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Abstract

Chromosome instability (CIN), a common feature of solid tumors, promotes tumor evolution and
increases drug resistance during therapy. We previously demonstrated that loss of the pRB tumor
suppressor causes changes in centromere structure and generates CIN. However, the reason for,
and significance of, this change was unclear. Here we show that defects in cohesion are key to the
pRB-loss phenotype. pRB loss alters H4K20 methylation, a prerequisite for efficient establishment
of cohesion at centromeres. Changes in cohesin regulation are first evident during S-phase where
they compromise replication and increase DNA damage. Ultimately such changes compromise
mitotic fidelity in pRB-deficient cells. Remarkably, increasing cohesion suppressed all of these
phenotypes and dramatically reduced CIN in cancer cells lacking functional pRB. These data
explain how loss of pRB undermines genomic integrity. Given the frequent functional inactivation
of pRB in cancer, conditions that increase cohesion may provide a general strategy to suppress
CIN.
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Introduction

Whole chromosome instability (CIN), defined as the frequent gains and losses of whole
chromosomes (Lengauer et al., 1997), results from defects in mitotic fidelity (Holland and
Cleveland, 2009) and contributes to the aberrations in chromosome number common in solid
tumors (Albertson et al., 2003; Beroukhim et al., 2000; Hanahan and Weinberg, 2000;
Thompson and Compton, 2011). Such changes result in aneuploidy, promote genomic
heterogeneity, and have important implications in cancer. It has been demonstrated that the
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constant “shuffling” of genomic content through CIN facilitates the loss of heterozygosity of
tumor suppressors and increases copy number of oncogenes (Baker et al., 2009). The
genomic diversity generated by CIN promotes tumor evolution and the development of
cancer cells that can adapt to become resistant to therapeutics and more prone to tumor
relapse. Consequently, CIN correlates with poor patient prognosis (Choi et al., 2009; Gao et
al., 2007; Heilig et al., 2010; Kuukasjarvi et al., 1997; McClelland et al., 2009; Nowell,
1976; Rajagopalan and Lengauer, 2004; Swanton et al., 2009). However, the molecular
mechanisms that cause CIN and aneuploidy in tumor cells remain poorly understood and
this lack of understanding has limited the development of therapeutics to target this feature
of cancer.

Numerous regulators of mitotic fidelity have been shown experimentally to impact whole
chromosome instability, including those directly involved in chromosome segregation and
the mitotic checkpoint (McGranahan et al., 2012; Thompson and Compton, 2011). However,
an understanding of the molecular causes of genome instability in tumor cells is complicated
by the fact that mutations in these pathways are rare in cancers and efforts to identify a
single mitotic protein or pathway that is commonly altered in sporadic cancers have been
unsuccessful (Negrini et al., 2010; Rajagopalan and Lengauer, 2004; Thompson and
Compton, 2011).

Recently we demonstrated that depletion of the pRB tumor suppressor from diploid,
chromosomally stable human cells causes rates of chromosome missegregation that are
comparable with those seen in CIN cells (Manning et al., 2010). As pRB pathway lesions
are common in human cancers (Knudsen and Wang, 2010), this may represent a broadly
relevant mechanism by which cancer cells become CIN. However, the precise mechanism
by which pRB loss causes this type of genomic instability is unclear. Several possibilities
have been suggested; including that inactivation of pRB impacts chromosome structure and
additionally causes changes in the expression and localization of several mitotic regulators.
Such changes, alone or in combination, might explain the high rate of segregation errors
present following pRB loss.

Here we show that cohesin function is altered by pRB loss. We demonstrate that pRB
depletion alters the distribution of cohesin on chromatin and that changes in histone methyl
marks that promote cohesin enrichment at heterochromatin contribute to this difference.
Changes in chromosome cohesion were first evident in pRB-depleted cells during S phase
(at the time when cohesion is normally established) and persist into mitosis, suggesting that
the effects of pRB loss on mitotic progression may be a delayed consequence of changes
that occur during S phase or earlier. pRB-depleted cells display several phenotypes that
would be expected in cells with reduced cohesin (compromised cohesion, altered DNA
replication dynamics, increased DNA damage, and reduced mitotic fidelity) and we show
that all of these phenotypes were suppressed when cohesin stability on chromatin was
enhanced. Moreover, promoting cohesion was sufficient to reduce CIN in pRB-depleted
cells as well as in a panel of cancer cell lines that carry pRB pathway lesions. Together,
these results suggest that changes in cohesin function are key to the genesis of CIN in pRB-
compromised cells. This work suggests that manipulation of chromosome cohesion may
represent a powerful approach to target CIN in cancer cells.
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Results

Changes in chromatin structure following pRB loss originate in S phase
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Merotelic attachments, where a single chromosome is associated with microtubules from
both spindle poles, are a predominant cause of chromosome segregation errors in cancer
(Cimini et al., 2001; Thompson and Compton, 2008). Erroneously attached chromosomes
lag behind during anaphase segregation and have an increased likelihood of being
missegregated. In cells depleted of pRB by treatment with pooled siRNAs, ~25% of cells
exhibited lagging chromosomes (Figure S21 & (Manning et al., 2010)). Similar results were
obtained using five independent siRNA constructs or, alternatively, following lentiviral
infection of one of three shRNA hairpins, each targeting a different pRB-specific sequence.
Scrambled siRNA or lentiviral constructs were used as controls respectively (Supplemental
Table 1, Supplemental Figure 1). For the experiments described below, pRB depletion was
achieved using pooled siRNA constructs, the results were confirmed with independent
targeting constructs, and compared to a scrambled control sequence.

