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The Drosophila retinoblastoma family of proteins (RBF1 and RBF2) and their mammalian homologs (pRB,
p130, and p107) are best known for their regulation of the G1/S transition via the repression of E2F-dependent
transcription. However, RB family members also possess additional functions. Here, we report that rbf1
mutant larvae have extensive defects in chromatin condensation during mitosis. We describe a novel
interaction between RBF1 and dCAP-D3, a non-SMC component of the Condensin II complex that links
RBF1 to the regulation of chromosome structure. RBF1 physically interacts with dCAP-D3, RBF1 and
dCAP-D3 partially colocalize on polytene chromosomes, and RBF1 is required for efficient association of
dCAP-D3 with chromatin. dCap-D3 mutants also exhibit chromatin condensation defects, and mutant
alleles of dCap-D3 suppress cellular and developmental phenotypes induced by the overexpression of RBF1.
Interestingly, this interaction is conserved between flies and humans. The re-expression of pRB into a
pRB-deficient human tumor cell line promotes chromatin association of hCAP-D3 in a manner that depends
on the LXCXE-binding cleft of pRB. These results uncover an unexpected link between pRB/RBF1 and
chromatin condensation, providing a mechanism by which the functional inactivation of RB family members
in human tumor cells may contribute to genome instability.
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Rb family proteins (pRB, p130, and p107) are important
regulators of the cell cycle (Cobrinik 2005). These pro-
teins repress E2F-dependent transcription, a process that
includes both the inhibition of activator E2Fs and the
recruitment of corepressor complexes such as NuRD,
SWI/SNF, SUV39H1, and hREAM to E2F-dependent pro-
moters (Brehm et al. 1998; Ferreira et al. 1998; Luo et al.
1998; Magnaghi-Jaulin et al. 1998; Nielsen et al. 2001;
Trimarchi and Lees 2002; Narita et al. 2003; Gunawar-
dena et al. 2004; Litovchick et al. 2007). In an analogous
way, RBF1, a Drosophila homolog of the Rb family, an-
tagonizes the activity of the transcriptional activator
dE2F1/dDP. RBF1 and the related protein RBF2 also com-
bine with dE2F2, dDP, and other components of the
dREAM/Myb–Muv complex to repress transcription of
E2F-regulated genes (Du et al. 1996; Stevaux et al. 2002;
Dimova et al. 2003; Korenjak et al. 2004; Lewis et al.
2004; Stevaux et al. 2005). The functions of Rb family
members are vitally important for the control of cell pro-
liferation during normal development and are compro-

mised in human disease. Most significantly, the muta-
tion of RB1 is the rate-limiting step in development of
retinoblastoma. Mutation or loss of RB1 also occurs in
80% of small-cell lung cancer and at a lower level in a
variety of other cancers, including non-small-cell lung
cancer, pancreatic cancer, breast cancer, glioblastoma
multiforme, T-cell acute lymphoblastic leukemia, and
mantle cell lymphomas (Hanahan and Weinberg 2000;
Sherr and McCormick 2002).

In normal cells, pRB activity is regulated by Cyclin/
CDK complexes through the phosphorylation of residues
in its C-terminal tail. These modifications cause the C
terminus of pRB to fold toward the middle of the protein,
disrupting the E2F-binding site and blocking the binding
of corepressor complexes to the LXCXE cleft (Rubin et
al. 2005). This process, which begins in late G1, inacti-
vates pRB and permits a broad program of E2F-dependent
gene expression that supports cell proliferation. pRB is
dephosphorylated in mid- to late M phase, a change that
appears to involve multiple phosphatases, including PP1
(Rubin et al. 2001). The C termini of p107, p130, RBF1,
and RBF2 also contain clusters of consensus Cyclin/
CDK phosphorylation sites, and are thought to be regu-
lated in a manner resembling pRB (Du et al. 1996;
Stevaux et al. 2002).
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Although E2F is the best known pRB-associated pro-
tein, there is very clear evidence that pRB has additional
targets and performs multiple functions. pRB has been
reported to physically interact with a diverse assortment
of proteins, to inhibit transcription from Pol I-, Pol II-,
and Pol III-dependent promoters, and it has been impli-
cated in both the repression and activation of gene ex-
pression (Morris and Dyson 2001). Mice carrying mutant
alleles of Rb, p107, and p130 have complex phenotypes
that are not fully understood, but include changes in
both E2F-dependent and E2F-independent functions
(Classon and Harlow 2002). Cells derived from these mu-
tant animals have been noted to possess abnormalities
that have yet to be explained. For example, in mitotic
prophase, triple knockout mouse embryonic fibroblasts
(TKO MEFs) have butterfly chromosomes that are bal-
loon-like in appearance (Gonzalo et al. 2005). Fibroblasts
cultured from Rb−/− mice, and more specifically from
animals that carry a point mutation in the LXCXE-bind-
ing cleft of Rb (Rb�LXCXE), display aneuploidy and ex-
hibit anaphase defects such as chromosome bridges (Her-
rera et al. 1996; Mayhew et al. 2004; Iovino et al. 2006;
Isaac et al. 2006). It has also been noted that Rb−/− or
TKO MEFs have relaxed chromatin that is very suscep-
tible to nuclease digestion, suggesting that removing Rb
family members may have a general effect on chromatin
structure (Herrera et al. 1996).

The Condensin complexes, Condensin I and Conden-
sin II, are necessary for the initial condensation and sta-
bility of chromatin during early mitotic prophase in or-
ganisms that range from yeast to humans (Nasmyth and
Haering 2005). Each Condensin complex contains two
SMC subunits (SMC4 and SMC2) that heterodimerize,
thereby forming an active ATPase. SMC2/SMC4 het-
erodimers bind to a kleisin subunit, which in turn binds
to two HEAT repeat proteins (Aono et al. 2002; Nasmyth
and Haering 2005; Onn et al. 2007). While Condensin I
and Condensin II both contain SMC2 and SMC4, they
differ in their non-SMC proteins, with Condensin I con-
taining CAP-H, CAP-G, and CAP-D2, and Condensin II
containing CAP-H2, CAP-G2, and CAP-D3. SMC2/
SMC4 heterodimers can bind to DNA and hydrolyze
ATP to constrain positive supercoils, and this is depen-
dent on the presence of non-SMC proteins (Bazett-Jones
et al. 2002; Hirano 2002).

Condensin I and Condensin II complexes associate in-
dependently with chromatin and localize to different
regions of the chromosome (Ono et al. 2003, 2004). The
depletion of Condensin I and Condensin II sub-
units from Xenopus extracts or by siRNA treatment of
mammalian cells leads to defects in chromosome con-
densation. In these studies, the selective targeting of
Condensin I- or Condensin II-specific components had
different consequences, indicating that the two com-
plexes most likely perform distinct functions. The chro-
mosomes formed under the depleted conditions lack
the normal degree of rigidity, and this has led to the
suggestion that Condensins may be most important
for chromosome rigidity (Hirota et al. 2004; Ono et al.
2004).

