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Nuclear organization in genome stability: SUMO
connections
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Recent findings show that chromatin dynamics and nuclear organization are not only important for gene regula-
tion and DNA replication, but also for the maintenance of genome stability. In yeast, nuclear pores play a role in
the maintenance of genome stability by means of the evolutionarily conserved family of SUMO-targeted Ubiquitin
ligases (STUDbLSs). The yeast SIx5/SIx8 STUbL associates with a class of DNA breaks that are shifted to nuclear pores.
Functionally SIx5/SIx8 are needed for telomere maintenance by an unusual recombination-mediated pathway. The
mammalian STUbL RNF4 associates with Promyelocytic leukaemia (PML) nuclear bodies and regulates PML/PML-
fusion protein stability in response to arsenic-induced stress. A subclass of PML bodies support telomere maintenance
by the ALT pathway in telomerase-deficient tumors. Perturbation of nuclear organization through either loss of pore
subunits in yeast, or PML body perturbation in man, can lead to gene amplifications, deletions, translocations or end-
to-end telomere fusion events, thus implicating SUMO and STUbLSs in the subnuclear organization of select repair

events.
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Introduction

In eukaryotic cells, chromosomal activities, including
transcriptional activation, repression and DNA replica-
tion, are tightly regulated at multiple levels, from that of
protein-DNA interactions to higher-order nuclear organi-
zation. Recent studies suggest that the nucleus contains
spatially and functionally distinct subcompartments,
which in some cases depend on elements of nuclear ar-
chitecture, such as the nuclear lamina or nuclear pores.
Such structures presumably function as scaffolds for
different chromosomal activities by recruiting either sub-
strates, enzymes or both [1].

A well-documented example of a functional com-
partment organized by the nuclear envelope is the one
created by telomere clustering in budding yeast [2, 3].
These foci sequester the silencing factors that promote
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chromatin-mediated transcriptional repression at telom-
eres, which have redundant mechanisms for binding to
the inner nuclear envelope [1]. In differentiated mamma-
lian cells, transcriptionally inactive and dense-staining
heterochromatin is also found along the inner face of the
nuclear envelope or around the nucleolus [1], and using
a fusion of the perinuclear B-type lamin to a DNA meth-
yltransferase (the so-called Dam-ID technique), Bas van
Steensel and colleagues have recently identified specific
sequences that associate with the nuclear envelope [4].
Consistent with findings in yeast, these were shown to
be enriched for transcriptionally inactive, late-replicating
genes [4]. It is proposed that in both yeast and man, peri-
nuclear zones contribute to gene repression by recruiting
chromatin modifiers, such as the yeast Silent information
regulator (SIR) complex or, in mammals, other NAD-
independent histone deacetylases [5-8]. The physiologi-
cal relevance of this organization was tested in yeast by
ablating the factors that sequester SIR proteins and telo-
meric repeats at the nuclear periphery [9]. This led to the
derepression of subtelomeric genes and the promiscuous
silencing of other loci at dispersed sites of the genome [9].

Besides these perinuclear zones of repression, nuclear
pores have emerged as distinct functional compartments



of the nuclear periphery. In 1985, Gunter Blobel pro-
posed the "Gene gating hypothesis" which suggested that
nuclear pores would selectively facilitate transcription as
well as co- and post-transcriptional processing of subsets
of mRNAs [10]. Although there is no evidence yet show-
ing that specific pores bind specific sets of genes, recent
studies implicate nuclear pores in a range of cellular
processes, well beyond their function in macromolecular
transport. Notably, in budding yeast and Drosophila cer-
tain highly transcribed, and in some cases stress-induced,
genes are associated with nuclear pores [11-19]. This
association not only promotes efficient export of mR-
NAs through coupling of transcription with export [10,
11, 13, 14], but also helps modulate transcript levels of
some loci. A few yeast genes, e.g. INO1 or HXK1, like
X-linked genes in male flies, show a modest but repro-
ducible increase in expression when allowed to associate
with nuclear pores [12, 15, 19]. On the other hand, there
are other genes, notably a set of yeast ribosomal biogen-
esis genes, whose expression levels are lower when they
are associated with nuclear pores [11, 18]. This subset
of promoters has a particular constellation of regulators
and their localization at the nuclear pore depends on the
actin-related protein Arp6 [18]. Reduced expression of
the HSP26 gene also correlates with localization at pores
[11]. One way to reconcile these results would be to pro-
pose that pore association fine-tunes RNA polymerase II
elongation by regulating mRNA proofreading, processing
and export, thereby having different effects on different
genes. What triggers the shift in nuclear localization of a
gene to the pore remains unclear, although in some cases
mRNA appears to be required.