Previously, we proposed that the chromosome segregation errors seen in pRB-depleted cells
are caused by changes in chromatin structure near the centromere. To quantify such changes
in chromosome structure following pRB loss we measured chromatin compaction and
cohesion. pRB was depleted from two diploid, genomically stable human cell lines ("nTERT-
RPE and HCT116) and a dual-colored, Fluorescence in situ hybridization (FISH)-based
assay was used to label defined regions on both arms of Chromosome 16. Sister chromatid
cohesion (the distance between replicated foci of a single color; inter-chromosome distance)
was measured from the time that loci were replicated (S-phase) until M-phase. Gross
changes in chromosome compaction (the distance between green and red foci; intra-
chromosome distance) were measured throughout the cell cycle. To minimize any secondary
effects resulting from continued proliferation in the absence of pRB, the assay was
performed at 24 hours after sSiRNA transfection. Cell cycle staging was based on the
replicative state of Chromosome 16 and DAPI staining, enabling cell cycle-dependent
changes to be examined in the absence of drug treatment. Comparable results were found in
both cell lines (Figures 1 & S2).

FISH-based analysis of chromosome spreads prepared from cycling and nocodazole treated
cultures demonstrated that pRB-depleted mitotic cells exhibit a decrease in sister chromatid
cohesion that is enhanced upon prolonged mitotic arrest (Figure 1B). This is consistent with
changes observed in mitotic spreads prepared from pRB-depleted cells (Figure S1F) and
previous reports of pRB-dependent changes in mitotic chromatin structure (Manning et al.,
2010; van Harn et al., 2010). Analysis of interphase cells revealed that this decrease in sister
chromatid cohesion was first evident in S phase (Figure 1C & D).

Measures of intra-chromosome distance in interphase cells showed that depletion of pRB
also increased the distance between foci on the p and g arms (Figure 1C & E). Cell cycle
analysis revealed that these changes in compaction were also first evident in S phase cells,
indicating that changes in chromosome structure previously noted during mitosis originate
much earlier in the cell cycle (Figure 1E & F). The increase in intrachromosome distance
observed during S phase in pRB-depleted cells was replication dependent, since inhibition of
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replication with either thymidine or HU treatment restored distances in pRB-deficient cells
to those of controls (Figure 1E and data not shown). Cells depleted of cohesin proteins
(Rad21 and SMC3) or condensin Il (CAPD3) exhibited similar changes in S phase
compaction (Figure 1F). However, changes in chromatid cohesion comparable to pRB-
depleted cells were seen exclusively in cohesin-depleted cells (Figure S2A). Together, these
results illustrate that reduction of cohesin is sufficient to compromise both chromatin
cohesion and compaction.

Lesions in the pRB pathway can lead to the E2F-dependent up-regulation of several mitotic
regulators (Chakraborty et al., 2007; lovino et al., 2006; Ishida et al., 2001; Knudsen and
Knudsen, 2008; Ren et al., 2002). These targets include the mitotic checkpoint protein Mad2
(Hernando et al., 2004; Schvartzman et al., 2011; Sotillo et al., 2010), a change that is
notable because overexpression of Mad2 can induce CIN (Kabeche and Compton, 2012).
Consistent with a previous study showing that Mad? is co-operatively repressed by p53 and
the three pocket proteins (pRB, p107, and p130) and that absence of pRB alone was
insufficient to alter the level of Mad2 expression (Schvartzman et al., 2011), we saw no
change in Mad2 mRNA or protein levels following pRB depletion (Figure S2D & E).
Moreover, overexpression of Mad2 in hTERT-RPE cells was insufficient to alter chromatin
compaction or cohesion in either S phase or mitotic cells (Figure S2F-I). Together this
suggests that changes in Mad2 expression are unlikely to be significant factor in CIN that
results in these pRB-depleted cells.

Collectively these results show that the depletion of pRB causes changes in chromosome
cohesion and compaction during interphase. These changes were independent of Mad2, and
similar changes could be generated by the depletion of cohesin proteins, but not by the
depletion of condensin proteins.