Chromatin condensation is an important part of the
processes that facilitate the resolution of sister chroma-
tids in mitosis. Genetic studies in several different
model organisms have shown that the mutation of either
SMC or non-SMC Condensin subunits leads to ineffi-
cient resolution of chromatids, causing anaphase defects
such as lagging chromosomes and chromosome bridges
(Steffensen et al. 2001; Dej et al. 2004; Oliveira et al.
2005; Savvidou et al. 2005; Lam et al. 2006).

Non-SMC subunits have been shown to enhance the
association of SMC heterodimers with DNA (Kimura et
al. 1998, 2001) but the parameters that control the load-
ing of Condensin subunits are not well understood. The
factors that are responsible for the selective recruitment
of Condensin I and Condensin II complexes to different
regions of the chromosome have yet to be identified. In
this study we show that the mutation of rbf1 causes
mitotic defects including chromatin hypocondensation
and anaphase defects. Through genetic and biochemical
methods, we describe an interaction between RBF1 and
the Condensin II subunit dCAP-D3 that promotes the
localization of dCAP-D3 to DNA. RBF1 interacts specifi-
cally with dCAP-D3, not with dCAP-D2, and the results
suggest that RBF1 is important for the targeting of Con-
densin II complexes. This interaction between RBF1 and
dCAP-D3 reveals a novel, E2F-independent function of
RB family proteins in cell cycle progression.

Results

RBF1 is required for normal chromatin condensation

Previous studies of RBF1 have focused on its role in the
G0/G1 phase of the cell cycle and the control of the
G1-to-S transition. Far less attention has been paid to the
possibility that RBF1 may influence progression through
later stages of the cell cycle. Neuroblast squashes are a
Drosophila technique that allows visualization of all
phases of mitosis within a population of cells, and we
used this method to examine mitotic cells of rbf1 mu-
tant (�14 allele) larvae. Chromatin was detected using
DAPI, a dye that preferentially stains condensed, hetero-
chromatic DNA. Chromatin condenses uniformly dur-
ing mitosis in wild-type cells. We noticed that the chro-
matin in mitotic cells of rbf1 mutants was highly abnor-
mal in appearance. The greatest difference was seen in
early prophase/prometaphase, where rbf1 mutant chro-
mosomes are often long and spindly and contain regions
of condensed chromatin that are interspersed with hypo-
condensed regions (Fig. 1A). This was in stark contrast to
the uniformly condensed chromatin visualized in pro-
phase/prometaphase neuroblast squashes of wild-type
larvae (Fig. 1A; Supplemental Fig. 1A). Approximately
37% of prophase/prometaphase nuclei in neuroblast
squashes of rbf1 mutant larvae had abnormally con-
densed chromatin (Table 1). rbf1 mutant cells were also
observed with fused or broken chromosomes, with ana-
phase bridges in which chromosomes failed to separate
normally, and with nonparallel anaphase separation (Fig.
1B). Similar defects were seen with two additional mu-
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tant alleles of rbf1 (rbf1Cas21 and rbf1SLS15) (Fig. 1; data
not shown), and were also evident at a lower frequency
in animals carrying the hypomorphic allele, rbf120a.
Thus, the loss of RBF1 leads to multiple mitotic defects,
including abnormal chromatin condensation.

The best-known function of RBF1 is its ability to re-
press dE2F-dependent transcription, a role that involves
two distinct activities. RBF1 can bind to dE2F1/dDP

complexes, preventing them from activating transcrip-
tion, and, additionally, RBF1 can associate with dE2F2/
dDP in complexes that actively repress transcription. In-
terestingly, the abnormal chromatin condensation evi-
dent in rbf1 mutants was not seen in neuroblast
squashes of de2f2 or dDP mutants or in de2f1, de2f2
double mutants, suggesting that this phenotype is not
caused by the loss of dE2F2/dDP/RBF1 repressor com-
plexes (Fig. 1C). Abnormal chromatin condensation was
still evident in neuroblast squashes from animals that
were mutant for both rbf1 and dDP, showing that this
change does not require dE2F/dDP-activated transcrip-
tion (Fig. 1C). Thus, the abnormally condensed chroma-
tin that is seen in rbf1 mutant animals reflects a func-
tion of RBF1 that can be separated from both of its pre-
viously studied roles in E2F regulation.

To investigate the link between RBF1 and chromatin
condensation, we took advantage of a genetic assay to
score functional interactions with rbf1. ptc-GAL4; UAS-
rbf1 allows RBF1 to be expressed specifically in a subset
of cells in the developing wing. Elevated expression of
RBF1 from the ptc-GAL4 driver interferes with cell pro-
liferation in cells that will form the L3/L4 intervein re-
gion of the adult wing (Supplemental Fig. 2A). Analysis

Figure 1. rbf1 mutants have defects in chro-
matin condensation. (A) Prophase/prometa-
phase spreads of neuroblast squashes from
wild-type, rbf1 hypomorphic (rbf1120a), and
rbf1-null (rbf1�14) Drosophila late second in-
star larvae contain regions of hypocondensed
chromatin (indicated by the yellow arrows)
as compared with the more condensed re-
gions of chromatin within the same spread
(indicated by the blue arrows). Note the un-
even DAPI staining and regions of chromatin
that appear spindly and poorly organized. (B)
Anaphase spreads of late second instar lar-
vae of the same genotypes as in A illustrating
chromosome bridges and nonparallel separa-
tion. (C) Condensation defects are present
in prophase/prometaphase spreads of neuro-
blast squashes from late second instar larvae
mutant for both rbf1 and dDP (dDPa4/a2). Pro-
metaphase spreads of neuroblast squashes
from dDPa4/a2 mutant, de2f276Q1.21 mutant,
and de2f276Q1.21, de2f1rm729 double mutant
larvae have primarily uniform chromatin
condensation.

Table 1. Percentage of prophase/prometaphase nuclei that
have hypocondensed chromatin

Genotype

Percentage
of abnormally

condensed
chomosomes

w1118 (wild type) 4%
�14/Y;+;+ (RBF1-null) 37%
�14/Y;dDP(a4)/dDp(a2);

+ (RBF1-null, DP-null) 32%
+; dCap-D3 (c07081)/dCap-D3 (c07081);

+ (dCAP-D3-null) 54%
+; dCap-D3 (c07081)/+;

+ (dCAP-D3 heterozygote) 40%
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of imaginal wing discs confirmed that elevated levels of
RBF1 reduces the number of cells that incorporate bro-
modeoxyuridine (BrdU) or that stain with phosphorylat-
ed histone-3 (phospho-H3, a marker of condensed chro-
matin), and in ptc-GAL4; UAS-rbf1 flies this ultimately
narrows the L3/L4 intervein distance in the adult wing
(Fig. 2B,C; Supplemental Fig. 2A). The change in inter-
vein distance is easy to quantify, and we used it to score
the effects of various alleles on the ability of RBF1 to
reduce cell proliferation. As expected, the coexpression
of Cyclin E completely suppressed the activity of RBF1
in this assay (Table 2; Supplemental Fig. 2A,B).