Intriguingly, recent studies have implicated the SUMO
(Small Ubiquitin-related Modifier) pathway as an impor-
tant player in higher-order nuclear organization both at
yeast nuclear pores and at promyelocytic leukaemia nu-
clear bodies in mammalian cells, (PML-NBs; reviewed
in [20]). Indeed, SUMO metabolism and SUMO-binding
proteins are enriched at both nuclear pores and PML-NBs
in man, and at nuclear pores in yeast. SUMO and PML-
NBs appear to regulate telomerase-independent telomere
length maintenance, particularly in relation to the alter-
native lengthening pathway for human telomeres that
arises in tumors [21]. Recently, sumoylation of Ku and
the ssDNA-binding factor Cdc13 in yeast has been impli-
cated in the regulation of telomerase-dependent telomere
elongation (Ferreira H and SMG, personal communica-
tion; Hang LE and Zhao X, personal communication).
Moreover, SUMO is implicated in the maintenance of
rDNA stability by suppressing illegitimate recombination
among the yeast rDNA repeats [22]. Consistent with this
widespread effect on genomic integrity, it was found that
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many other proteins involved in DNA repair are sumoy-
lated, notably PCNA, Rad52, Rfal, Rfa2, Sgs1 helicase,
as well as its human homologues, BLM and WRN [23-
28]. Many of these proteins are found either transiently
or stably associated with PML-NBs in mammalian cells
in response to DNA damage (reviewed in [20]).

SUMO conjugation to substrates is catalyzed by three
distinct enzymatic steps: SUMO is first activated by an
E1 activating enzyme in an ATP dependent manner. The
activated SUMO is then transferred to an E2 conjugat-
ing enzyme. Finally, E2 conjugase catalyzes the covalent
attachment of SUMO to the substrate with the help of
E3 ligase, which bridges E2 conjugase and the substrate,
thus determining the substrate specificity of the reaction.
Removal of SUMO requires desumoylating enzymes or
SUMO proteases (Ulpl and Ulp2 in yeast, and SENP
proteins in mammals) [29]. SUMO modification can
elicit diverse biological consequences, altering protein-
protein interactions, intracellular localization and enzy-
matic activity. Recent identification of SUMO-targeted
ubiquitin ligases (STUbLSs) provides another mode of ac-
tion whereby SUMO modification serves as a signal for
further modification by ubiquitin and substrate degrada-
tion [30].

Although many studies have suggested a role for
nuclear architecture in gene regulation [1, 5-8], relatively
little is known about how higher order nuclear organiza-
tion contributes to the maintenance of genome stability. It
has been shown that DNA damage checkpoint and repair
proteins relocalize from a diffuse distribution to distinct
subnuclear foci in a temporally regulated manner upon
DNA damage, in both yeast and mammalian cells [31-34].
However, it is not clear if double-strand breaks (DSBs)
are recruited to scaffolds for repair, or if repair factors
assemble at sites of damage. Indeed, sites of damage
arising from a targeted endonuclease [31] or y-irradiation
[32] are relatively immobile in the mammalian nucleus,
suggesting that most DSB repair by non-homologous
end joining, does not involve relocalization of damage to
sites like PML-NBs. It remains possible, however, that
specific pathways of DNA repair require specific nuclear
subcompartments, since the efficiency of certain types of
repair varies with the chromosomal context in which the
damage occurs [35].

In yeast, recent studies have addressed the question of
how genome stability is coordinated with nuclear orga-
nization. The results implicate both SUMO metabolism
and nuclear pores in the spatial regulation of DNA repair.
We summarize here evidence showing that yeast nuclear
organization plays an important role in the maintenance
of rDNA stability, telomere length and in the recovery
from DSBs or collapsed replication forks that lack tem-
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plates for repair by classical homologous recombination
(HR). We then draw parallels with PML bodies in mam-
malian cells, which like pores, harbor the STUbL ligase
and a SENP protease, which target sumoylated substrates
or SUMO itself for degradation.

