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Abstract

The retinoblastoma (Rb) family of proteins are well known for their tumor suppressor properties
and for their ability to regulate transcription. The action of Rb-family members correlates with the
appearance of repressive chromatin marks at promoter regions of genes encoding key regulators of
cell proliferation. Recent studies raise the possibility that Rb family members do not simply act by
controlling the activity of individual promoters but that they may also function by promoting the
more general organization of chromatin. In several contexts, Rb-family members stimulate the
compaction or condensation of chromatin and promote the formation of heterochromatin. In this
review, we summarize studies that link pRb family members to the condensation or compaction of
DNA.

The structure of chromatin regulates its accessibility

Chromatin is the physical form that allows approximately two meters of DNA to be
compacted into the nucleus of a single cell without compromising the genetic information
stored in the DNA sequence. The basic building block of chromatin is the nucleosome,
containing 147 bp of DNA wrapped around two copies of the core histones H2A, H2B, H3,
and H4 (Luger et al. 1997). Post-translational modification of histone proteins changes the
accessibility of chromatin to regulators of transcription and affects the binding of
transcription factors, the basal transcription machinery, and chromatin remodelers (Strahl
and Allis 2000; Jenuwein and Allis 2001). The degree of accessibility in a given region of
chromatin determines which genes are transcribed, as well as the order in which they are
replicated (Shilatifard 2006; Birney et al. 2007; Groth et al. 2007; Karnani et al. 2007;
Kouzarides 2007; Li et al. 2007).

Chromatin is organized into highly accessible domains, or euchromatic regions, and regions
which are predominantly inaccessible, described as heterochromatin. In heterochromatic
regions, chromatin is highly condensed into a dense, tightly wound structure. In general,
chromatin condensation occurs during four physiological situations within a cell: mitosis,
apoptosis, senescence, and during the formation and/or redistribution of heterochromatin.
While post-translational modifications of histones have been linked to all four of these
processes, the complex restructuring of the DNA into condensed chromatin and
heterochromatin involves a myriad of proteins and the protein complexes that facilitate the
compaction of the chromatin and/or respond to changes in histone modification are still
being discovered (Kouzarides 2007; Wang et al. 2007; Cam et al. 2009).

The pRb tumor suppressor

The retinoblastoma gene (~/BI) is one of the most intensively studied tumor suppressor
genes. Mutation of RB1 is the key rate-limiting event in the development of the childhood
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cancer, retinoblastoma, and the RBI gene product (pRb) is thought to be absent or
misregulated in over 90% of human cancers (Hanahan and Weinberg 2000; Sherr and
McCormick 2002). pRb is a member of a family of proteins (pRb, p107, and p130) whose
best-known activity is an ability to repress transcription of E2F-regulated genes (Flemington
et al. 1993; Helin and Ed 1993; Frolov et al. 2001). The E2F transcription factor co-
ordinates the temporal expression of a large set of genes that are needed for cell proliferation
(Farnham et al. 1993; van Ginkel et al. 1997; Bracken et al. 2004; DeGregori and Johnson
2006). In many plants and animals, pRb-family members provide an important brake on E2F
activity. The absence of this constraint places cells in a state where they are permissive for
cell proliferation and poised to respond to pro-proliferative signals. pRb-family members
block transcription that is promoted by “activator” E2Fs, (such as the mammalian E2F1, -2,
and —3a proteins) and repress transcription of these targets in complexes with “repressor”
E2Fs (such as mammalian E2F3b, -4, and E2F5) (Trimarchi and Lees 2002).

pRb-family members contain distinct binding sites for E2F proteins and chromatin
modifying complexes and this architecture enables them to recruit regulatory activities to
E2F-regulated promoters (Lee et al. 1998; Rubin et al. 2005). In the past decade, more than
100 different proteins have been reported to associate with pRb-family proteins (Morris and
Dyson 2001). Most of the proteins linked to pRb are chromatin-associated proteins with
roles in transcriptional regulation, chromatin modification, and/or chromatin remodeling
(Brehm et al. 1998a; Ferreira et al. 1998; Luo et al. 1998; Magnaghi-Jaulin et al. 1998a;
Nielsen et al. 2001a; Narita et al. 2003; Gunawardena et al. 2007; Litovchick et al. 2007).