Loss of pRB alters histone methylation and reduces the level of cohesin on pericentric
heterochromatin

To understand why pRB-depleted cells have reduced cohesion, we looked for changes in
cohesin levels, acetylation, and chromatin association, or for changes in the expression of
known cohesin regulators. The cohesin complex is loaded onto DNA concurrent with
replication such that the Escol/2 acetylase, which travels with the replication machinery, is
necessary for the stable association of cohesin to chromatin and for functional sister
chromatid cohesion (reviewed in (Sherwood et al., 2010)). Cells depleted of pRB did not
exhibit significant changes in the abundance of cohesin components or known regulators
(Figure 2, Figure S3) but did show decreased SMC3 acetylation (Figure 2A) suggesting that
cohesin is less stably associated with chromatin.

The total amount of cohesin associated with chromatin in an asynchronous population of
cells is only moderately reduced when pRB is depleted (Manning et al., 2010). However,
our finding that changes in chromatin cohesion and compaction in pRB-depleted cells are
most evident at specific times during the cell cycle prompted us to investigate this more
carefully. Control and pRB-depleted cells were arrested in G2, a point in the cell cycle when
replication has been completed and cohesin is stably associated with chromatin, then
analyzed by immunofluorescence and cell fractionation. These assays showed a clear
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reduction in the level of cohesin stably associated with chromatin in pRB-depleted cells
(Figure 2B & C). Consistent with this, and with compromised mitotic cohesion, pRB-
depleted cells also exhibit defects in other cohesinlinked processes (Mannini et al., 2010a;
Sherwood et al., 2010, Watrin and Peters, 2006, Caron et al., 2012), including reduced rates
of DNA replication and increased DNA damage foci (Figure S3).

Although defects in cohesin loading could explain changes in SMC3 acetylation, there is no
known link between pRB and the cohesin loading machinery. Instead, pRB has been
described to function in the recruitment of chromatin modifying enzymes that may impact
the chromatin binding and enrichment of cohesin, upstream of replication-dependent loading
and acetylation. In euchromatin, cohesin co-localizes with CTCF and the mediator complex
(Kagey et al., 2010; Parelho et al., 2008; Wendt et al., 2008). However, recruitment of
cohesin to heterochromatin, including pericentromeric regions where it is essential for
accurate chromosome segregation, was recently shown to be regulated by the histone
methyltransferase Suv4-20h2 (Hahn et al., 2013). Indeed, loss of Suv4-20h2 reduced
Histone 4 Lysine 20 (H4K20) methylation at pericentromeric regions and compromised
cohesin enrichment (Hahn et al., 2013).

The link between regulation of H4K20 methylation and cohesin is intriguing as changes in
pericentromeric structure are likely to impact CIN. Moreover, pRB has been reported to
interact directly with Suv4-20h2 in an E2F-independent manner (Gonzalo et al., 2005) and
the mutation of mouse Rb1 dramatically reduces H4K20 methylation (Gonzalo et al., 2005;
Isaac et al., 2006). To examine the idea that changes in H4K20 methylation might connect
the depletion of pRB to altered accumulation of cohesin, we first asked whether pRB-loss
affected the level of H4K20 trimethylation and the amount of cohesin that accumulates at
pericentromeric chromatin in human cells. Chromatin immuno-precipitation (ChlP)
experiments demonstrated that pRB-depletion decreased H4K20 trimethylation and cohesin
association at a panel of pericentromeric regions (Figure 2D & E). In control experiments,
the depletion of neither cohesin nor condensin 11 proteins altered H4K20 trimethylation
(Figure S3lI).

To test the significance of the changes in H4K20 methylation we examined the effect of
increasing H4K20 trimethylation in pRB-depleted cells. Consistent with data in mouse cells
(Gonzalo et al., 2005), overexpression of Suv4-20H2 in pRB-depleted cells promoted
H4K20 trimethylation and increased the level of cohesin bound at pericentromeric
heterochromatin (Figure 2D & E). Together this data suggests that pRB loss alters the
pattern of H4K20 methylation and that this reduces the level of cohesin at pericentromeric
heterochromatin.

Promoting cohesion suppresses S phase defects

To test whether changes in the levels of chromatin-associated cohesin are functionally
significant for any properties of pRB-depleted cells, we experimentally promoted cohesion
by depleting Wapl, a negative regulator of cohesin. Wapl depletion increases the stability of
the cohesin complex on chromatin in both S phase and mitosis (Peters et al., 2008). Efficient
depletion was achieved by transfection of pooled siRNA constructs and all results were
confirmed by the transfection of one or more of 5 independent siRNA constructs, each
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targeting unique Wapl-specific sequences (Supplemental Table 1). To minimize the effect of
complete inactivation of Wapl on cell cycle progression, cells were collected 24 to 48 hours
following transfection. This time point was chosen because it showed significant targeting of
Wapl (>80% reduction in Wapl mRNA) without any significant change in the proliferation
or cell cycle distribution of depleted cells (Figure 3A, B & S4).

Consistent with the described role of Wapl in cohesin regulation, immunofluorescence, cell
fractionation, and ChIP experiments demonstrated that Wapl depletion promoted cohesin
association with chromatin in both control and pRB-depleted cells. (Figure S4A & B).