DNA repair and SUMO in yeast

The genome is constantly assaulted by exogenous
insults as well as endogenous stress arising from vital
cellular activities. The resulting DNA lesions must be re-
paired to prevent loss or incorrect transmission of genetic
information, since errors can result in developmental ab-
normalities or tumorigenesis. DNA double-strand breaks
are the most deleterious type of DNA lesion, and they
can be created either by exogenous stress (for example,
ionizing radiation) or by aberrant recombination or col-
lapse at a stalled DNA replication fork.

Protein sumoylation plays important roles in the main-
tenance of genome integrity from yeast to man (Table
1). Mutations in genes involved in the SUMO pathway,
such as Ubc9, Mms21, Ulpl, SIx5 and SIx8, render cells
sensitive to DNA damage, and many proteins involved in
the maintenance of genome stability have been shown to
become sumoylated during the damage response [23-28].
Specifically, it has been shown that the SUMO pathway
plays an important role in homologous recombination
and the resumption of stalled/collapsed replication forks
[27,36-38].

In order to cope with DSBs and the task of resumption
of replication at a collapsed fork, eukaryotic cells have
evolved highly conserved mechanisms to detect and re-
pair these deleterious lesions. In particular, homologous
recombination (HR) promotes error-free repair of DSBs
using genetic information that is retrieved from ho-
mologous sequences, such as sister chromatids or chro-
mosomal homologues (Figure 1) [39]. HR requires the
RADS? epistasis group proteins, including Rad51, Rad52

Table 1 Involvement of the SUMO pathways in DNA repair in yeast

and Rad54, and the breast cancer susceptibility genes
Brcal and Brca2 in mammals. In mitotically dividing
yeast cells, sister chromatid exchange is the predominant
pathway for HR-mediated repair of DSBs [40]. This is
likely to be the major mode of recombinational repair in
mammals as well, since homologous chromosomes are
not closely juxtaposed in somatic cells.

In addition to the role of HR in DSB repair, alternative
recombination pathways, such as break-induced replica-
tion (BIR) and template switch, play important roles in
the resumption of stalled or collapsed replication forks,
which can occur spontaneously during genome replica-
tion (Figure 1) [39]. Whereas BIR often results in loss of
heterozygosity, template switch is considered a pathway
of error-free repair. In the case of template switch, it is
regulated by polyubiquitylation of the homotrimeric slid-
ing clamp PCNA, an essential platform for numerous
proteins involved in replication, repair and chromatin
assembly [41]. Upon replication fork stalling/collapse,
PCNA is polyubiquitylated at the highly conserved resi-
due K164, by Rad5 (ubiquitin E2 conjugase) and Ubc13/
Mms2 (E3 ligase), and this modification is thought to
induce a switch of template [38, 41]. Furthermore, Bran-
zei et al. have shown that Radl18, together with Mms2—
Ubcl13, is required for the formation of X-shaped re-
combination intermediates at damaged replication forks,
which potentially represent sister-chromatid junctions
formed during a template switch process [38].

The Smc5/Smc6 complex, which binds the SUMO
E3 ligase Mms21, has been shown to contribute to both
sister chromatid exchange and HR-mediated replication
fork resumption after insult by the alkylating agent MMS
[37]. This complex is specifically required for recom-
bination between sister chromatids in both yeast [37]
and man [36], and is recruited to DSBs in G2/M cells
[37, 42]. Moreover, it contributes to the maintenance
of telomeric repeats by recombination in telomerase-
deficient cells [21]. Based on the structural homology

Protein SUMO pathway Function in genome stability
Ubc9 SUMO E2 conjugase Sister chromatid exchange [37]

Resolution of recombination intermediate [27]
Mms21 SUMO E3 ligase Sister chromatid exchange [37]

Resolution of recombination intermediate [27]