Estimates of the number of genes regulated by E2F vary from several hundred to more than
a thousand (Kel et al. 2001; Bieda et al. 2006). In addition to their effects on the expression
of cell-cycle genes, pRb-family members also promote the expression of several markers of
cell differentiation. In muscle cells, where this role has been studied in detail, pRb enables
differentiated cells to irreversibly exit the cell cycle (Schneider et al. 1994; Novitch et al.
1996; Zacksenhaus et al. 1996). pRb has also been implicated in bone differentiation and
shown to interact with the Runx2 transcription factor, an important regulator of osteoblastic
differentiation (Thomas et al. 2001). Through these types of interactions, pRb-family
members appear to co-ordinate extensive programs of gene expression that are important for
cells to either proliferate or to differentiate

Traditionally the effects of pRb action have been studied at the level of individual
promoters. However, as described below, several lines of evidence suggest that the
activation or inactivation of pRb-family members can have general consequences.
Remarkably, pRb proteins have been shown to be important for at least three of the four
processes mentioned above that employ chromatin condensation, including mitosis,
senescence, and the formation and/or redistribution of heterochromatin. These findings raise
the possibility that pRb-family members do not act simply at the level of individual
promoters but that they may function more broadly to control the local organization of
chromatin structure. The large number of changes in gene expression that are needed for the
transition between cell proliferation and cell differentiation are likely to involve an extensive
reorganization of chromosomal domains. The links to chromatin organization may explain
why pRb-family member proteins are able to act as master regulators of the transition
between proliferation and differentiation. In this review, we summarize the evidence linking
pRb to chromatin compaction and condensation.
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The cessation of cell proliferation and the initiation of differentiation involve widespread
changes in the patterns of gene expression. Because repressed genes and actively transcribed
genes are concentrated in different sub-compartments in the nucleus these transitions are
predicted to involve a substantial reorganization of chromatin. Indeed, several studies have
noted general changes in the properties of chromatin during cell differentiation. During
tobacco protoplast regeneration, for example, cellular dedifferentiation is accompanied by
the reorganization of chromatin reorganized into a less condensed state that is more sensitive
to Micrococcal nuclease digestion (Williams et al. 2003). Consistent with the idea that Rb
family members control the redistribution of chromatin of E2F-regulated genes as cells enter
or exit a differentiation program, the promoters and regions around the E2F regulated RNR2
and PCNA genes were resistant to Micrococcal nuclease digestion in the differentiated cells,
but became sensitive in dedifferentiated cells.

The discovery that pRb actively represses transcription when recruited to promoters
(Weintraub et al. 1995) prompted searches for pRb-interacting proteins that confer this
activity. Several different proteins have been found that contribute to the control of E2F-
regulated genes and appear to be involved in pRb-mediated repression (described below and
reviewed in (Frolov and Dyson 2004)). Strikingly, several of the proteins recruited to DNA
by pRb, or by pRb-family proteins, have activities that promote the formation and or
spreading of heterochromatin.

Co-repressor molecules that associate with pRb-family members and have been implicated
in the repression of E2F-regulated promoters include histone deacetylases (HDACs), and
SWI/SNF chromatin remodelers, histone methyltransferases (HMTases), and histone
demethylases (Dunaief et al. 1994; Singh et al. 1995; Brehm et al. 1998b; Luo et al. 1998;
Magnaghi-Jaulin et al. 1998b; Nielsen et al. 2001b). These interactions are heavily
dependent on a particular binding surface, the LXCXE-binding cleft, in the pocket domain
of pRb (reviewed in (Morris and Dyson 2001)). ChlP-on-chip experiments using cultured
mammalian cells suggest that p130, E2F4, and components of the hDREAM repressor
complex are present at most E2F-regulated promoters in arrested cells (Litovchick et al.
2007). In differentiated myotubes, many of the same promoters are occupied by Sin3
repressor complexes that bind downstream of the transcriptional start site and appear to re-
position nucleosomes (van Oevelen et al. 2008).