As described in the sections below, we then examined the functional impact of increased
cohesion on pRB-depleted cells. We first examined was the effect of Wapl depletion on
replication dynamics. Cohesin has been shown to stabilize forks and to promote replication
(Guillou et al., 2010; Terret et al., 2009). DNA fiber combing assays demonstrated that
pRB-depleted cells have reduced rates of replication at elongating forks ((Bester et al.,
2011); Figure 4A). Promoting cohesion by depleting Wapl was sufficient to promote
replication in pRB-depleted cells as judged by DNA fiber length (average fiber length in
siRB siWapl is 37.5 +/- 7.08; p (v Ctrl)= 0.026; Figure 4B & D; Figure S5).

Recent studies have reported that replication defects can be suppressed by nucleoside
supplementation in the growth media and that this reduces CIN (Bester et al., 2011; Burrell
et al., 2013). Therefore, we compared the effects of Wapl depletion with the effects of
nucleoside supplementation. As expected, addition of exogenous nucleosides similarly
increased the DNA fiber lengths in siRB-treated cells (average fiber length in siRB +nuc
cells is 38.24 +/- 5.45; p (v Ctrl) =0.079; Figure 4C & D). Unexpectedly, western blot and
ChIP analysis to monitor the association of the cohesin complex with pericentromeric
heterochromatin revealed that both Wapl depletion and nucleoside addition promoted SMC3
acetylation and were sufficient to enhance Rad21 binding in the context of pRB depletion
(Figures S4B, C & 3D). Importantly, neither of these conditions altered H4K20
trimethylation, proliferation rate, E2F target gene expression, or cell cycle distribution of
pRB-depleted cells (Figure 3A-C, S4D), suggesting that both treatments promote cohesin
association with chromatin downstream of the epigenetic changes caused by pRB loss. This
indicates that increased cohesin loading and acetylation is sufficient to bypass changes that
originate from defects in cohesin chromatin binding and enrichment.

These observations are consistent with the idea that increased cohesion can suppress
replication defects in pRB-depleted cells, but they also highlight a series of questions about
the effects of exogenous nucleosides. A previous report proposed that nucleoside
supplements suppress replication defects by correcting a deficit in nucleotide pools (Bester
etal., 2011). However, we found nucleotide pools in pRB-depleted cells to be increased,
rather than decreased by the loss of pRB. (Figure S5E & F). In a complementary experiment
we found that replication stress caused by Hydroxyurea (HU) treatment is sufficient to cause
anaphase defects, but did not cause the changes in chromatin binding or acetylation of
cohesin components that we observed in pRB-depleted cells, indicating that these changes
are not a simple consequence of replication stalling (Figure S6). The notion that nucleoside
supplements suppress phenotypes of pRB-deficient cells by improving rates of replication
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may be correct, but the cause of shorter replication fibers is unclear. Our data show that
Wapl depletion and nucleoside supplements both increase the levels of cohesin on
pericentric heterochromatin, a change that may contribute to the improved replication
dynamics.

Promoting cohesion suppresses CIN

To determine whether increasing the levels of cohesin on chromatin suppress the changes in
chromosome structure seen in pRB-depleted cells, siRB treated RPE cells were codepleted
of Wapl (or treated with nucleosides) and analyzed for measures of cohesion and
compaction in S phase and mitosis. Both Wapl depletion and nucleoside supplements where
sufficient to suppress changes in cohesion and compaction during S phase (Figure 4E & F).
Measures of inter-kinetochore distance showed that these treatments also restored normal
centromeric cohesion in mitotic cells (Figure 5A).

To understand how changes in cohesion influence genome stability, we assayed functional
readouts of DNA damage and chromosome segregation under conditions where the
structural defects resulting from pRB depletion had been suppressed. We examined the
influence of changes in chromatin structure on the presence of DNA damage in pRB-
depleted cells by scoring the prevalence of yH2AX foci. Conditions that promote cohesion
(Wapl depletion and nucleoside addition) suppressed DNA damage in pRB-depleted cells
(Figure 5B).

Muitotic cells were then analyzed for evidence of segregation errors. Depletion of Wapl alone
delays the loss of sister chromatid cohesion and can lead to paired sisters lagging during
anaphase. However, in cohesion-compromised pRB-depleted cells, the increased cohesion
provided by Wapl depletion or addition of nucleosides strikingly reduced the incidence of
lagging chromosomes near to that seen in control cells (Figure 5C).