ALT maintenance of telomeres [21]
Sizl SUMO E3 ligase PCNA sumoylation (recruit Srs2) [44, 45]
Ulpl SUMO protease Suppression of recombination during replication [56]
SIx5/S1x8 STUbL Maintenance of replication fork stability [25, 53]

Alternative lengthening of telomeres [59]
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Figure 1 DSB repair pathways and SUMO. (A) HR repairs DSBs using genetic information that is retrieved from sister chro-
matid [39]. When a DSB occurs in one of two sister chromatids, the ends of the DSB are recognized by Mre11-Rad50-Xrs2
(MRX) complex in yeast (or Mre11-Rad50-Nbs1 (MRN) complex in mammals). To facilitate strand invasion into homologous
sequences, the ends of the DSB are resected, which results in the formation of 3’ single stranded DNA overhangs. The 3’
ssDNA overhangs nucleate the formation of the Rad51 nucleoprotein filament, which has the ability to invade the homolo-
gous DNA duplex. The resolution of the joint molecule completes this error-free repair event. The Smc5/Smc6 complex,
which binds a SUMO E3 ligase Mms21, is required for sister chromatid exchange in both yeast [37] and man [36]. (B) When
DNA replication forks encounter a damaged base (shown as a circle), it often leads to the collapse of replication forks, result-
ing in a one-end DSB. This collapsed replication fork can be repaired by template switch mediated by strand invasion. The
template switch pathway is regulated by polyubiquitylation of sliding clamp PCNA at K164 by Rad5 (ubiquitin E2 conjugase)
and Ubc13/Mms2 (E3 ligase) [38]. Resolution of joint molecule requires Smc5/Sm6 and Mms21 SUMO E3 ligase [27]. Alter-
natively, break induced replication (BIR) can be initiated by replication fork collapse or sudden shortening of telomeres. BIR
involves the invasion of the broken end into the donor duplex, followed by DNA synthesis from the site of strand invasion to
the end of the chromosome. (C) Sumoylation of PCNA mediated by E3 ligase Siz1 was observed during an unperturbed rep-
lication and was shown to recruit the anti-recombinogenic helicase Srs2 [44, 45], thereby suppressing inapproprate recombi-
nation between newly synthesized sister chromatids.

of the Smc5/6 heterodimer with Smc1/Smc3 of cohesin,
it can be assumed that the Smc5/Smc6 complex forms
a ring structure that could encompass sister chromatids,
although this has not been demonstrated on a molecular
level.

By performing genome-wide mapping of Smc5 and
Smc6 binding in yeast, Sjogren and colleagues have
shown that the Smc5/Smc6 complex is recruited to col-
lapsed replication forks, but not to forks that are revers-
ibly stalled [42]. This is consistent with its presence of or
selective recruitment to DSBs. Consistent with a function
in the rescue of collapsed forks, it has been shown that
mutants in ubc9, which encodes the only yeast SUMO
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E2 conjugase, and in mms21, accumulate X-shaped re-
combination intermediates during replication of damaged
templates [27]. Similarly, the smc6 mutant in fission
yeast accumulates aberrant recombination intermediates
at TDNA upon fork collapse [43]. In mammals SMCS5/
SMC6 and MMS21 are localized in PML-NBs and are
essential for HR-mediated telomere maintenance [21].
Taken together the results suggest that both the Smc5/
Smc6 complex and its sumoylation activity have a role
in resolving joint molecules formed either at collapsed
replication forks or when strand invasion into an adjacent
chromosome is necessary for repair (Figure 1A, 1B).
While the recombination-based fork restart requires
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the HR machinery, recombination at replication forks
in general must be tightly controlled, normally being
repressed to limit inappropriate recombination between
newly synthesized strands. Asymmetric recombination
generates chromosomal truncations or deletions, par-
ticularly in repetitive domains. SUMO again plays a role
here: in yeast, sumoylation of PCNA mediated by E3
ligase Sizl was observed during an unperturbed S phase
and was shown to recruit the anti-recombinogenic he-
licase Srs2 (Figure 1) [44, 45], thereby suppressing un-
wanted recombination events. Interestingly, sumoylated
PCNA was also required for the template switch pathway
[38], suggesting that combinations of ubiquitylation and
sumoylation channel damage to distinct modes of repair.