To date, the full spectrum of complexes recruited to individual E2F regulated promoters by
pRb and/or pRb-family members, and the sequence in which they act is not completely
clear. Repressor activities vary in importance at individual promoters, and rather than a
single type of pRb-recruited repressor acting alone, the most likely scenario is that multiple
activities act co-operatively to repress gene expression. For example, Class 1 HDACs are
thought to repress transcription, in large part, by deacetylating H3 and H4, and removing
modifications that open chromatin and promote gene expression reviewed in (Kuo and Allis
1998). SWI/SNF chromatin remodeling complexes are able to reposition nucleosomes, and
may help to promote the specific placing of nucleosomes at E2F regulated promoters
(Dunaief et al. 1994; Eisen et al. 1995; Trouche et al. 1997; Havas et al. 2000; Gavin et al.
2001). The Suv39H1 HMTase methylates Histone H3K9 and creates a binding site for the
methyl lysine binding protein HP1, providing a chromatin mark that is linked to
transcriptional repression (Rea et al. 2000; Bannister et al. 2001; Lachner et al. 2001;
Nielsen et al. 2001a). pRb-mediated repression may well involve all of these activities, and
perhaps additional types of complexes, such as demethylases, arginine methyltransferases,
etc (see (Frolov and Dyson 2004) for review). The artificial targeting of pRb to promoter
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sequences promotes H3/H4 deacetylation, binding of Suv39H1, the enrichment of
trimethylated H3K9, and the recruitment of HP1. Consistent with this, analysis of Rb -/-
MEFs, shows less HP1 and H3K9 methylation at the cyclin E promoter (a classic E2F-
regulated gene) compared to wild type cells (Nielsen et al. 2001a).

HP1 association with chromatin is influenced by HDAC activity in both yeast and
mammalian cells (Vaute et al. 2002; Yamada et al. 2005). Chromatin-bound HP1 acts in
conjunction with Suv39H1 to promote the further recruitment of endogenous HP1, allowing
both the formation and spreading of heterochromatin (Verschure et al. 2005). The
recruitment of HDAC, and the subsequent action of Suv39H1 and HP1, therefore, may not
only lead to transcriptional repression of individual promoters but can lead to more
extensive changes in chromatin structure. Hence, the activation of pRb at a specific locus
may potentially affect the chromatin configuration over a much larger region.

The possibility that pRb recruitment of Suv39H1 may influence the general placement of
HP1 is supported by FRAP experiments performed in R&/OX/10XF Mouse Adult Fibroblasts
showing that the loss of pRb increases the mobility of HP1 protein (Siddiqui et al. 2007).
The idea that pRb-recruited proteins might not simply repress transcription but might
promote the formation of heterochromatin is further supported by studies that have
examined H4K20 methylation. Trimethylated H4K20 is a feature of pericentric
heterochromatin. Suv4-20H1 and Suv4-20H2, the HMTases that generate this modification,
are localized to pericentric heterochromatin through an interaction with HP1 isoforms
(Schotta et al. 2004). These proteins also associate with pRb family members and,
intriguingly, MEFs deficient for pRb, p107 and p130 (Triple Knock-Out or TKO cells)
exhibit a decrease in trimethylated H4K20 at pericentric heterochromatin (Gonzalo et al.
2005). A similar decrease is seen in MEFs that express a mutant form of pRb that is mutated
in the LXCXE cleft (RbALXCXE) (Isaac et al. 2006). However, it is thought that pRb
mediates the stabilization of trimethylated H4K20 at pericentric heterochromatin instead of
directing Suv420 HMTases to the region, since they still localize to pericentric
heterochromatin in TKO cells (Gonzalo et al. 2005). Curiously, the ability of pRb family
members to promote H4K20 trimethylation was unaffected by a dominant negative form of
E2F, suggesting that this role of pRb is likely to be distinct from its role in E2F regulation
(Gonzalo et al. 2005). The compaction of pericentric heterochromatin is thought to aid
chromosome segregation, and abnormalities in pericentric heterochromatin are one of the
potential causes of the anaphase bridges that appear with elevated frequency in RPALXCXE
cells (Isaac et al. 2006).