ptc-GAL4; UAS-rbf1 was crossed to stocks carrying
mutant alleles of genes encoding components of Con-
densin I and Condensin II complexes, two protein com-
plexes that are important for chromatin condensation.
The effect of RBF1 expression on the L3/L4 intervein
region was suppressed by the heterozygous mutation of
dCap-D3, dCap-H2, or dCap-G, three genes that encode

the non-SMC subunits of the Condensin II complex
(Table 2; Supplemental Fig. 2B). The strongest interac-
tion was seen with two independent alleles affecting
dCap-D3: c07081, an insertion in dCap-D3, and �25
(Df(2L)pr-A20,cn�bw�/CyO), a deletion that removes
dCap-D3. In contrast, the ptc-GAL4; UAS-rbf1 pheno-
type was unaffected by mutant alleles of Cap-H and Cap-
D2, which encode non-SMC subunits of the Condensin I
complex, or by heterozygous mutations of randomly se-
lected genes on the X, second, or third chromosomes.
Note that dCAP-G is a common component of both Con-
densin 1 and Condensin II complexes in Drosophila. Un-
like alleles of genes encoding the non-SMC subunits on
the Condensin II complex, mutant alleles of dSMC2 and
dSMC4 failed to suppress the ptc-GAL4; UAS-rbf1 phe-
notype. Negative data in this type of assay are difficult to
interpret because halving gene dosage may or may not be
rate limiting for gene function. Nevertheless, the inter-
actions that were found demonstrate that the levels of

Figure 2. RBF1 overexpression causes the
appearance of nuclei with hypercondensed
chromatin, an effect that is suppressed by
halving the dosage of dCap-D3. (A) Immuno-
staining of Drosophila third instar larval
wing discs engineered to express RBF1, and
GFP, under the control of the engrailed-
GAL4 (en-GAL4) driver. Condensed DNA
was visualized with an antibody to phospho-
H3. The presence of an intact nuclear mem-
brane was visualized with an antibody to la-
min-�. The region of the disc expressing
RBF1 contains nuclei with hypercondensed
DNA (yellow arrows) that differ from the
phospho-H3-positive DNA in adjacent wild-
type tissue (blue arrows). Images of hypercon-
densed and wild-type DNA were magnified
in Photoshop and are shown in the bottom
row. (B,C) Overexpression of RBF1 reduces
the overall number of BrdU-positive cells (B)
and phospho-H3-positive cells (C) in the
wing disc, in comparison with driver con-
trols, and these effects are partly rescued by
halving the dosage of dCap-D3. BrdU-posi-
tive (B) and phospho-H3-positive (C) cells
were counted in GFP-positive and -negative
areas in Drosophila third instar larval wing
discs of the genotypes indicated in the legend
on the right. Ratios were normalized against
the wild-type control.
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the non-SMC subunits of the Condensin II complex are
important for this RBF1-dependent phenotype.

To examine the interaction between RBF1 and dCAP-
D3 in more detail, we used engrailed-GAL4 (en-GAL4) to
direct the expression of UAS-rbf1 in the posterior com-
partment of developing wing discs (Fig. 2, marked with
UAS-GFP). While the elevated expression of RBF1 re-
duced the number of cells that stain with phospho-H3,
we noticed that many of the phospho-H3-positive nuclei
that remained had an unusual appearance. These nuclei
contained chromatin that was highly condensed, to the
extent that individual chromosomes were apparent (Fig.
2A, yellow arrows), and this was in stark contrast to the
more globular phospho-H3-positive nuclei present in the
adjacent wild-type tissue (Fig. 2A, blue arrows) and in
tissue that expressed only the engrailed driver (Supple-
mental Fig. 3). The phospho-H3-positive nuclei that
overexpressed RBF1 also stained with antibodies to la-
min � (Fig. 2A), demonstrating that the hypercondensed
chromatin was contained within a single nucleus. These
cells were TUNEL-negative, indicating that chromatin
hypercondensation was not due to apoptosis (data not
shown). Interestingly, RBF1’s ability to induce chroma-
tin hypercondensation was completely suppressed by the
heterozygous mutation of dCap-D3 (Fig. 2A).

Neuroblast squashes prepared from larvae transhetero-
zygous for mutant alleles of dCap-D3 displayed chromo-
some condensation defects that were very similar to
those observed in rbf1 mutant larvae (Fig. 3A,B). Mitotic
cells with abnormally condensed chromatin were also
observed in larvae heterozygous for dCap-D3, albeit at a
lower frequency than the homozygous mutants (Table
1). Larvae that were null for both rbf1 and dCap-D3 did
not develop to a point where neuroblast squashes could
be analyzed. The fact that rbf1 and dCap-D3 mutants

have similar defects in chromosome condensation and
the finding that RBF1-induced phenotypes can be sup-
pressed by reducing the dose of dCap-D3 suggests that
RBF1 cooperates with dCAP-D3, directly or indirectly, to
promote normal chromatin condensation.

RBF1 and dCAP-D3 physically interact and colocalize
on polytene chromosomes

Given this genetic data, we asked whether RBF1 and
dCAP-D3 physically interact with one another. Using a
SL2 cell line stably transfected with a Flag-RBF1 expres-
sion construct, we found that dCAP-D3 and dSMC4 co-
immunoprecipitate specifically with RBF1 (Fig. 3C).
Consistent with the genetic data, dCAP-D2, a compo-
nent of the Condensin I complex, was not detected in
RBF1 immunoprecipitates (data not shown).

At first glance, an interaction between RBF1, a protein
that is thought to be active primarily in G1, and compo-
nents of Condensin II, a complex that promotes chromo-
some condensation during mitosis, might seem unex-
pected. However, previous studies have shown that Con-
densin II is present in the nucleus of mammalian cells
during interphase, raising the possibility that this might
also be true in Drosophila and that CAP-D3 and RBF1
might physically interact earlier in the cell cycle. As a
test of the potential link between RBF1 and Condensin
II, we used polytene chromosomes to visualize the ge-
nome-wide distribution of RBF1 and dCAP-D3 on chro-
matin of interphase cells.

Antibodies to RBF1, dCAP-D3, and dCAP-D2 each
stain multiple bands on polytene chromosomes. In all
three cases, the banding patterns are largely excluded
from regions that stain strongly with DAPI, indicating
that these proteins localize primarily to areas devoid of

Table 2. Heterozygous mutation of non-SMC Condensin II subunits suppresses an RBF1 overexpression phenotype