STUDbL family members: targeting sumoylated pro-
teins for degradation

A recently identified family of SUMO-targeted E3
ubiquitin ligases (STUbL), has been shown to play an
important role in the maintenance of genome integrity
from yeast to man (reviewed in [30]). In the budding
yeast, SLX5 and SLXS genes, like the anti-recombination
helicase gene SRS2, are required for viability in mutants
lacking the Sgs1 DNA helicase [46]. SIx5 and SIx8 form
a heterodimeric Ub ligase that specifically recognizes
sumoylated substrate through SUMO interaction motifs
(SIMs). Both SIx5 and SIx8 harbor such SIMs, while
SIx8 bears a RING finger domain with Ub ligase activ-
ity [25, 46-51]. The SIx5 protein physically interacts
with components of the proteasome [52], and deletion of
either SLX5 or SLX8 leads to the accumulation of sumoy-
lated proteins [47, 51].

Mutants lacking SIx5 or SIx8 are hypersensitive to
the continuous exposure to hydroxyurea (HU) [46, 48,
49] and accumulate spontaneous DNA damage during
S phase as monitored by the accumulation of repair foci
containing the recombination factor Rad52 or the Mecl/
Ddc2 checkpoint kinase [25, 53]. This suggests that these
proteins have an important role during DNA replication.
Consistently, SIx8 has been shown to form distinct foci
during S phase and some of the foci colocalize with rep-
lication centers visualized by PCNA-CFP [25]. Finally,
slx5A and s/x8A mutants show increased rates of sponta-
neous gross chromosomal rearrangements such as trans-
locations and deletions [49, 53].

Importantly, results obtained in fission yeast argue that
an accumulation of SUMO conjugates is responsible for
the HU sensitivity of the s/x§ mutant, since both phe-
notypes can be suppressed by deleting the major fission
yeast SUMO E3 ligase Plil [48]. Similarly, overexpres-
sion of the desumoylating enzyme Ulp2 suppresses the

DNA damage sensitivity of cells lacking both Rfpl and
Rfp2, the fission yeast functional homologues of SIx5
[54]. Collectively, these results implicate the SIx5/S1x8
STUDL in the maintenance of genome integrity during
DNA replication, presumably through the ubiquityla-
tion and subsequent degradation of a SUMO-modified
target. Although it is still unclear which repair pathway
is controlled by this degradation event, one possibility
is that SIx5/SIx8 regulates a recombination event that is
normally “inappropriate”, but which becomes necessary
for replication restart upon fork collapse.

Nuclear envelope and genome stability: SUMO
connections

Although protein sumoylation is clearly implicated in
the maintenance of genome stability, exactly how SUMO
exerts its function in repair is unclear. It may affect
protein-protein interactions, or protein targeting; it may
regulate enzymatic activity or else contribute to genomic
stability by regulating the spatial organization of damage
within the nucleus.

Evidence in support of this last option again comes
largely from budding yeast. The yeast desumoylating
enzyme Ulpl is associated with nuclear pores through
components of the inner pore basket, Mlp1 and Mlp2 [58].
Ulpl is an essential enzyme, and its mutation or even
mislocalization away from pores (e.g., in mlpl/mip2 mu-
tants) impairs both transport through nuclear pores and
genome stability [55, 56]. Notably, in addition to caus-
ing impaired nuclear transport, the temperature-sensitive
mutant of Ulpl accumulates single-stranded DNA dur-
ing genome replication and has a hyper-recombination
phenotype [56]. Furthermore, both the conditional ulpl
mutant and deletions of mipl or mlp2 are synthetically
lethal with the loss or mutation of genes involved in HR
[52, 56, 57]. The genomic instability observed in mutants
of MIp1/Mlp2 or Nup84 complex components correlates
with a drop in Ulp1 protein levels; consistently, overex-
pression of Ulpl partially suppresses the genomic insta-
bility observed in these mutants [57, 58]. These studies
suggested that nuclear pores may play an important role
in the maintenance of genome stability by facilitating or
coordinating SUMO metabolism. However, since pores
and pore-associated factors affect many cellular pro-
cesses, including macromolecular transport, nRNA qual-
ity control and gene regulation, it was initially unclear
whether the reported genomic instability phenotypes
were direct or indirect effects of nuclear pore function.