An additional link between Rb and chromatin compaction is provided by studies of
L3MBTLL. Studies in Drosophila have shown that L(3)MBT physically associates with the
dREAM/myb-Muv complex, a repressor complex that contains RBF proteins (the
Drosophila homologs of pRb, p107 and p130), and that L(3)MBT is required for the
repression of a subset of E2F-regulated genes (Lewis et al. 2004). Experiments in
mammalian cells revealed that L3MBTL1, a mammalian ortholog of L(3)MBT, not only
interacts with pRb but also has the ability to compact nucleosomal arrays (Boccuni et al.
2003; Trojer et al. 2007). This compaction is mediated through a bivalent domain that binds
to methylated H4K20 and to H1bK26. Interestingly, LAMBTL1 was found to ChlIP to E2F
regulated promoters, coincident with high levels of methylated H4K20 and H1bK26 (Trojer
et al. 2007). Recently, L3MBTL1 was shown to associate with the H4K20
methyltransferase, PR-SET7 (Kalakonda et al. 2008), raising the possibility that L3MBTL1
may function in both the “reading” and “writing” of the methylated H4K20 mark. It is
tempting to speculate that the links between pRb and L3MBTL1 could help to promote
H4K20 methylation and the compaction of heterochromatin.
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pRb may also be able to influence compaction and regulate transcription through an
association with the H3K4 tri-demethylase RBP2. pRb and RBP2 complexes have been
identified in the chromatin associated fraction of differentiated leukemia cells and in SAOS2
cells that have been induced to senesce by the re-expression of pRb (Benevolenskaya et al.
2005; Iwase et al. 2007; Klose et al. 2007). RBP2 demethylates residues at the
transcriptional start sites of specific genes. pRb prevents RBP2 mediated repression of some
targets (such as osteocalcin) by displacing RBP2 from the promoter, but it also cooperates
with RBP2 to activate other genes (such as BRD2 and BRD8) (Benevolenskaya et al. 2005).
The targets of RBP2 include differentiation dependent genes and differentiation-independent
genes (Lopez-Bigas et al. 2008). Potentially, pRb may co-operate with RBP2 to induce a
change in the chromatin state at specific promoters that promotes the cessation of
proliferation and the initiation of differentiation.

enescence-Associated changes in heterochromatin

Major changes in the formation and distribution of heterochromatin occur naturally during
cellular senescence. Senescence is a physiological process that is characterized by the
cessation of cell proliferation, an irreversible cell cycle arrest, and the increased expression
of specific markers such as p-galactosidase (Dimri et al. 1995; Narita et al. 2003; Collado et
al. 2005). This process provides an important protection against cell immortalization and
neoplastic transformation /n7 vitro (Lowe et al. 2004) and suppresses tumorigenesis /1 vivo
(reviewed in (Campisi 2005) and (Schmitt 2003)). Genetic studies show that pRb-family
members play a key role in the senescence response. The loss of all three pRb family
members is sufficient to bypass senescence in primary MEFs (Harvey et al. 1993; Sage et al.
2000). Conversely, the re-introduction of pRb into tumor cell lines, such as Saos2 cells, that
are mutant for RB-1, rapidly induces senescence (Huang et al. 1988; Templeton et al. 1991;
Hinds et al. 1992).