Frequent segregation errors result in a heterogeneous aneuploid population where the
heterogeneity of chromosome copy number within a population of cells is indicative of the
total degree of chromosomal instability. To score for such heterogeneity, copy number
changes of individual chromosomes were assessed using centromeric FISH probes specific
for each of 3 different chromosomes (2, 6 and 8). Cells depleted of pRB displayed
chromosome copy number heterogeneity nearly four-fold higher than control cells. Co-
depletion of Wapl or addition of nucleosides suppressed the degree of copy number
heterogeneity in cells depleted of pRB (Figure 5D). While pRB-dependent changes in
H4K20 methylation had been observed to co-exist with CIN ((Gonzalo et al., 2005); Figure
2), the functional relationship between the two phenomena had yet to be explored.
Therefore, we examined the importance of H4K20 methylation for the CIN phenotype.
Significantly, overexpression of Suv4-20H2 not only increased H4K20 trimethylation and
increased cohesin association with pericentric heterochromatin (Figure 2D & E), but was
also sufficient to increase mitotic cohesion and decrease segregation errors in pRB-depleted
cells (Figure 5A & C).

Collectively, these experiments support a model whereby changes in methylation at
pericentromeric heterochromatin following pRB loss lead to reduced cohesin association,
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cohesion defects and CIN. Conditions that increase cohesin stability on chromatin suppress
the changes in chromosome compaction and cohesion seen during Sphase in pRB-depleted
cells and restore normal kinetochore structure during mitosis. Improved cohesion also
suppressed DNA damage in pRB-depleted cells, prevented the appearance of lagging
chromosomes, and suppressed aneuploidy. That so many of the defects seen in pRB-
deficient cells could be similarly suppressed suggests cohesin function is integral to the
changes that occur following pRB loss.

Suppressing CIN in Cancer Cells

If the inactivation of pRB is a significant source of CIN in cancer, and increased cohesion
suppresses CIN resulting from pRB-loss, then increased cohesion would be expected to
suppress CIN in human cancer cells. To test this idea we first examined an osteosarcoma
cell line (SAOS-2). Like many osteosarcomas, SAOS-2 cells are mutant for RB1 and display
high genomic heterogeneity. Previously, we showed that re-expression of pRB from an
inducible promoter is sufficient to promote mitotic centromeric cohesion in these cells
(Manning et al., 2013). Similarly, we found that depletion of Wapl, or addition of
nucleosides promoted cohesion between mitotic centromeres (Figure 6A & B). As seen
when cohesion defects were suppressed in pRB-depleted RPE cells, SAOS-2 cells depleted
of Wapl or supplemented with nucleosides, alone or in combination, displayed improved
rates of replication during S-phase and fewer lagging chromosomes during mitosis (Figure
6C & D).

To understand how the suppression of these defects impacts CIN, we quantified the
frequency of segregation errors in recently divided SAOS-2 daughter cells, either with or
without Wapl depletion or nucleoside treatment. Cells were plated at extremely low density,
fixed within one cell cycle and analyzed for copy number of chromosomes 6 and 8 using
centromeric FISH probes. SAOS-2 cells exhibit high chromosome instability and on average
mis-segregate a chromosome about once every other division. Like many cancer cells,
SAQS-2 cells have a complex genotype and contain many abnormalities that could
contribute to the generation of segregation errors, including a high incidence of extra
centrosomes and multipolar spindle structures. Despite this, both the transient depletion of
Wapl, and nucleoside supplementation, was sufficient to suppress the rate of segregation
errors in these cells by half (Figure 6E). Combined Wapl depletion and nucleoside addition
was more efficient at promoting replication in SAOS2 cells than either treatment alone
(Figure 6D, Figure S6). However the combination did not further decrease the frequency of
anaphase defects compared to each individual condition (Figure 6C), suggesting that
cohesion defects, rather than the replication defects, represent the major contributing factor
to CIN in these cells.

To test the generality of these effects, we next assessed a panel of non-small cell lung cancer
(NSCLC) lines in which the pRB pathway is compromised. We examined two cell lines with
mutation of RB1 (NCI H2009 and NCI H2228), one cell line with homozygous deletion of
p16INK4A (NCI H1437), and one cell line with copy gains of cdk4 (NCI H1792). In each
line, promoting cohesion suppressed anaphase defects (Figure 7).
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Discussion

While most solid tumors exhibit CIN (Beroukhim et al., 2000; Hanahan and Weinberg,
2000), the potential therapeutic benefit of targeting CIN has received little attention, in large
part because it has been unclear what changes cause CIN, or how to prevent them from
occurring. Here we demonstrate that a connection between pRB and cohesion is an
important contributor to genomic stability. These results provide unexpected mechanistic
insight into how CIN can be manipulated in cancer cells. We propose a model in which the
loss of pRB causes epigenetic changes that compromise cohesin levels, particularly at
pericentromeric heterochromatin. These changes have a series of consequences: reduced
centromeric cohesion, increased DNA damage, changes in DNA replication, and CIN. The
importance of cohesion for the properties of pRB-deficient cells is illustrated by experiments
showing that increasing the amount of cohesin on chromatin is sufficient to correct all of
these defects. Importantly, promoting cohesion suppressed CIN in cell lines acutely depleted
of pRB, and in cancer cells with a variety of pRB pathway lesions.