This has been clarified by the recent discovery that
certain types of damaged DNA, such as persistent DSBs
and collapsed replication forks, are physically recruited
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to nuclear pores [53] (Figure 2A, 2B). By tagging sites of
an induced DSB or collapsed replication fork with lacO
repeats and Lacl-GFP, it was shown in budding yeast that
damage itself is recruited to pores with the same kinet-
ics as the SIx5/S1x8 STUbL complex binding to sites of
damage [30, 53]. The authors proposed that this repair
pathway represents an alternative repair/recombination
pathway, since the recruitment of DSBs was not observed
if a donor for repair was present. Indeed, canonical HR
events have been shown to take place in intranuclear
foci, and not at nuclear pores (V Dion, SMG, personal
communication). It is proposed that a sumoylated protein
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accumulates at collapsed forks or resected breaks, that
requires SI1x5/SIx8-mediated ubiquitylation and protea-
somal degradation to promote appropriate repair. Prote-
osome subunits are also bound to and required for repair
of certain types of damage. The exact relationship of
the SIx5/S1x8-mediated pathway to the pore-associated
SUMO protease Ulpl may be complex, however, since
Ulp1 is necessary both for priming sumoylation and for
desumoylation events.

In further studies it was shown that critically short
telomeres are also recruited to nuclear pores for process-
ing and repair [59] (Figure 2A, 2B), along with factors

Mps3
or nuclear pore

",
.

H2AZ 7 *
///0 appropriate repair
damage during replication i\:—//&
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—

Mps3 Mps3

Telomerase

Sumaoylation

Telo-telo and other
ectopic recombination
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Figure 2 DNA repair compartments in yeast nucleus. (A) Model of subnuclear compartmentalization of DNA repair pathways
in budding yeast. Canonical recombination, including sister chromatid exchange, appears to occur predominantly in the nu-
clear interior based on the frequency and distribution of both spontaneous and induced Rad52 foci (blue) [67]. In contrast,
alternative recombination and repair pathways, which act on collapsed replication forks, may be facilitated by processing
events at nuclear pores through action of the SIx5/SIx8 complex (green) [53, 59]. Peripheral tethering of telomeres by an
inner nuclear membrane protein Mps3 contributes to the suppression of recombination [65, 68]. In the nucleolus (gold) the
rDNA repeats are bound to the inner nuclear membrane by the yeast protein Heh1 [69]. Peripheral tethering may limit the
access of sites to the recombination machinery that mediates sister chromatid exchange. (B) Model of Mec1-dependent relo-
cation of damage to Nup84/SIx5/SIx8 complexes at the nuclear envelope [53]. A sumoylated protein may accumulate at col-
lapsed forks or resected breaks, requiring SIx5/SIx8 ubiquitylation and proteasomal degradation to enable appropriate repair.
The proposed order of events are: (1) A sumoylated protein accumulates at collapsed fork or irreparable DSB. (2) The dam-
age is recruited to pores in a Mec1-dependent manner. The shift correlates with resection and the binding of RPA and Rad51
and may require Htz1 sumoylation [66]. (3) A sumoylated protein is ubiquitylated by SIx5/SIx8. (4) This leads to proteasomal
degradation of the modified protein. (5) This degradation is proposed to facilitate appropriate repair (modified with permission
from [53]). (C) The SUN domain protein Mps3 tethers telomeres to the nuclear periphery, thereby contributing to the suppres-
sion of recombination between telomeric repeats [65, 68]. Peripheral tethering possibly limits the access of the telomeric re-
peats to the recombinational machinery mediating sister chromatid exchange, which was shown to be enriched in the nuclear

interior [67].
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involved in checkpoint kinase recruitment and recombi-
nation, notably Cdc13, RPA and Rad52 [59, 60]. Impor-
tantly, SIx5/SIx8 mutants are impaired or delayed for the
generation of type II survivors [61], in which telomeric
TG repeats are maintained by a Rad51-independent re-
combination pathway in the absence of telomerase [62].
From these data we propose a model which suggests
that a critically short telomere, generated by the loss of
telomerase activity or collapse of replication forks, can
be recognized as damage [60, 63] and be transferred to
nuclear pores, where SIx5/S1x8-mediated ubiquitylation
and degradation of a target protein facilitates alternative
telomere elongation. What this target is remains un-
known.