Genotype Allele Measurement Complex

Wild type (control) NA 214.386 ± 5.027
ptc-GAL4, UAS-rbf1/+ NA 184.8368 ± 5.041
ptc-GAL4, UAS-rbf1/cycEmut AR95 177.7768 ± 5.079
ptc-GAL4, UAS-rbf1/+; UAS-cycE UAS-cycE 219.0416 ± 4.193
X chrom mut/+; ptc-GAL4, UAS-rbf1/+ (control) e04321 189.2092 ± 4.100
ptc-GAS4, UAS-rbf1/2nd chrom mut (control) c04496 190.6836 ± 3.509
ptc-GAL4, UAS-rbf1/+; 3rd crom mut/+ (control) c05485 188.4608 ± 4.292
ptc-GAL4, UAS-rbf1/dCap-D3 del Df(2L)cl-h1/CyO, amos(Roi-1) (25) 211.1776 ± 5.224 Condensin II
ptc-GAL4, UAS-rbf1/dCap-D3 mut c07081 204.7956 ± 5.801 Condensin II
ptc-GAL4, UAS-rbf1/+; dCap-H2 del/+ Df(3R)cu, Sb(1)e(*)/TM6B, Tb(3) 203.0576 ± 4.998 Condensin II
ptc-GAL4, UAS-rbf1/+; dCap-H2 mut/+ e03210 188.3624 ± 4.330 Condensin II
ptc-GAL4, UAS-rbf1/dCap-G mut 17045 201.9864 ± 5.103 Condensin I and II
ptc-GAL4, UAS-rbf1/dCap-G mut c00093 200.7884 ± 5.299 Condensin I and II
ptc-GAL4, UAS-rbf1/dCap-H del Df(2L)pr-A20, cn�bw�/CyO (2375) 196.0084 ± 7.300 Condensin I
ptc-GAL4, UAS-rbf1/dCap-H mut 11117 183.0744 ± 4.286 Condensin I
ptc-GAL4, UAS-rbf1/+; dCap-D2 del/+ Df(3R) 01,215/TM3B, Sb (5424) 183.1116 ± 4.230 Condensin I
ptc-GAL4, UAS-rbf1/dSMC4 mut 10831 178.492 ± 6.035 Condensin I and II
ptc-GAL4, UAS-rbf1/dSMC4 del Df(2L)H2O,b(1)pr(1) cn(1)sca(1)/

CyO (3180) 177.738 ± 5.574 Condensin I and II
ptc-GAL4, UAS-rbf1/dSMC2 del y(1)Dp(1;Y)y(+);Df(2R)knSA4/

CyO (6380) 176.7924 ± 4.122 Condensin I and II
ptc-GAL4, UAS-GFP/dCap-D3 mut (control) c07081 216.2592 ± 6.052 Condensin II
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constituitive heterochromatin (Supplemental Fig. 4).
Previous studies in humans and Xenopus have shown
that the specific components of Condensin I and Con-
densin II complexes localize to distinct regions of the
chromosome (Ono et al. 2003). Coimmunostaining ex-
periments with antibodies that were specific for RBF1
and dCAP-D3 revealed a remarkable colocalization of
these proteins on polytene chromosomes (Fig. 4A). While
this colocalization was not complete for either protein,
the majority of the bands stained positive for both dCAP-
D3 and RBF1. Consistent with our genetic data (Fig. 1),
the colocalization of RBF1 and dCAP-D3 was still seen
on polytene squashes from dDP-null larvae (Supplemen-
tal Fig. 4B), confirming that the localization of these pro-
teins is independent of dE2F/dDP complexes. Unlike the
experiments with antibodies to dCAP-D3, we saw little
or no overlap between the sites stained by antibodies to
RBF1 and dCAP-D2 (Fig. 4B). This observation agrees
with the results of both genetic and biochemical experi-
ments suggesting that RBF1 interacts specifically with

Condensin II components and not with Condensin I
components (Table 2; data not shown). Similar experi-
ments with antibodies to dSMC4, dCAP-D3, and RBF1
showed a significant degree of overlap between dCAP-D3
and dSMC4 and between all three proteins. Overlap be-
tween RBF1 and dSMC4 was only apparent at bands that
also stained positive for dCAP-D3 protein (Fig. 4C,D).

In summary, these results show that RBF1 and dCAP-
D3 physically interact and localize to similar sites on
chromatin. This extensive pattern of colocalization pro-
vides a rational explanation for the strong genetic inter-
actions seen between rbf1 and dCap-D3.

RBF1 promotes the association of dCAP-D3
with chromatin, and this functional interaction
is conserved in human cells

We used mutant alleles and antibodies to dCAP-D3 and
RBF1 to investigate the functional relationship between
these proteins. RBF1 antibodies gave a robust banding

Figure 3. dCAP-D3 physically interacts with RBF1 and
is necessary for uniform chromatin condensation. (A)
Prophase/prometaphase spreads of neuroblast squashes
from Drosophila third instar larvae heterozygous or null
for dCap-D3 show chromatin hypocondensation pheno-
types that are very similar to those seen in rbf1 mutants
(Fig. 1). Yellow arrows mark regions of chromosomes
that are hypocondensed. Blue arrows mark regions of
chromosomes that are more condensed. (B) Anaphase
spreads of neuroblast squashes from Drosophila larvae of
the genotypes described in A. Yellow arrows indicate the
group of chromosomes that are hypocondensed com-
pared with the other group of chromosomes in the ana-
phase pair. (C) Condensin II subunits coimmunprecipi-
tate with RBF1. Immunoblotting was performed using
antibodies to Condensin II subunits dCAP-D3 and
dSMC4. Extracts of SL2 cells, or SL2 cells stably express-
ing Flag-RBF1, were immunopreciptated with antibody
to Flag-RBF1 or a nonspecific control antibody. Note
that dCAP-D3 and dSMC4 coimmunopreciptated with
Flag-RBF1; no signal was seen using either the control
antibody or control lysates.
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pattern on polytene chromosomes prepared from dCap-
D3 mutant larvae, indicating that dCAP-D3 is not
needed for RBF1 to localize to DNA (Supplemental Fig.
4B). In contrast, the staining obtained with antibodies to
dCAP-D3 was greatly diminished on polytene chromo-
somes prepared from rbf1-null larvae (Fig. 5A; Supple-
mental Fig. 4C). The few dCAP-D3 bands that do form in
the absence of RBF1 are thinner and less organized than
those seen in the wild-type polytene chromatin. These
results suggest that RBF1 promotes the chromatin asso-
ciation of dCAP-D3. To test whether a similar change
occurs in dividing cells, we immunostained neuroblast
squashes from wild-type and rbf1-null larvae. In wild-
type cells, accumulation of dCAP-D3 on chromatin is
evident in late anaphase/telophase cells (Fig. 5B). In con-
trast, in rbf1 mutant cells, dCAP-D3 no longer localizes
to mitotic DNA (Fig. 5B, right panel). Similar experi-
ments using antibodies to dCAP-D2 showed no differ-
ence in staining between wild-type and rbf1-null chro-
mosomes (data not shown). To quantify the change in
the amount of chromatin-associated dCAP-D3 in the
presence or absence of RBF1, we treated SL2 cells with
dsRNA to RBF1 or to the white gene, as a control (Supple-
mental Fig. 5B). The results showed an ∼45% decrease in
dCAP-D3 protein associated with chromatin in the in-
soluble chromatin fraction upon loss of RBF1. Taken to-
gether, these results indicate that RBF1 recruits dCAP-D3
to chromatin and suggest that the chromosome condensa-
tion defects seen in rbf1 mutant animals may be due, at
least in part, to reduced dCAP-D3 or Condensin II activity.