Chromatin compaction, cohesion establishment, and CIN

The initial characterization of segregation errors following pRB loss by us and others noted
that changes in mitotic centromere structure and defects in chromosome segregation are
associated with changes in both Condensin 11 and cohesin complexes (Manning et al., 2010;
Coshi et al., 2010; Van harn et al., 2010). Evidence that Condensin Il depletion can
compromise centromeric structure and promote segregation errors (Hirota et al., 2004; Ono
et al., 2004) led to the suggestion that loss of pRB-dependent regulation of Condensin Il
may underlie CIN. (Coschi et al., 2010; Longworth et al., 2008; Manning et al., 2010).
Currently it is not possible to specifically alter pRB’s regulation of Condensin Il, or to
directly alter its recruitment independent of pRB, and this has precluded any direct test of
the functional significance of the changes in Condensin I1 levels in pRB-deficient cells.

There are several reasons to think that changes in Condensin 11 levels cannot fully explain
the chromosomal changes resulting from pRB loss. First, loss of the Condensin Il complex
has been shown to cause a moderate increase in cohesion (Hirota et al., 2004; Ono et al.,
2013). In addition, the anaphase defects seen following Condensin 11 depletion typically
consist of chromatin bridges and paired lagging chromosomes (Coschi et al., 2010; Green et
al., 2012; Ono et al., 2013). These types of defects are substantially different from the
profile of defects seen in pRB depleted human cells, where mitotic cohesion is decreased
and the predominant anaphase defect is the presence of individual lagging chromosomes.

Here we show that depletion of pRB decreases the enrichment of cohesin at pericentromeric
regions. This change has functional consequences for mitotic fidelity. The fact that
suppression of the cohesion defects is sufficient to suppress CIN does not exclude the
possibility that decreased Condensin Il recruitment may also contribute to CIN following
pRB loss. However, while Wapl depletion corrected the effects of pRBloss, it failed to
correct mitotic defects resulting from depletion of Condensin Il (CAPD3), and failed to
suppress the effects of combined pRB and Cap-D3 depletion (Figure S6). Together, this data
strongly suggest that the effects of pRB loss on cohesin function play a dominant role in the
CIN phenotype.
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Mis-regulation of pericentromeric heterochromatin: the origin of CIN

pRB can promote the formation of both facultative and constitutive heterochromatin by
recruiting chromatin binding and modifying proteins (Gonzalo and Blasco, 2005; Isaac et
al., 2006; Siddiqui et al., 2007). Epigenetic regulators that physically interact with pRB
include regulators of H3K9 methylation (KDM4A and Suv3-9) and the methyltransferase
responsible for di and tri methylation of H4K20 (Suv4-20H2). These methyl marks are
significant because they are common in pericentromeric chromatin, have been shown to
influence cohesin enrichment, and are expected to impact centromeric structure and
cohesion (Lehnertz et al., 2003; Schotta et al., 2004). Our results demonstrate that loss of
pRB decreases H4K20 trimethylation and reduces cohesin enrichment at pericentromeric
heterochromatin. While cohesin depletion alone does not alter H4K20 trimethylation,
overexpression of the methyltransferase responsible for regulation of this key residue was
sufficient to promote cohesin association and to suppress mitotic defects. This suggests that
changes in methylation are the root cause of the centromeric defects seen in pRB-depleted
cells. Although H4K20 trimethylation is enriched at pericentric heterochromatin, it is also
distributed throughout the genome, and changes in this mark following pRB loss may
contribute to global effects on cohesion, replication and DNA damage. While CIN is
generally thought to result from defects in mitosis, the presence of both pRB and Suv4-20
activity during G1, together with the ability of Wapl depletion and nucleoside addition to
suppress both S phase and mitotic defects of pRB deficient cells, suggests that the changes
causing the mitotic errors likely originate much earlier in the cell cycle.

We found no significant change in the levels of known cohesin regulators in pRB-depleted
cells, suggesting that the primary link between pRB and cohesin at pericentromeric regions
is through changes in epigenetic marks. We note that Wapl depletion did not suppress the
increased expression of E2F-regulated genes in pRB-depleted cells, and did not affect the
altered H4K20 methylation at pericentric heterochromatin. However, given that cohesin
associates with enhancer elements and the complete inactivation of Wapl affects gene
expression, we cannot formally exclude the possibility that changes in cohesin also affect
the expression of an unknown gene(s) that indirectly impacts pericentric heterochromatin
and influences the levels of merotely in pRB-deficient cells.

