specifically, we hypothesize that one fundamental reason for the inverse
correlation between differentiation and malignancy is the near—universal inactivation of the
retinoblastoma protein (pRb) pathway in human tumors. Such inactivation alters the control
of the cell cycle and contributes to determine the unchecked proliferation of tumor cells. At the
same time, we contend, it impairs cell differentiation in a much wider variety of cell types than
currently appreciated. Impaired differentiation is far from being a marginal byproduct of Rb
pathway inactivation. On the contrary, it is a necessary condition for sustained proliferation of
tumor cells in those cases in which their normal counterparts terminally differentiate into
nonproliferating or postmitotic cells. This is very frequently true, as for example in the cases of
most epithelial and hematopoietic cells which are almost always postmitotic in the final stages
of their differentiation. Even when the differentiation of a given cell type is nonterminal (e.g.,
hepatocytes, thyrocytes), it is still accompanied by very low proliferation rates which are hardly
compatible with neoplastic transformation.

The pRb Pathway in Normal and Neoplastic Cells

The tumor suppressor protein pRb is a central regulator of cell homeostasis, involved in the
control of such critical functions as proliferation, differentiation, and programmed cell death.
In the cell cycle, pRb exerts its activity in close proximity to the restriction point, regulating the
decision to enter S phase. In its cell cycle regulatory capacity, pRb is primarily regulated through
phosphorylation. Un- or hypo-phosphorylated pRb is conventionally regarded as “active” and
prevents entry into S phase. During G1 phase of an unperturbed cell cycle, pRb is progressively
phosphorylated by the cyclin D-dependent kinases cdk4 and cdk6 and the cyclin E/cyclin
A-dependent cdk2. Phosphorylation of pRb “inactivates” it, thereby allowing advancement
into S phase. pRb phosphorylation allows cell cycle progression mainly by releasing transcrip-
tion factors of the E2F family. The E2F factors, when bound by hypophosphorylated pRb,
form complexes that bind target promoters bearing E2F binding sites and actively repress tran-
scription. Upon phosphorylation, pRb releases the E2F factors, that promote transcription of
a large number of genes, many of which are essential regulators or direct effectors of DNA
replication. The kinases that phosphorylate pRb are controlled by a variety of mechanisms at
different levels. One prominent regulation is exerted by two groups of inhibitory molecules,
the INK4 and KIP families. The INK4 family consists of four members, commonly indicated
as p15, pl6, pl8, and pl9 from their molecular weights. The INK4 inhibitors have binding
specificity for the cyclin D-dependent cdk4 and cdk6 kinases and, when bound to them, pre-
vent their forming complexes with the activating cyclins. The KIP inhibitors include p21, p27,
and p57, have the ability to bind all cyclin/cdk complexes or their cyclin moieties alone, either
way inhibiting cdk activity.

This highly simplified view of cell cycle regulation in G1 is summarized in Figure 1. It
includes only those players whose alterations are frequently involved in pRb pathway inactiva-
tion in the course of neoplastic transformation. It is designed solely to serve this discussion,
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Figure 1. The pRb pathway. A simplified schematic of the pRb regulatory pathway showing some of the main
factors. Mechanisms altering the function of each regulator in human cancers are indicated.

with no attempt to approximate a full description of our current understanding of G1 phase
regulation.

In the last ten years it has been shown that the Rb pathway is impaired or altogether inacti-
vated in virtually all human tumors. This remarkable discovery suggests that it is nearly impos-
sible for a human cell to undergo neoplastic transformation withour losing the restraint pro-
vided by pRb. However, pRb is directly inactivated via murations or deletions or is targeted by
viral proteins in a minority of neoplasias. Most often it is one of the components of the pRb
pathway shown in Figure 1 to be altered in a number of different ways. A partial list of pRb
pathway alterations in tumor cells includes reference 4 and references therein:

* amplification of the cyclin D1, -D2, -E, the cdk4, or the cdké6 gene

* chromosomal translocation of the cyclin D1 locus generating overexpression of the gene
product

* activating mutations of cdk4

* inactivating mutations of the p16 or p57 cdk inhibitor

* methylation-mediated silencing of the p15 or pl16 promoter

* accelerated degradation of p27

¢ reduced degradation of D cyclins

* activation of D cyclins by provirus integration

The main functional outcome of these alterations is constant: pRb inactivation and E2F
release. Thus, the cell cycle regulatory function of pRb is suppressed in tumor cells by direct
inactivation of the Rb gene or its product or by increased phosphorylation due to alterations in
its regulatory pathway.