Components of the Condensin II complex are con-
served in many higher eukaryotes, including humans. To
ask whether the functional connection between RBF1
and dCAP-D3 is also conserved, we first tested fusion
proteins containing each of the three human Rb family
members (pRB, p130, and p107) in in vitro binding as-
says. All three RB family members bound hCAP-D3 in
cell extracts and pulled down hSMC4 as well (Fig. 6A). A
small amount of hCAP-D2 binding was also detected in
these assays, but this was most likely an indirect asso-
ciation mediated through DNA, as it was eliminated by
treating the extracts with ethidium bromide, whereas
the association with hCAP-D3 and hSMC4 was unaf-
fected by this treatment. Domain mapping experiments
showed that the small pocket domain of pRB (amino
acids 379–792) was sufficient for the DNA-independent
association with hCAP-D3 (Fig. 6B; data not shown). In-
terestingly this interaction was disrupted by point mu-
tations in the LXCXE-binding cleft of pRB and by muta-
tions in pRB that mimicked phosphorylation (Barrientes
et al. 2000).

As a further test, we asked whether the re-expression
of pRB into human SAOS-2 cells, an osteosarcoma cell
line that is homozygous mutant for pRB, would alter the
localization of hCAP-D3. For these experiments we used
SAOS-2 cells carrying a Tet-inducible form of pRB. This
allowed us to control the time of pRB expression, and we
compared the localization of hCAP-D3 in cells before
pRB expression with cells 6 h after induction, at a time
before the population of pRB-expressing cells has begun

Figure 4. RBF1 colocalizes on polytene
chromatin with dCAP-D3 but not with
dCAP-D2. (A) Polytene chromatin spreads
from wild-type Drosophila third instar lar-
vae were immunostained with antibodies
to dCAP-D3 (red) and RBF1 (green). The
partial colocalization of the two proteins is
shown by the yellow bands in the merged
image. (B) RBF1 and dCAP-D2 localize to dif-
ferent regions. Polytene chromatin spreads
from wild-type Drosophila larvae were im-
munostained with antibodies to dCAP-D2
(red) and RBF1 (green). (C) dSMC4 displays
partial overlap with dCAP-D3 and RBF1 on
polytene chromatin. Chromatin spreads
from wild-type larvae were immunostained
with antibodies to dCAP-D3 (blue), dSMC4
(red), and RBF1 (green). (D) A Venn diagram
depicting the number of chromatin bands
out of a total of 200 randomly selected
bands that stained for RBF1 and/or dCAP-
D3 and/or dSMC4.
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to accumulate in G1 (Binne et al. 2007). The expression
of pRB caused a change in the localization of hCAP-D3
that was most evident in cells at late anaphase/early
telophase (Fig. 6C). At this stage in the cell cycle, the
nuclear envelope is disrupted and nuclear proteins are
free to disperse through the cytoplasm. This is also the
phase in the cell cycle where pRB normally becomes
dephosphorylated and was the earliest point at which we
could detect pRB association with chromatin. When no
pRB protein was present in the cells (0 h tet), hCAP-D3
was mostly present in the cytoplasm, with only a small
amount present on chromatin in late anaphase/early
telophase. However, in cells collected 6 h after pRB ex-
pression, hCAP-D3 localized primarily on chromatin, to-
gether with pRB. As a control, a mutant form of pRB that
is disrupted in the LXCXE-binding cleft (Rb�LXCXE)
failed to cause this redistribution of hCAP-D3 (Fig. 6C).
The ability of pRB to promote the localization of hCAP-
D3 to DNA was confirmed by chromatin fractionation
experiments (Fig. 6D). SAOS-2 cells expressing either a
control vector or Tet-inducible wild-type pRB were in-
duced with tetracycline for 6 h and then fractionated
into soluble and insoluble chromatin fractions. In

SAOS-2 cells carrying the control vector alone, hCAP-
D3 protein was found in the soluble, soluble chromatin,
and insoluble chromatin fractions. Following pRB induc-
tion, the overall level of hCAP-D3 was unchanged, but
hCAP-D3 was no longer present in the soluble chroma-
tin fraction and increased levels were detected in the
insoluble pellet. Taken together, these results show that
a physical interaction between RB family members and
the Condensin II subunit CAP-D3 has been conserved
from flies to humans and that in both species RB family
members promote the tight chromatin association of
CAP-D3.

Discussion

Rbf1 interacts specifically with dCAP-D3/Condensin II

Previous studies have shown that non-SMC proteins are
important for the function of Condensin complexes (Hi-
rano 2005; Nasmyth and Haering 2005). While the SMC
proteins contain the ATPase domains that are essential
for DNA supercoiling, non-SMC proteins like CAP-D2
and CAP-D3 are thought to help target Condensins to
chromatin. Condensin I and Condensin II complexes are

Figure 5. dCAP-D3 localization to DNA
is strongly reduced in rbf1 mutants. (A)
Polytene chromatin spreads from wild-type
and rbf1-null larvae were immunostained
with an antibody to dCAP-D3 (red) and
with DAPI (white). Yellow arrows indicate
DAPI-stained chromatin bands. (B) Ana-
phase spreads of neuroblast squashes from
Drosophila late second instar larvae immu-
nostained with an antibody to dCAP-D3
(red) and with DAPI (white). Wild-type
spreads are shown on the left while rbf1-
null spreads are shown on the right. Note
that dCAP-D3 is enriched on chromatin in
wild-type cells (blue arrows) but not in the
rbf1 mutants (yellow arrows).
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known to be selectively recruited to different chromo-
somal locations (Ono et al. 2004; Savvidou et al. 2005),
but the mechanisms responsible for specificity have
been elusive. The results described here show that RB-
family members are important for the chromatin asso-
ciation by dCAP-D3, a specific component of the Con-
densin II complex. One of the most striking features of
this data is the specificity of the interactions. RBF1 in-
teracts consistently with dCAP-D3 but not with dCAP-
D2. This specificity is illustrated by the polytene stain-
ing experiments showing that RBF1 colocalizes with
dCAP-D3 but not with dCAP-D2 (Fig. 4). A similar speci-
ficity was observed in the genetic assays, in binding ex-
periments, and in immunostaining experiments and was
seen in experiments in both flies and human cells (Table
2; Fig. 6; Supplemental Fig. 2; data not shown).

While the lack of interaction with dCAP-D2 provides
a valuable negative control, it also suggests that there is
an important distinction between the two Condensin
subunits and, by inference, between the two Condensin
complexes. When tested in Xenopus extracts, the deple-
tion of Condensin I resulted in decondensation of sperm
chromatin with no chromosome formation while deple-
tion of Condensin II primarily affected the morphology
of chromosomes, resulting in kinked chromosomes that

lacked the normal degree of rigidity (Ono et al. 2003).
These differences indicate that Condensin I and Conden-
sin II play different roles in the organization of chromo-
some structure, but precisely how the functions of these
two complexes differ, or how their functions are inte-
grated, is not well understood (for review, see Hirano
2005). One idea, suggested by studies in mammalian
cells showing that Condensin II associates with chroma-
tin prior to nuclear envelope breakdown (NEB), whereas
Condensin I complexes are excluded from the nucleus
and only gain access to chromatin following NEB, is that
Condensin II complexes perform the initial compaction
of the chromosome in prophase, and that Condensin I
helps to complete the process (Ono et al. 2004). How-
ever, in Drosophila, both Condensin I and II proteins
have been found to localize with chromatin prior to NEB
(Savvidou et al. 2005; Gerlich et al. 2006; Oliveira et al.
2007) and this temporal distinction is less certain. The
fact that the two Condensin complexes localize to dis-
tinct regions of euchromatin suggests that they deter-
mine the architecture of different subdomains. If this
model is correct, then this implies that RB family mem-
bers are important for the structural organization of par-
ticular regions of the chromosome. This may explain
why the abnormally condensed chromosomes seen in