CIN and Cancer

Our findings suggest that changes in cohesion are likely the major contributing factor to CIN
in pRB-deficient cells. Interestingly, cohesion defects have similarly been implicated in the
generation of CIN in colorectal cancer (Pino and Chung, 2010) where sequencing revealed
eleven conserved somatic mutations, ten of which were in confirmed or suspected cohesin
regulatory genes (Barber et al., 2008). Consistent with the described cohesin mutations in
this cancer type and the functional relationship between replication and cohesion, it has
recently been demonstrated that CIN colon cancer cell lines exhibit defects in replication
(Burrell et al., 2013). It is noteworthy that RB1 mutations are rare in colon cancer. We
hypothesize that defects in chromatid cohesion and replication may be a common
mechanism to promote CIN. In tumors such as colorectal cancers, that do not mutate RB1,
mutations in key components of the cohesin regulatory pathway may be needed to promote
CIN. In cancers where RB1 is frequently mutated, disruption of pRB function alone may
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corrupt the normal control of cohesion, promoting replication defects, DNA damage, and
CIN.

The results described here are significant for two reasons. First, they illuminate the
mechanism by which pRB inactivation promotes CIN. Second, they demonstrate that CIN
can be altered by manipulating chromatin structure. Both very high and very low CIN has
been correlated with better patient outcome in various cancers. This is consistent with the
view that while moderate levels of segregation errors contribute a beneficial degree of
genomic instability, high rates of segregation errors are catastrophic and incompatible with
cancer cell viability. Following this line of reasoning, two therapeutic approaches have been
proposed: to promote segregation errors and decrease cell viability, or alternatively, to
suppress segregation errors and decrease genetic heterogeneity. A caveat of the former
approach is that the potential for collateral damage is high, as all dividing cells will be
sensitive to perturbations that increase segregation errors. However, the alternative
approach, to suppress CIN and stabilize the cancer genome, could render cancer cells more
sensitive to existing therapeutics, thereby reducing relapse and improving patient outcome.

NSCLC represent one specific context where CIN has been well documented and the pRB
pathway is frequently compromised. Advances in targeted therapies have shown some
success, but heterogeneity within the tumor often promotes acquired drug resistance and
relapse. The observation that promoting cohesion prevents CIN resulting from pRB loss, and
the evidence that this suppressive mechanism works in a panel of NSCLC lines, highlights
the idea that the manipulation of cohesin regulation may have therapeutic benefit. However,
the complete inactivation of Wapl in normal cells causes problems in S phase (Tedeschi et
al., 2013), while high dNTP concentrations are known to increase mutation rates (Chabes et
al., 2003; Sabouri et al., 2008). These limitations underscore the continued need to identify
ways to improve cohesion in tumor cells that do not have unwanted side effects in normal
cells.

Materials and Methods

Cell culture and RNAI

pRB depletion was achieved by transient transfection of one of 5 individual or a pool of four
siRNA constructs using RNAI MAX transfection reagent (Invitrogen), per manufacturer’s
directions. Alternatively depletion was obtained by infection with one of four shRNA
lentiviral constructs followed by puromycin selection to induce constitutive (Manning et al.,
2010), or doxycyline inducible (Meerbrey et al., 2011) knockdown. 2 pg/mL of Doxycycline
was used to induce expression of the RB1-targeting ShRNA or overexpression constructs.
Wapl was similarly depleted using one of 5 individual, or a pool of four siRNA constructs.
All experiments were confirmed with at least two independent means of knockdown.
Supplementation with exogenous nucleosides was performed as previously described
(Bester et al., 2011). Samples were treated with nucleosides, siRNA, and/or induced to
express ShRNA for 36-48 hours before collection or fixation of samples for each
experiment. When indicated, cells were treated with 10 uM of the CDK1 inhibitor RO3306
for 20 hours to induce a G2 arrest. Construct sequences, antibody information and detailed
methods appear in the Supplemental Material.
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Figure 1. pRB loss compromises chromatid cohesion and compaction during S phase and mitosis
A&B) Fluorescence in situ hybridization (FISH) with probes specific for 16p13 (green) and

16922 (red) were used to quantify mitotic cohesion (increased distance between replicated
foci of the same color) in control and pRB-depleted cells +/- prolonged mitotic arrest
induced by 4 hr colcemid treatment (+ colc). pRB loss decreased mitotic cohesion, a change
enhanced by prolonged mitotic delay. C-E) Measures of cohesion and compaction (distance
between red and green foci) in interphase cells show significant decreases in chromatin
cohesion (D) and compaction (E) as early as S phase following pRB loss. S phase
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progression is required for decreased compaction following pRB loss (0.2mM Thymidine).
F) Cell cycle changes in compaction following depletion of cohesin components (Rad21,
SMC3), but not condensin (CAPD3) closely mirrored the effects seen following pRB
depletion. **p<0.01; ***p<0.001. See also Figures S1&S2.
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Figure 2. Cohesin association with chromatin is compromised in pRB-depleted cells
A) Extracts from proliferating cells showed similar total cohesin protein levels (SMC1 and