Most of the Rb-inactivating events that concur to neoplastic transformation also impinge
on the two other pRb family members, p107 and p130. Whereas direct Rb gene mutations or
deletions clearly affect only pRb, viral oncoproteins such as human papillomavirus E7 target all
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three family members. Likewise, the three pRb family proteins are targets of the same kinases®

that presumably, when hyperactive, similarly affect all of them. Thus, current knowledge al-
lows us to assume that the impairment of the pRb cell cycle functions is mirrored by related
alterations in the capacities of its cousins.

Impairment of pRb cell cycle-related functions does not automatically translate into repres-
sion of its differentiation promoting capabilities. Indeed, these two sets of functions can be
genetically separated,® as it has been found that some Rb mutants unable to stably bind E2F
and induce cell cycle arrest can still promote differentiation. However, differentiation is tightly
associated with pRb hypophosphorylation in numerous cell types.” In addition, naturally oc-
curring “low risk” pRb mutants that retain differentiation-promoting capacity are mostly asso-
ciated with benign retinomas,® suggesting again that differentiation counteracts full neoplastic
transformation. To our knowledge there is no instance in which abnormal, ectopic phosphory-
lation of pRb is compatible with unimpaired differentiation. Thus, for the rest of the discus-
sion, we will assume that any reduction in the ability of pRb (or its family members) to control
the cell cycle is reflected in an overt or subtle modification of its differentiating properties.

pRb Is Involved in the Differentiation of a Growing Number
of Cell Types

It is very instructive to summarize briefly the chronology of the discovery of the differentia-
tion role of pRb. Rb knockout (KO) mice and their derivatives led to the conclusion that the
differentiation of several cell types depends on pRb. In 1992, three groups independently re-
ported that Rb KO mice die in utero displaying defective maturation of erythrocytes and neu-
rons.3 % Two years later, closer examination revealed that in Rb KO mice lens cell differentia-
tion was also impaired, being characterized by excess proliferation, reduced expression of
differentiation markers, and apoptosis.!’ Examination of Rb KO mice brought us so far. How-
ever, the phenotype of these mice does not tell the whole story. For example, the severe impair-
ment of skeletal muscle differentiation was first discovered in vitro in 1994'? by examining
MyoD-converted Rb KO fibroblasts and confirmed in vive only two years later in partially
rescued Rb KO mice.'? Likewise, pRb has been shown to be essential for adipocyre differentia-
tion in vitro,'*!> while a fat phenotype in the KO mice has not been reported.

Subtler defects have been found in lineages for which an in vivo phenotype is not described.
The differentiation of hematopoietic lineages other than the erythroid is also influenced by Rb.
A role for pRb in monocyte/macrophage differentiation has been recognized as early as 19961
and later confirmed by direct suppression of pRb.'”'® Some evidence exists indicating the
involvement of pRb in granulocyte differentiation, too.!”!?

Further cell types have been found to require pRb for their normal differentiation processes.
In 2001 a role for pRb in osteoblast differentiation was recognized,” providing a molecular
basis for the old epidemiological observation that osteosarcoma is one of the most common
cancers arising in survivors of familial retinoblastoma.?! Conditional Rb KO mice allowed to
unveil in 2003 a previously unrecognized role of pRb in keratinocyte differentiation. Finally, in
2003, Rb KO mice were belatedly found to bear placental defects. This finding explains, at
least in part, the previous recognition that some differentiation defects in erythroid and central
nervous system cells are noncell-autonomous.?>** The proposal that at least in part such differ-
entiation defects stem from hypoxia®® finds a plausible mechanistic explanation in the placen-
tal abnormalities of Rb KO embryos.”> In addition, these abnormalities suggest that yet an-
other cell type, the placental trophoblast, might derive differentiation aberrations from the lack
of pRb function.