Senescent Associated Heterochromatin Foci (SAHFs) are a common feature of senescent
cells. SAHFs are formed by regions of highly-condensed chromatin. They contain
concentrated areas of trimethylated H3K9 and HP1 and appear to represent
heterochromatinized portions of individual chromosomes (Zhang et al. 2005; Funayama et
al. 2006; Narita et al. 2006). Biochemical studies of tissue culture cells that have been
induced to undergo senescence by the expression of activated Ras or the cdk-inhibitor p16
show that senescence is accompanied by a general decrease of the linker histone H1 and
accumulation of HMGAZ2 (Funayama et al. 2006). H1 is an important mediator of higher
order chromatin structure (Bednar et al. 1995; Sato et al. 1999). Among its activities, H1
competes with HMGA proteins for binding to chromatin. The purification of SAHFs
revealed that these structures contain high levels of HMGA proteins, and subsequent
experiments confirmed that they are essential components of SAHFs (Catez et al. 2004;
Funayama et al. 2006; Narita et al. 2006). There is a great deal of evidence to suggest that
HMG proteins decompact chromatin structure and allow chromatin associated factors access
to DNA (Bustin 1999; Reeves 2001; Thomas and Travers 2001; Agresti and Bianchi 2003).
The knock down of HMGA in normal fibroblasts downregulated the expression of many
genes. However, HMGA cooperates with p16 expression to induce senescence in primary
IMR90 fibroblasts and, in the context of senescent cells, HMGA proteins acts to repress the
transcription of genes necessary for proliferation (Narita et al. 2006).

Not only are pRb-family members needed for senescence, but the appearance of SAHFs
correlates with the repression of E2F-regulated genes as well as the detection of pRb and
molecular marks of heterochromatin at E2F regulated promoters. FISH experiments show
that repressed promoters localize to SAHF’s in senescent cells (Narita et al. 2003). pRb may
to contribute to this process in several different ways. Through its interactions with
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HDAC'’s, Suv39H1 and HP1, pRb is thought to mediate the repression of E2F-regulated
genes in senescent cells and the spreading of heterochromatin (Narita et al. 2003). In
addition, pRb has been shown to bind to HMGA1, and may even possess the ability to direct
HMGA to E2F regulated promoters (Ueda et al. 2007).

Intriguingly, G1 arrested Rb 7~ MEFs are more susceptible to Micrococcal nuclease
digestion than wild type MEFs, suggesting that these cells have a more open chromatin
configuration (Herrera et al. 1996). Rb6 -~ MEFs also exhibit an increase in Histone H1
phosphorylation. Studies in 7etrahymena have shown that H1 phosphorylation regulates the
expression of some genes, and chromatin assembled with phosphorylated H1 /in vitro
exhibits a more open structure (Dou et al. 1999). H1 phosphorylation has also been
demonstrated to allow for chromatin remodeling and accessibility of the MMTYV promoter
(Kaplan et al. 1984; Halmer and Gruss 1996; Bhattacharjee et al. 2001). Hence, the
inactivation of pRb and pRb-family members may not only affect the recruitment of
repressor complexes and proteins needed for SAHF formation but the chromatin present in
these cells may be more open and more difficult to compress.

The inactivation of Rb family members leads to chromosomal defects

The compression of chromatin becomes extremely important during cell division. Staining
of mitotic chromosomes from TKO MEFs revealed the presence of butterfly chromosomes,
abnormal structures that appeared to be caused by a defect in chromosome cohesion
(Gonzalo et al. 2005). These chromosomes appear to contain hypocondensed chromatin,
suggesting that the activities of pRb-family members have an impact on processes affecting
chromosome condensation and/or separation.

pRb family members are traditionally thought to function during GO or G1 phases of the cell
cycle. The idea that these proteins might also influence the normal progression through
mitosis has received strong support from studies of the Drosophila homolog of pRb, RBF1.
Recent work shows that mitotic chromosomes of 7671 mutant animals, visualized in larval
neuroblast squashes, often have an abnormal appearance during the early stages of mitosis
(Figure 1A and (Longworth et al. 2008). These chromosomes frequently contain regions of
normally condensed chromatin interspersed with hypocondensed regions that appear spindly
and unstable. These defects do not prevent rbf1 mutant cells from dividing. Fully condensed
chromosomes are seen in metaphase cells, illustrating that condensation can occur if given
time. However, the appearance of fused or broken chromosomes and anaphase bridges
indicates that chromosome segregation is error-prone.. In converse experiments, the
overexpression of RBF1 in imaginal discs leads to the appearance of hypercondensed PH3
positive chromosomes that are distinct from the fragmented chromosome that can arise
during apoptosis (Longworth et al. 2008). Polytene chromosomes prepared from rbf1 mutant
larvae are unusually broad and hypocondensed compared to wild type chromosomes (Figure
1B), strongly supporting the idea that RBF1 is needed for normal chromosome
morphologies.