This particular pathway of recovery, provoked by the
presence of critically short telomeres in the absence of
telomerase, is reminiscent of the situation in mammalian
cells, in which the alternative lengthening of telomeres
involves the relocalization of telomeres to PML bodies,
along with factors involved in recombination, such as
RPA, Rad51, Rad52 and Smc5/Smcé6 [21, 64]. Consid-
ering the observation that sumoylation of the telomere-
binding protein, TRF1, is required for the localization of
mammalian telomeres to PML bodies [21], we speculate
that sumoylation of yeast telomere proteins might be
similarly involved in the relocalization process. Indeed,
both Yku70 and Yku80, as well as Cdcl3, are SUMO
targets (Ferreira H and SMG, personal communication;
Hang LE and Zhao X, personal communication). Loss
of sumoylation appears to stimulate telomerase activity,
suggesting that telomerase is normally antagonized by a
sumoylated target. On the other hand, in cells that lack
telomerase altogether, sumoylation, pore-association, and
SIx5/SIx8-mediated degradation of a sumoylated target,
may trigger a crucial pathway of telomere repair.

Sites along the inner nuclear envelope that are distinct
from nuclear pores appear to constitute a distinct com-
partment that helps regulate the DNA damage response.
Two independent studies have shown that a persistent
DSB can also bind the inner nuclear membrane by con-
tacting the SUN-domain protein, Mps3 [65, 66] (Figure
2A, 2C), and Peterson and colleagues have proposed
that the tethering of a persistent DSB to the inner nuclear
membrane by Mps3 helps suppress ectopic homolo-
gous recombination [65]. Consistently, spontaneous
Rad52 foci are enriched in the nuclear interior [67], and
the loss of Mps3-telomere interaction results in hyper-
recombination between subtelomeric elements in a te//A
background [68] (Figure 2A, 2C). Thus non-pore sites
along the nuclear envelope may suppress recombination.
A further manifestation of this comes from a gain-of-
function experiment in which rDNA repeats were teth-

ered to an inner nuclear membrane protein, Hehl [69].
This was shown to reduce the genomic instability caused
by unequal sister chromatid exchange within the repeti-
tive rDNA cluster in yeast (Figure 2A, 2C). We speculate
that peripheral tethering limits the access of rDNA and
of telomeric or subtelomeric repeats to the machinery of
sister chromatid exchange.

Ironically, Kalocsay et al. showed that the recruitment
of an irreparable DSB to the nuclear periphery requires
Rad51, as well as the histone H2A variant, H2AZ [66].
The mutant lacking H2AZ is impaired in DSB resection,
which is consistent with data from the Gasser laboratory
showing that DSB resection and the binding of Mecl/
Ddc2 are essential for the observed relocation [53]. The
requirement for Rad51, which binds ssDNA to form an
invasion competent filament, suggests that relocalization
occurs after a thwarted or inappropriate strand invasion
event. Interestingly, it appears that the sumoylation of
H2AZ is among the first modifications triggering the
shift of an irreparable break to the nuclear periphery [66].
One speculative scenario is that SUMO-H2AZ becomes
targeted for degradation by SIx5/SIx8-mediated ubiqui-
tylation, since H2AZ is deposited to an irreparable DSB
at an early time point (30 min after DSB induction) and
is subsequently evicted from the break [66]. Inconsistent
with this proposal, however, are the kinetics of associa-
tion of the DSB with the nuclear pore (which requires ~2
h) and the fact that H2A.Z probably gets evicted during
the processing of the DSB to a 3’ overhang, necessary
for HR repair [53]. Moreover, given that mutations in the
repair machinery mediating HR are synthetic lethal with
deletion of SLX5, SLX$ or the nuclear pore component,
NUPS4, it is likely that these act on distinct pathways [53].
Further work is needed to identify the triggers for dam-
age relocalization, as well as the relevant targets of SIx5/
SIx8 or the proteosome, and forms of repair that they
regulate.