A few cell types have been specifically reported to differentiate normally in the absence of
pRb. One instance is mammary epithelium, as Rb KO cells formed histologicallz and func-
tionally normal mammary glands when transplanted into wild-type female mice.?® A second
example is provided by Rb KO prostate epithelium, which has been reported to give rise to
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fully differentiated and morphologically normal prostate tissue when transplanted into nude
mice.”” However, as always with negative results, caution should be exerted. Very subtle differ-
entiation defects might go undetected by histological examination and manifest themselves
only in specific physiological or pathological circumstances. The presence of pRb had been
deemed irrelevant for granulopoietic differentiation, a contention later disproved as discussed
above. In addition, the potential role of the other pocket proteins in the differentiation of
breast and prostate cells has not been investigated.

It is not easy to separate the effects of pRb on the cell cycle from those exerted on differen-
tiation. The available data do not always allow to conclude that in a given cell type a differen-
tiation defect is primary rather than being an indirect consequence of a perturbation of the cell
cycle produced by the absence of pRb. For instance, the role of pRb in retinal rod photorecep-
tor differentiation might be mediated exclusively by the inability of Rb KO precursors to exit
the cell cycle. However, for the examples provided above, good evidence exists suggesting an
involvement of pRb in the expression of the differentiation program itself rather than exclu-
sively in the cell cycle.

The pRb family members p107 and p130 are also involved in the differentiation processes
of at least some cell types. p107/p130 double-KO mice show severe defects in limb develop-
ment due to deregulated chondrocyte growth.?® These mice also show defective keratinocyte
differentiation and delayed hair follicle morphogenesis and tooth development. Whether the
defects of double-KO mice should be attributed to pure cell cycle deregulation or at least
partially to impairment of cell-specific differentiation programs remains to be determined. In
addition, p107 and p130 single KO mice with a prevalent Balb/c] genetic background display
a variety of developmental defects.””*° Thus, whereas this review focuses mainly on pRb, the
role of its cognate proteins should not be disregarded. The three pRb family members share
regulatory mechanisms and functional properties and in many cases the specific role of each
member in a biological process cannot be easily untangled from those of the others. In conse-
quence, the reasoning here applied to pRb extends to its family proteins.

In conclusion, the differentiation of a fairly large number and broad variety of cell types is
influenced by one or more of the pRb family members. We have showed that, as more and
more cell types are examined closely, a differentiation role for pRb and its family proteins is
recognized in far more tissues than initially suggested by the phenotype of Rb KO mice. Thus,
lack of in vivo evidence for pRb differentiation activity does not necessarily rule it out. The
number of cell types whose differentiation is affected by pocket proteins is still growing and we
suggest that eventually most lineages will show some degree of pRb-dependence in their differ-
entiation.

pRb-Regulated Differentiation: Common Themes

In our view, two facts recur in studies of pRb-influenced differentiation processes. First,
pRb seems to be involved exclusively in the final stages of differentiation, as the development
of precursor cells is generally normal numerically, morphologically, and functionally. Second,
in the cases analyzed more in depth, pRb appears to exert its activities by functionally interact-
ing with key transcription factors regulating differentiation.

The first generalization derives from the observation that in all cases in which a differentia-
tion role for pRb has been recognized (see Table 1), differentiation defects are confined to the
final cell rypes in each lineage, while precursor cells are ostensibly normal. For example, while
skeletal Rb KO muscle fibers display impaired tissue-specific gene expression and persistent,
ectopic DNA synthesis, myoblasts are seemingly normal.'>'>?! Likewise, Rb KO erythrocyte
precursors are capable of going normally through most of their differentiation pathway. A
defecr is present in the last differentiation stages, leading to reduced numbers of circulating
erythrocytes, many of which show an immature phenotype with nucleus retention.®'® The
contention that pRb is required for late differentiation steps in this lineage is also supported by
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Table 1. Involvement of pRb in the differentiation of diverse cell types and interacting
transcription factors

Transcription Factor

Cell Type Interacting with pRb Physical Interaction Key References
Neuron ? 8,10,24,39,40
Erythrocyte ? 8-10
Granulocyte C/EBPe yes 17,19
Monocyte NF-1L6 yes 16

Lens cell ? 11, 41
Skeletal muscle MyoD, MEF2C MyoD, controversial 12,31,42,43
Adipocyte C/esp 14,46
Osteocyte CBFA1 yes 20
Keratinocyte ? 44