RBF1 complexes control the expression of genes needed during mitosis

Why do these changes in chromosome morphology occur? The E2F-transcriptional program
is not limited to genes needed for the G1/S transition but affects a diverse array of cellular
processes. E2F targets include, for example, genes such as SMC2, SMC4, BRD1, BRD?2 ial,
Cap-G, and barren (Ren et al. 2002; Georlette et al. 2007; Litovchick et al. 2007) that are
important for chromatin condensation and changes in expression the expression of these
types of genes may affect the chromatin condensation or Mitotic progression in cells lacking
Rb-family members. In addition, changes in gene expression may also affect the ways in
which cells respond to abnormal chromosome structures. Indeed, studies in mammalian cells
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have shown that Mad2 expression is deregulated in cells lacking functional pRb and that this
change compromises the spindle assembly checkpoint, promoting the mis-segregation of
chromosomes (Hernando et al. 2004). Studies of the dREAM/Myb-Muv repressor complex
in Drosophila (a complex containing Mip130/TWIT, Mip120, dMyb, CAF1p55, dE2F2,
dDP, Mip40, and either RBF1 or RBF2 that is present at most E2F target genes in
Drosophild) indicates that changes in dREAM activity affect the expression of the polo
kinase, an important mitotic regulator (Wen et al. 2008).

dMyb, a subunit of the dREAM complex that is important for both the activation and
repression of transcription, is also required for the timely condensation of euchromatin in
early mitosis (Manak et al. 2007). In contrast to the hypocondensation defects seen in rbfl
mutants, imaginal discs homozygous for two separate null alleles of dMyb exhibited
hypercondensed chromosomes and increased Phosphorylated Histone 3 staining (Manak et
al. 2002). Furthermore, the long-term depeletion of dREAM subunits Myb, Mip120 and
Mip130 in Drosophila Kc cells resulted in abnormal chromosomes and chromosome
condensation defects (Georlette et al. 2007). The different effects of RBF1 and dMyb on
chromatin condensation may be due to antagonistic effects on dREAM complexes, or
potentially these may be distinct effects that are mediated through different sets of targets.
Nevertheless, dREAM complexes are clearly important for normal chromosome
condensation and genome stability.

Links between RBF and Condensin Il

A more direct explanation for the link between r671 and chromatin condensation has been
provided by the discovery of genetic and physical interactions between RBF1 and
components of the Condensin 1l complex (Longworth et al. 2008).

Condensin complexes promote the uniform, stable condensation of chromatin during
prophase of mitosis (Steffensen et al. 2001; Ono et al. 2003; Hirota et al. 2004; Nasmyth and
Haering 2005; Gerlich et al. 2006; Hudson et al. 2008). Although yeast contain a single form
of Condensin, two distinct types complexes (Condensin I and I1) are conserved from worms
to humans. Both complexes contain a SMC2/SMC4 heterodimer, as well as 3 unique, non-
SMC subunits (Hirano and Mitchison 1994; Nasmyth and Haering 2005; Onn et al. 2007).

In Condensin I, the non-SMC kleisin protein, Cap-H connects the SMC heterodimer to the
remaining non-SMC HEAT repeat proteins, Cap-D2 and Cap-G (Onn et al. 2007). Similar
associations occur in Condensin 11, with Cap-H2 replacing Cap-H as the kleisin, and Cap-D3
and Cap-G2 comprising the HEAT repeat subunits. The SMC proteins heterodimerize to
form an active ATPase which acts to constrain positive supercoils, and which has been
shown to condense DNA /n vitro (Strick et al. 2004). This ATP dependent supercoiling
requires the presence of the non-SMC subunits, which can also form a complex on their own
(Kimura et al. 2001).