SMC3) between control and pRB depleted conditions, yet RB-depleted cells (-RB) had less
acetylated SMC3 (AcSMC3), indicating reduced cohesin stability on chromatin. B)
Immunofluorescence and C) cell fractionation analysis of G2 arrested cells indicated a
decrease in the amount of cohesin stably associated with chromatin following pRB
depletion. D & E) Changes in the methylation status of Lysine 20 of Histone 4 (H4K20)
across a panel of pericentromeric heterochromatin regions correspond with decreased
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cohesin chromatin binding following pRB loss. Overexpression of the H4K20
methyltransferase Suv4-20 is sufficient to promote H4K20 tri methylation and cohesin
binding in pRB-depleted cells. Error bars represent the SEM between individual biological
replicates. See also Figure S3.
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Figure 3. Promoting cohesin binding in pRB-depleted cells
Addition of exogenous nucleosides or co-depletion of Wapl does not alter A) the rate of

proliferation, B) the cell cycle distribution, or C) the H4K20 methylation status at
pericentromeric regions of cells depleted of pRB. D) However, both addition of exogenous
nucleosides and co-depletion of Wapl are sufficient to enhance cohesin binding at
pericentromeric heterochromatin in pRB-depleted cells. Error bars represent the SEM
between individual biological replicates. See also Figure S4.
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Figure 4. Promoting cohesion suppresses S phase defects in replication and chromatin structure
resulting from pRB loss

DNA fiber combing assays were performed and fiber lengths measured for control- and
pRB- depleted cells alone or following co-depletion of Wapl or addition of nucleosides
(+nuc). A) Loss of pRB promoted replication defects and resulted in shorter fibers
(p<0.0001). B) Co-depletion of Wapl, or C) supplementation of nucleosides in pRBdepleted
cells suppressed replication defects and allowed for longer fiber formation (p<0.0001 v siRB
for both). D) Representative fibers from each condition are shown. FISH based assays to
measure E) chromatin compaction and F) chromatin cohesion revealed that co-depletion of
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Wapl and nucleoside addition both suppressed compaction and cohesion defects during S
phase in pRB-depleted cells, while Mad2 co-depletion did not. * p<0.05; **p<0.01. See also
Figure S5.
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FiguLe_F. Promoting cohesion in pRB-depleted cells suppresses defects associated with genome
Instabilit

A) The d)?stance between paired sister kinetochores in mitotic cells (marked with ACA &
Hecl antibody) was measured as a readout of functional mitotic cohesion. Overexpression
of Suv4-20, co-depletion of Wapl, and nucleoside addition all similarly suppressed
centromeric cohesion defects during mitosis in pRB-depleted cells. B) Using yH2AX foci as
a readout, pRB depleted cells were seen to exhibit increased DNA damage. Both co-
depletion of Wapl and nucleoside addition suppressed the frequency and extent of yH2AX
foci. The percent of cells with <5 foci (blue), 6-10 foci (red), 11-15 foci (green), and 16 or
more foci (purple) is indicated for each condition. C) Immunofluorescence analysis of
DAPI, a-tubulin and ACA staining demonstrate that the presence of lagging chromosomes
during anaphase following pRB depletion was significantly decreased by overexpression of
Suv4-20, co-depletion of Wapl and nucleoside addition. D) Variation in chromosome copy
number determined using FISH analysis indicates that 36 hours after sSiRNA treatment, pRB-
depleted cells exhibit a nearly four-fold increase in cells deviating from the modal copy
number (mode = 2 in RPE cells) for each of 3 chromosomes scored. Co-depletion of Wapl
and nucleoside addition suppressed the generation of aneuploid cells. See also Figure S6.
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Figure 6. Promoting cohesion suppresses CIN in cancer cells lacking pRB
A & B) RB1 null osteosarcoma (SAOS?2) cells were fixed and stained for tubulin, Hecl, and

DAPI following re-expression of pRB with a tetracycline regulated construct (tetRB),
depletion of Wapl, and/or addition of nucleosides. All three conditions induced a moderate,
but significant increase in mitotic sister chromatid cohesion, C) reduced anaphase defects
and suppressed replication defects (Figure S5). Combined depletion of Wapl with
nucleoside addition provided no additional suppression of cohesion or anaphase defects, but
does enhance D) suppression of replication defects (siScr: 3.22um; siWapl+nucl: 4.969um;
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p<0.0001; and Figure S5). E) FISH-based measures of chromosome segregation errors in
recently divided daughter cells show that depletion of Wapl and addition of nucleosides
decreased CIN in SAOS2 cells. *p<0.05
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Figure 7. Promoting Cohesion is sufficient to suppress CIN in a panel of non small cell lung
cancer (NSCLC) lines

A) NSCLC lines in which pRB function is compromised were treated with SiRNA constructs
targeting Wapl, or alternatively with a scrambled control for 36 h, fixed, stained (tubulin,
ACA (kinet), and DAPI) and assessed for anaphase defects. Each NSCLC line analyzed
exhibited massive segregation defects, including the presence of single and humerous
lagging chromosomes and DNA bridges (representative images in panel A; arrow heads
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indicate kinetochores of lagging chromosomes). B) Wapl depletion suppressed the incidence
of lagging chromosomes in each cell line.
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