Figure 6. Rb family members associate
with hCAP-D3 and promote its localiza-
tion to DNA in human cells. (A) pRB, p107,
and p130 fusion proteins bind to the Con-
densin II subunits hCAP-D3 and hSMC4,
independent of DNA. GST-binding assays
were performed using nuclear extracts
from confluent IMR90 cells, in either the
presence or absence of ethidium bromide
(EtBr). Immunoblotting was performed
using antibodies to human Condensin II
subunits hCAP-D3 and hSMC4 or to the
human Condensin I subunit hCAP-D2.
(B) The binding of hCAP-D3 to pRB is ab-
rogated by mutations that disrupt the
LXCXE-binding cleft of pRB or that mim-
ick phosphorylation. Wild-type and mu-
tated GST-tagged fragments of pRB assayed
as described in A. A positive interaction
between proteins is indicated by a plus sign
(+), while the absence of an interaction is
indicated by a minus sign (−). Fragments
used included an N-terminal fusion pro-
tein (GST-N-pRB, amino acids 1–379), a
small pocket fusion protein (GST-SP-pRB,
amino acids 379–772), a C-terminal fusion
protein (GST-C-pRB, amino acids 772–

928), a mutant (GST-M10 pRB) (Barrientes et al. 2000) that encompassed amino acids 379–928 and contained S/T to E mutations in
the 10 C-terminal Cyclin/CDK phosphorylation sites, and GST-�LXCXE, which encompassed amino acids 379–928 and contained a
mutation at Y756. Binding assays were performed in the presence or absence of EtBr to identify interactions that might be mediated
via DNA. (C) The re-expression of pRB in SAOS-2 cells relocalizes hCAP-D3 to chromatin in late anaphase/telophase. Cells expressing
tetracycline-inducible pRB (wild-type or LXCXE cleft mutant) were immunostained with antibodies to pRB (green) and hCAP-D3 (red)
6 h after induction. DNA was stained with DAPI (white). (D) Chromatin fractionation of lysates from SAOS-2 cells treated as described
in C showing that pRB expression increases the amount of hCAP-D3 present in the insoluble chromatin pellet (IC). (S) Soluble cellular
protein fraction; (SC) soluble chromatin fraction. Immunoblotting was performed with antibodies to hCAP-D3 and pRB. Lamin-B was
used as a loading control for the insoluble fraction and HDAC1 served as a control for overall loading.
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rbf1 mutant animals contain interspersed segments of
condensed and hypocondensed chromatin. In a more
general sense, this link between RB proteins and chro-
mosome organization suggests that RB family members
are poised to control global changes in chromatin archi-
tecture, a position that may help them to act as global
regulators of proliferation and differentiation.

We note that several studies have described roles for
Condensins outside of mitosis. The Caenorhabditis el-
egans SMC4 homolog DPY-27 is required for the regula-
tion of the dosage compensation complex and the tran-
scriptional repression of the autosomal male sex deter-
mination gene, her-1 (Chuang et al. 1994; Chu et al.
2002). Non-SMC subunits, which have been shown to
form complexes independent of the SMC heterodimer,
can also effect gene expression. dCAP-G, (a member of
both Condensin I and II) has been shown to effect posi-
tion effect variegation (PEV), suggesting that it may have
a role in maintenance of heterochromatin (Dej et al.
2004; Cobbe et al. 2006). An interaction between murine
CAP-G2 (MTB) and the SCL and E12 transcription fac-
tors allows MTB to repress transcription during erythoid
cell development (Xu et al. 2006). Recently, a kleisin �
mutation in mice was shown to be responsible for de-
fects in T-lymphocyte differentiation (Gosling et al.
2007). It is possible, therefore, that the interaction be-
tween RB family members and CAP-D3 protein may be
used, in part, to control gene expression, and that the
changes in chromosome condensation seen when RBF1
levels are altered may be a consequence of too little/too
much chromatin-associated CAP-D3 that was initially
recruited for a different purpose, such as transcriptional
regulation.

Interestingly, we find that mutant alleles of dCap-D3
suppress PEV (Supplemental Fig. 6), supporting the idea
that this complex can affect chromatin states. dCAP-D3
and RBF1 do not colocalize with bands of constituitive
heterochromatin, which stain strongly with DAPI, but
are found in the lighter DAPI-stained or non-DAPI-
stained regions (Supplemental Fig. 4), raising the possi-
bility that they act together in areas of repressed euchro-
matin or facultative heterochromatin. Clearly, further
studies are needed to identify the regions of dCAP-D3
that are important for this interaction and to identify the
chromatin elements that are bound by dCAP-D3/RBF1.

Several of our results raise the intriguing possibility
that RBF1 may target a subpopulation of dCAP-D3 that
acts independently of dSMC proteins. It is striking that
the UAS-RBF1 phenotype was not modified by mutant
alleles of dsmc2 or dsmc4 (Table 2). Moreover, antibod-
ies to dSMC4 failed to stain several bands on polytene
chromosomes that were costained with antibodies to
dCAP-D3 and RBF1 (Fig. 4), and, while we saw a clear
decrease in the levels of dCAP-D3 associated with chro-
matin in the absence of RBF1, we failed to detect a clear
reduction in the level of dSMC4 (Supplemental Fig. 5).
Possibly, dCAP-D3 may exist in several different com-
plexes, some of which contain dSMC proteins and some
that do not, and the activity that is targeted by RBF1 may
be different from the traditional view of Condensin com-

plexes. Alternatively, since dSMC2 and dSMC4 are com-
ponents of both Condensin I and Condensin II, one could
argue that the lack of interaction with dsmc2 or dsmc4
and the failure to see a clear reduction in dSMC4 levels
when RBF1 was removed are simply due to redundancy
between the two Condensin complexes. The overlap be-
tween dSMC4 and dCAP-D3 staining on polytene chro-
mosomes was surprisingly high (Fig. 4), and it is possible
that the dSMC4 antibody marks some Condensin com-
plexes better than others. Since dSMC4 coimmunopre-
cipitates with RBF1 (Fig. 3), since SMC4 binds to Rb,
p107, and p130 fusion proteins in vitro (Fig. 6), since
many of the dCAP-D3/RBF bands on the polytene chro-
mosomes also costain with dSMC4 (Fig. 4), and mutant
alleles of dCap-H2 and dCap-G also modified the UAS-
rbf1 phenotype, it seems likely that this activity of RBF1
involves its interaction with multiple components of the
Condensin II complex. However, further studies are
needed to fully characterize the RBF1/dCAP-D3 com-
plexes and to determine which of the Condensin II pro-
teins are important for this activity.