Retinal rod ? 45
photoreceptor

in vitro data showing that suppression of pRb in an early culture of hematopoietic progenitor
cells has no effect, while similarly treating a late culture produces a strong inhibition of eryth-
roid colonies.?? In an analogous fashion, central nervous system abnormalities in Rb KO mice
are described as ectopic proliferation and excess apoptosis in mature neurons, but neurogenesis
itself is grossly normal.®'%%? In the bone, pRb is dispensable for early osteoblastic differentia-
tion, but required for the expression of such late differentiation markers as osteocalcin and for
mineralization.? Finally, the role played by the other pocket proteins, p107 and p130, should
not be forgotten. The combined absence of these two groteins severely alters limb cartilage
development and late-stage chondrocyte differentiation.”®** The examples just cited illustrate
the broad conclusion that pocket-protein deficient cell lineages are competent to initiate their
differentiation programs, as indicated by their ability to express early markers, but fail to achieve
a fully differentiated state.

Our second generalization states that pRb acts on differentiation programs by interacting
functionally, and sometimes physically, with transcription factors that are key regulators of
differentiation and facilitating their activities. Table 1 reports the cell types for which a differ-
entiation role for pRb has been established. In several cases, it has been shown that pRb enables
critical transcription factors or enhances their activity, as also reported in Table 1. The means
through which pRb performs these functions are far from clear. For example, pRb binds the
transcription factor NF-ILG in the course of monocytic differentiation and it has been pro-
posed that in this specific case pRb acts like a chaFerone protein, enhancing the ability NF-IL6
to bind DNA and transactivate its target genes.'® In skeletal muscle differentiation, be en-
hances the activity of MEF2 via a poorly understood, MyoD-dependent mechanism.” In ad-
dition, pRb has been proposed to promote skeletal muscle differentiation by disrupting the
transcription-inhibitory MyoD-HDAC] interaction.*® Finally, pRb has been shown to medi-
ate the degradation of the muscle-differentiation inhibitor EID-1.%7 It is also likely that the
ability of pRb to bind a variety of chromatin-modifying proteins®® is an important, possibly a
crucial factor in determining its differentiation-modulating capacities. However, this possibil-
ity has not been thoroughly investigated. Altogether, a variety of mechanisms have been pro-
posed for pRb-mediated enhancement of differentiation and no unifying features seem to emerge
yet. However, it appears reasonable to propose that pRb might enhance the activity of even
more transcription factors in the examples of differentiation in which such an activity has not
yet been described. Thus, we suggest that Rb-mediated enhancement of tissue-specific tran-
scription factors should be looked for and investigated in tissue types that require pRb for
optimal differentiation.
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pRb-Mediated Impairment of Differentiation in Cancer?

Although neoplasias are characterized by altered or blocked differentiation, this impair-
ment is rarely such as to prevent identification of the normal counterpart of the tumor cell.
Indeed, tumor classification has long been based on purely morphological grounds. The con-
servation of cell-type specific morphological features and tissue-specific markers characteristic
of normal cells indicates that in the neoplastic ones differentiation is only partially arrested and
mostly in its final steps.

The well-known, universal impairment of cell differentiation in tumors suggests that one or
a few common mechanisms exist in all neoplasias, invariably producing limited but biologi-
cally significant alterations in their differentiation processes. Loss of pocket-protein function, a
characteristic of most if not all cancers, impairs the final steps in differentiation. Thus, we
propose thar it might explain, at least in part, the ubiquitous differentiation phenotype of
tumor cells. This proposal implies that pocket proteins significantly regulate differentiation in
most cells, a plausible hypothesis since more and more cell types are found to depend on pRb
family proteins for proper differentiation.

Since in most tumors the functional inactivation of pRb is mediated by kinase activities
amenable to pharmacological intervention, it seems reasonable to suggest that even a partial
inhibition of the relevant kinases would rescue pRb functions. Our proposal that this would
result in the recovery of differentiation programs in a large number of tumors adds a new
rationale for testing cyclin-dependent kinase inhibitors as anti-cancer drugs and suggests new
endpoints to evaluate their activities.
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