Immunostaining experiments suggest that Condensin | and Condensin Il complexes localize
to different domains of mammalian chromosomes (Ono et al. 2004) but precisely how
Condensins function is still not well understood. It has been proposed that a single
Condensin complex traps one or more double helixes within a protein ring. In Bacillus
subtilis, this is accomplished in a two step cycle in which less stable DNA binding
facilitated by opening of the SMC coiled coil ring is followed by more stable DNA binding
after the ring closes and the SMC heads reengage(Hirano and Hirano 2006). This model is
similar to that described for eukaryotic cohesion complexes, which are very similar in
structure to condensins (Haering et al. 2008). However, to date, there is no definitive model
for eukaryotic Condensin complexes with DNA. Condensin subunits are phosphorylated in
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early mitosis, and it is the phosphorylated mitotic form of each holocomplex which
promotes the compaction of DNA (Kimura et al. 1998; Strick et al. 2004).

In mammalian cells, Condensin 11 localizes to the nucleus throughout the cell cycle, whereas
Condensin | only enters the nucleus after Nuclear Envelope Breakdown (NEB) and is mostly
unassociated with the DNA after anaphase (Hirota et al. 2004; Gerlich et al. 2006).
Condensins are important for complete removal of cohesins and subsequent separation of
sister chromatids during mitosis (Steffensen et al. 2001; Coelho et al. 2003; Dej et al. 2004;
Yu and Koshland 2005; Lam et al. 2006). /n vivo studies using mutants, or RNAi-mediated
depletion, of Condensin | and 11 subunits show that chomosomes still undergo condensation,
albeit abnormally, in the absence each type of Condensin complex. These studies suggest
that Condensins may be more essential for chromosome rigidity than for condensation per se
(Steffensen et al. 2001; Dej et al. 2004; Hirota et al. 2004; Gerlich et al. 2006).

pRb-family members physically associate with the Condensin Il subunit CAP-D3 in both
human cells and in Drosophila, but not with CAP-D2/dCAP-D2, the equivalent component
of the Condensin | complex(Longworth et al. 2008). pRb/RBF1 proteins also associate with
SMC4, suggesting they can interact with the entire Condensin Il holocomplex. RBF1 and
dCAP-D3 show a striking pattern of colocalization on polytene chromosomes. The
association of dCAP-D3 with chromatin is reduced in r6f1 mutants, and the re-expression of
pRb in Saos2 tumor cells promotes the association of CAP-D3 with DNA, indicating that
RBF1/pRb help to maintain normal levels of CAP-D3/dCAP-D3 complexes on chromatin.
Genetic studies show that mutant alleles of dCAP-D3 suppress the ability of ectopic RBF1
to reduce cell proliferation and to induce hypercondensed chromosomes (Longworth et al.
2008). dCAP-D3 mutant larvae possess partially hypocondensed chromosomes and mitotic
defects that are very similar to the defects of 7671 mutants, raising the possibility that the
rbf1 mutant phenotype may be due, at least in part to reduced dCAP-D3 activity. All three of
the mammalian pRb-family members are able to interact with CAP-D3 suggesting that
functional inactivation of all three proteins may be necessary to generate condensation
defects that are similar to 671 mutants.

These physical and genetic interactions reveal an important connection between pRb-family
members and Condensin 11 complexes but the purpose of this link is unclear. It is possible
that this interaction reflects a previously unappreciated role for pRb-family members in
chromatin condensation during Mitosis. Alternatively, Condensin Il complexes may have
roles that extend beyond M-phase.