An E2F/DP-independent function of RBF1 is required
for normal chromatin condensation

Analysis of polytene chromosomes shows that RBF1 is
needed for chromatin localization of CAP-D3 in inter-
phase cells. In experiments carried out in human cells,
the earliest point in the cell cycle when we could detect
the ability of pRB to promote chromatin association by
dCAP-D3 was late anaphase, the point in the cell cycle
where pRB becomes dephosphorylated and associates
tightly with chromatin. This, together with the observa-
tion that recombinant RB polypeptides associate with
hCAP-D3 and the finding that the interaction between
RB and hCAP-D3 was disrupted by mutations that
mimic phosphorylation, leads us to propose that RBF1/
RB proteins recruit CAP-D3 to DNA at the times when
they are traditionally thought to act. While we cannot
exclude the possibility that a subpopulation of RBF1 in-
teracts with dCAP-D3 later in the cell cycle, the changes
in chromatin condensation in rbf1 mutants are most
likely to be a consequence of reduced dCAP-D3 localiza-
tion earlier in the cell cycle (Fig. 7).

The best-known functions of the RB family proteins in
both mammalian cells and Drosophila involve interac-
tions with E2F transcription factors. However neuroblast
squashes of rbf1/dDP mutants and either dE2F2 or dDP-
null larvae (Fig. 1C) show that the hypocondensation
caused by the loss of RBF1 does not require dE2F/dDP
activity and cannot be generated by simply inactivating
dE2F/dDP complexes. In agreement with this, we find
that the striking colocalization of RBF1 and dCAP-D3 is
maintained on polytene squashes from dDP-null larvae
(Supplemental Fig. 4B). This does not preclude the pos-
sibility that dCAP-D3 and RBF1 complex may interact in
the vicinity of dE2F-regulated promoters, or that the
dCAP-D3/RBF1 interaction may be influenced by
changes in E2F activity. Clearly though, these results
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show that RBF1 recruits dCAP-D3 to chromatin in a
manner that does not depend on the conventional model
of E2F/DP DNA-binding activity. Many different tran-
scription factors have been shown to interact with RB
family members, and there is no shortage of possibilities
for such an E2F-independent function. Intriguingly,
DNMT3b and HDAC1, which have been linked previ-
ously to pRB, have also been found to associate with
both SMC4 and SMC2 (Geiman et al. 2004). This raises
the possibility that the interaction between Condensin II
proteins and RBF1 may involve one or more of the chro-
matin-associated complexes that have been connected
previously to pRB.

Links between Condensin II and cancer

The results described here provide a very simple expla-
nation for the aneuploidy and anaphase defects observed
in Rb−/− and Rb�LXCXE MEFs (Herrera et al. 1996; May-
hew et al. 2004; Iovino et al. 2006; Isaac et al. 2006).
Since the inactivation of Condensin II complexes causes
global changes in chromatin structure, these findings
may also explain the balloon-like, butterfly chromo-
somes described in TKO MEFs (Gonzalo et al. 2005) or
the changes in chromatin structure previously noted in
Rb−/− MEFs (Herrera et al. 1996).

pRB is one of the most well-studied tumor suppressor
proteins and is mutated or inactivated in many types of
human cancer. The idea that RB family members are
required for normal Condensin II function provides a
simple route through which the functional inactivation
of RB family proteins, either by deletion, phosphoryla-
tion, or by viral proteins that bind to the LXCXE-binding
cleft, will promote genomic instability. Indeed, there are
several independent lines of evidence implicating Con-
densin activity in tumorigenesis. Mutations in Conden-
sin subunits SMC2 and SMC4 have been identified in
cases of pyothorax-associated lymphoma (Ham et al.
2007). Strikingly, a recent study of 102 early-onset breast
cancer patients showed that 53% of cases had loss of
heterozygosity (LOH) occurring in the region that in-

cludes the hCAP-D3 locus (Gentile et al. 2001). This
LOH also correlated with higher tumor grade and a more
unfavorable prognosis. These observations seem particu-
larly significant when one considers that heterozygosity
for dCAP-D3 was not only sufficient to suppress RBF1-
induced phenotypes but also caused visible defects in
chromatin condensation and segregation (Figs. 2, 3).
Given the evidence that RB family members promote
CAP-D3 association with chromatin and the evidence
that LOH at the CAP-D3 locus occurs frequently in
breast cancer, we suggest that Condensin II function is
likely to be compromised in many different human tu-
mor cells.

Materials and methods

Drosophila stocks

Unless otherwise indicated, fly strains were obtained from
Bloomington Stock Center, the Harvard Medical School Ex-
elixis collection, or generated in the laboratory. All fly stocks
and crosses were maintained at 25°C. Tp(3;Y)BL2 flies were a
generous gift from Joe Eissenberg (St. Louis State University)
and en-GAL4, UAS-GFP flies were a generous gift of Laurel
Raftery (MGH Cancer Center, Charlestown, MA). The ptc-
GAL4 phenotypes were from female progeny, while all other
phenotypes described were from male progeny.

Cell lines and constructs

IMR90 primary human fibroblasts were maintained in Dulbec-
co’s Minimal Essential Media (DMEM, Cellgro/Mediatech)
supplemented with 10% fetal bovine serum (FBS) (Gibco-Invit-
rogen), 1% Pen-Strep (Gibco-Invitrogen), and 1% L-glutamine
(Gibco-Invitrogen). Inducible SAOS-2 cell lines were described
previously (Binne et al. 2007) and were also maintained in this
media with a drug selection of 2.5 mg/mL Blastocydin (Invitro-
gen). Flag-Rbf1-transfected Drosophila Schneider line 2 (SL2)
cells were described previously (Korenjak et al. 2004) and were
maintained in Schneider’s Insect Medium (Sigma) with 10%
FBS and 1% Pen-Strep.

Antibodies

Primary antibodies included rabbit anti-dCAP-D3 and rabbit
anti-dCAP-D2 (1:50 for immunostaining of polytene chromatin

Figure 7. RB family members interact with CAP-D3,
promoting its association with chromatin. Changing
the levels or activity of RB family proteins alters the
level of dCAP-D3 associated with chromatin, altering
the efficiency of chromatin condensation. The analysis
of polytene spreads shows that RBF1 and dCAP-D3 co-
localize on the chromatin of interphase cells and that
RBF1 is needed for the efficient localization of dCAP-
D3 to DNA. In proliferating SAOS-2 cells, the recruit-
ment of hCAP-D3 to chromatin by pRB was evident at
late anaphase/telophase, at the time where pRB is acti-
vated by dephosphorylation (see Discussion for details).
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and 1:100 for immunostaining of other larval tissues, 1:500 im-
munoblotting), both gifts of M. Heck (Edinburgh, UK). Mouse
anti-Rbf1 was used at a dilution of 1:25 for polytene chromatin
immunostaining and 1:5 for coimmunoprecipitation (co-IP)/im-
munoblotting. Sheep anti-dSMC4 was used at 1:50 for polytene
chromatin immunostaining and 1:500 for immunoblotting (gift
of C. Sunkel, Porto, Portugal). Mouse anti-Flag M2 was used in
co-IP experiments at 1:100 and in immunoblotting experiments
at 1:2000 (Sigma). Rabbit anti-hCAP-D3, rabbit anti-hCAP-D2,
and rabbit anti-hSMC4 were all used for immunoblotting at
1:1000 and for immunostaining at 1:200 (Bethyl). Mouse anti-
pRb was used for immunostaining at 1:100 (BD Pharmingen).
Rabbit anti-phospho-H3 was used at a dilution of 1:500 (Upstate
Cell Signaling Solutions). The monoclonal Drosophila lamin
antibody was used at 1:200 and was obtained from the Devel-
opmental Studies Hybridoma Bank. Secondary antibodies in-
cluded the appropriate anti-species Alexa 488, anti-species Cy3,
and anti-species Cy5 used at 1:500 (Jackson Immunoresearch).