CAP-D3 proteins contain HEAT repeats (Neuwald and Hirano 2000), motifs that are present
in several chromatin associated proteins that act as molecular scaffolds (eg the budding yeast
SWI2/SNF2 family member, Mot1p (Neuwald and Hirano 2000). It is likely therefore that
the RBF1/dCAP-D3 interaction is part of a larger structure. Given that pRb-family members
are important regulators of gene expression and Condensin complexes are important for
chromosome structure, one appealing possibility is that Condensin 1l components may help
to organize chromosomal domains containing pRb-regulated genes. Indeed, Condensin
subunits have been shown to affect transcription in multiple organisms (Dej et al. 2004;
Cobbe et al. 2006; Xu et al. 2006; Gosling et al. 2007) and recent studies in Drosophila
show that dCAP-D3 is required for transvection, a process in which the structure of an allele
on one chromosome can affect the expression of another allele (Hartl et al. 2008). Recent
studies in budding yeast show that Condensin | complexes associate preferentially with
intergenic regions, but that high concentrations of Condensin I were also found at tRNA
genes, pol 111 genes, and Pol 1l genes which encoded small nuclear and nucleolar RNAs

(D’ Ambrosio et al. 2008). Condensin | was also shown to bind the TFIIIC B box and to
physically interact with TFIHIC/TFIIIB complexes (D’ Ambrosio et al. 2008; Haeusler et al.
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2008). Whether these associations are conserved among higher eukaryotes, whether they are
Condensin | specific, and whether pRb could direct Condensin Il components to similar
DNA regions remains to be determined.

pRb, a master-regulator of chromatin structure?

pRb-family members interact with many different proteins, affect the expression of
numerous genes, and have been implicated in diverse biological processes. Because of this
complexity, identifying themes that run through multiple studies helps to provide a
framework for thinking about the overall role played by this important family of proteins.

As highlighted here, one common theme is the idea that pRb-family members recruit
chromatin-modifying enzymes to specific places in the genome. In a few specific examples,
the recruited activities promote gene expression (Gu et al. 1993; Thomas et al. 2001; lanari
et al. 2009). However, in most studies, pRb-family members mediate transcriptional
repression, and this activity is typically associated with a change in chromatin state that
makes it less accessible - the closing, compression, compaction, or condensation of
chromatin. Many of the properties of R&-mutant cells may simply reflect a failure to
properly compress regions of chromatin.

Why should proteins that are important regulators of cell proliferation possess this activity?
One could argue that pRb-family members simply provide a mechanism to prevent the
expression of proliferation genes. However, there are many ways to suppress transcription
and it is striking that pRb-family members do not recruit a single type of chromatin
modulating activity; instead this family of proteins provides a bridge to many different
activities that are important in different cellular contexts or different parts of the genome.
This versatility may be a clue as to why pRb family members are such key suppressors of
cell proliferation — the inactivation of pRb-family proteins does not remove one brake, but
several different brakes.

The global changes in gene expression that accompany the transition from proliferation to
cell differentiation in normal cells require an extensive re-organization of chromatin
domains and the proteins that co-ordinate this process are largely mysterious. As master-
regulators of proliferation/differentiation, pRb-family members need to act locally at
individual targets but their activities also need to be integrated with larger changes in
nuclear organization. Characterization of the altered chromatin states and chromosomal
abnormalities in cells lacking Rb-family members provides insights into the regulation of
individual promoters. Perhaps even more importantly, these studies also provide insight into
the processes that control the more general re-organization of chromatin that occurs during
the transitions between cell proliferation, differentiation and senescence.
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Wild type (W1118)

Wild type (W1118) rbf1 mutant (A14/120a;+;+)

Figure 1. rbf1 mutant Drosophila larvae exhibit abnormal chromatin condensation

A. Prometaphase spreads of neuroblast squashes from wild type, and rb6f mutant
(rbf1129/A14) Drosophila third instar larvae. In contrast to the uniformly condensed, wild-
type chromosomes, the chromosomes of 7671 mutant neurblasts are irregular in appearance
and contain hypocondensed regions. B. Polytene chromatin spreads of salivary gland
squashes from third instar larvae of the same genotypes as in A illustrating hypocondensed
chromatin in the 7671 mutants. Measurement bars labeled with (1) measure 10 wM. For
Methods, see [82].
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