Neuroblast squashes and immunostaining of Drosophila
larval tissues

Drosophila larval brains were dissected into 0.7% NaCl and
were fixed in 45% acetic acid/H2O for 3 min at room tempera-
ture. Brains were then placed on a coverslip (Fisher Scientific)
and a Poly-L lysine-coated slide (Polysciences, Inc.) was placed
over the coverslip. With a paper towel placed between thumb
and coverslip, pressure was applied to the top of the coverslip,
squashing the brains between the coverslip and slide. Slides
were briefly frozen in liquid nitrogen and then placed in a dry-
ice/methanol bath for 10 min. Slides were washed in 0.7% NaCl
for 5 min at room temperature and then stained with 2 × 10−4

mg/mL DAPI for 5 min at room temperature. This was followed
by another 0.7% NaCl wash, and the slides were air dried and
mounted in Vectashield (Vector Laboratories). If immunostain-
ing was performed on the neuroblast squashes, the same proto-
col was followed with a few changes. Brains were instead fixed
in a solution of 2% formaldehyde, 2% Triton X-100, and 1×
phosphate-buffered saline (PBS) for 2 min, followed by 6 min in
a solution of 2% formaldehyde and 45% acetic acid. The incu-
bation in methanol was omitted, and instead slides were
washed in PBT (1× PBS, 0.1% Triton X-100) for 30 min and then
blocked for 1 h in PBT + 5% bovine serum albumin (BSA). Slides
were incubated overnight at 4°C in blocking solution contain-
ing the appropriate dilutions of primary antibody. Three 15-
min, room-temperature washes in PBT were followed by incu-
bation in blocking solution with the appropriate dilution of sec-
ondary antibody for 2 h at room temperature. Finally, slides
were washed three times in PBT at room temperature, air dried,
and mounted in Vectashield. Immunostaining of all other Dro-
sophila larval tissues was performed as described above; how-
ever, fixation was for 20 min at room temperature in a solution
of 4% formaldehyde/PBT. Prophase/prometaphase nuclei were
identified as mitotic cells in which chromosomes were partially
or fully condensed and had not yet aligned on the spindle (illus-
trated in the metaphase cells shown in Supplemental Fig. 1B).

TUNEL labeling

Discs were dissected in PBS/0.3% Triton X-100 and fixed in 4%
paraformaldehyde in PBS/0.3% Triton X-100 for 1 h at room
temperature. After rinsing twice in PBS/0.3% Triton X-100,
discs were permeabilized in PBS/0.3% Triton X-100 for 30 min
at 37°C. The discs were blocked in 1× TUNEL buffer, and 100
µL of TUNEL enzymatic reaction was added as per the manu-
facturer’s protocol (Roche) for 1 h at 37°C. Three 15-min, room-

temperature washes in PBS/0.3% Triton X-100 were performed
and discs were mounted with Vectashield.

BrdU labeling

BrdU labeling was performed as described in Moon et al. (2006).

Polytene chromatin staining

Polytene squashes and stainings were performed using a stan-
dard protocol (Sullivan et al. 2000).

Co-IP, immunoblotting, and GST pull-down analysis

Co-IPs, GST pull-downs, and Western blots were performed as
described previously (Binne et al. 2007). The GST-N-terminal
fusion construct was a gift of Jonathan Horowitz (Raleigh, NC)
and the GST-Rb phosphorylation mutant fusion construct was
a gift of David Goodrich (Houston, TX).

Immunofluorescent staining of mammalian cell

SAOS-2 cells were grown on coverslips, washed once with 1×
PBS and fixed in 4% paraformaldehyde for 10 min at room tem-
perature. Coverslips were washed three times in PBS at room
temperature. Cells were permeabilized in PBS/0.2% Triton
X-100 for 5 min on ice, followed by three 5-min room tempera-
ture washes in PBS. Coverslips were incubated in blocking
buffer (0.5% NP-40, 1% BSA in PBS) for 30 min at room tem-
perature and then transferred to a humid chamber where they
were incubated with primary antibody diluted in blocking
buffer overnight at 4°C. Coverslips were then washed three
times in PBS for 5 min at room temperature and incubated for 1
h at room temperature with the secondary antibodies diluted in
blocking buffer. This was followed by three washes in PBS,
DAPI staining for 5 min at room temperature, and mounting in
Vectashield.

Chromatin fractionation

SAOS-2 cells were grown to 75% confluence and induced with
tetracycline for 6 h, after which they were trypsinized, washed,
and counted for aliquotting of 1 × 107 cells per eppendorf. Cells
were resuspended in 200 µL of CSK + buffer (10 mM PIPES at pH
7.0, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 0.5% Triton
X-100) plus protease inhibitors. Tubes were incubated on ice for
20 min before being centrifuged at 4000 rpm for 5 min. The
supernatant was collected and saved for the soluble fraction.
Pellets were resuspended in 200 µL of CSK + buffer for 20 min
on ice and centrifuged as before, and supernatant was removed.
Pellets were resuspended in 40 µL of DNaseI buffer with prote-
ase inhibitors (400 mM Tris-HCl at pH 8.0, 100 mM MgSO4, 10
mM CaCl2) for 2 min and then centrifuged as before. Pellets
were incubated in 40 µL of DNase I buffer and 20 µL of RQ1
RNase-Free DNase I (Promega) for 25 min at room temperature.
Supernatant was collected for the soluble chromatin fraction,
and the insoluble chromatin pellet was resuspended in
CSK + buffer.

dsRNA treatment of SL2 cells

These experiments were performed as described in Dimova et
al. (2003). Treatment of cells with dsRNA lasted 8 d with a
media change and readdition of dsRNAs on the fourth day. SL2
cells were then chromatin-fractionated as described above.
Western blots using equal amounts of protein from each frac-
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tion were performed, and bands were quantified using a Bio-Rad
Transilluminator and the Bio-Rad Quantity One software pro-
gram.

Position effect variegation analysis

These experiments used the Drosophila Tp(3;Y)BL2 stock and
were performed as described previously (Lu et al. 1998).

Microscopy

Bright-field microscopy and some fluorescence microscopy
were carried out on a Nikon Eclipse 90i microscope. Fluores-
cence microscopy was also carried out using the Bio-Rad MRC-
1000 confocal on a Leica DMRBE microscope excited by a 488-
nm excitation line and a 522DF32 emission filter (green), a 568-
nm excitation line and a 605DF32 emission filter (red), or a
647-nm excitation line and a 680DF32 emission filter (far red).
All images of Drosophila larval tissues were taken using the 60×
lens while images of human cells were taken using the 40× lens.
Images were captured with the LaserSharp 2000 computer pro-
gram. Adobe Photoshop and Adobe Illustrator were used to gen-
erate the figures of this study.
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