In conclusion, two peripheral compartments in yeast
appear to represent distinct compartments; sumoyla-
tion, desumolyation and ubiquitination at pores appear
to facilitate an alternative type of recombinational repair
[53, 59], while the second compartment, which corre-
lates with Mps3 sites along the inner nuclear membrane,
appears to suppress recombination [65, 68] (Figure 2).
It is of course possible that the two compartments are
mechanistically linked, and that peripheral relocalization
of damage favours alternative repair and recombination
pathways, while suppressing canonical HR. The presence
of SUMO-metabolizing enzymes at nuclear pores, and
the repair defects of mutant in either nuclear pore or SU-
MO-modifying proteins, argue that the SUMO pathway
plays a role in the relocalization of certain types of DNA
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damage to perinuclear subcompartments. It appears that
the processing of sumoylated targets then helps coordi-
nate possible repair pathways of certain types of damage.
How does SUMO modification facilitate relocalization?
The most likely scenario is that proteins harbouring SIMs
[30] are found at pores or other sites along the nuclear
envelope, serving as direct binding sites for the sumoy-
lated proteins bound at persistent DSBs, collapsed forks
or shortened telomeres. Identification of these molecules
will be needed to extend our understanding of these pro-
cesses.

PML nuclear bodies and SUMO pathway

In mammalian cells SUMO modification is also found
at nuclear pores, and sumoylated proteins involved in
DNA damage repair accumulate in specific subnuclear
domains called promyelocytic leukemia nuclear bodies
(PML-NBs) [20, 70]. Remarkably, SUMO not only local-
izes to PML-NBs, but is also required for their assembly
and formation. PML-NBs are a very prominent feature of
mammalian nuclei, numbering between 5 and 30 per cell,
with many functions that are still incompletely under-
stood [20]. The structures are formed from the constitu-
ent proteins PML and Sp100, and harbor factors involved
in repair like MREI11 and the damage-associated RecQ
helicase, BLM [20, 71].

The PML protein itself carries three SUMO-1 modi-
fication sites [72, 73] and a SIM [70]. The SIM on PML
mediates binding of PML-SUMO to itself and to other
sumoylated proteins, forming large complexes. This SU-
MO-mediated crosslinking is the basis of PML-NB for-
mation: following self-aggregation of PML-SUMO, the
PML-NB recruits other sumoylated or SIM-containing
proteins, such as Sp100 and DAXX [70, 74-78]. Impor-
tantly, the PML protein that remains diffuse within the
nucleoplasm lacks SUMO-1 modification [75], as does a
precursor aggregate of PML, called a primary PML body
[76-79].

The PML protein itself was initially identified as a
PML-RARa (Retinoic Acid Receptor alpha) fusion pro-
tein, which arises from a chromosomal translocation
in patients with acute promyelocytic leukemia (APL).
The PML-RARa fusion protein heterodimerizes with
wild-type PML and disrupts PML-NB formation [80].
Consistently, the typical PML-NB pattern is lost in APL
patients. Treatment with all-frans retinoic acid (ATRA),
which partially alleviates the disease, leads to the refor-
mation of PML-NBs [81, 82].

The behavior of PML-NBs in APL and their response
to ATRA or to arsenic trioxide (ATO, see below), impli-
cate PML-NBs in human oncogenesis. Yet this is clearly
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not the only function of PML-NBs; they have been as-
sociated with a wide-range of nuclear activities (reviewed
in [20, 83]), including telomere maintenance by the ALT
recombination pathway [21, 64, 84], apoptosis [85],
DNA replication and repair [86], gene regulation and
tissue-specific transcription [87], and viral infection re-
sponse [88].

Relevant to the question of repair, PML-NBs were
shown to co-localize with and recruit single-stranded
DNA (ssDNA) molecules in response to exogenously
induced DNA damage [89, 90]. It is unclear if ssDNA
foci are recruited into PML-NBs, or if damaged chromo-
somal DNA is processed into ssDNA once it is within a
PML-NB. Importantly, the telomeric DNA recruited to
PML-NBs for ALT are also linear, presumably contain-
ing stretches of ss TG-DNA rather than t-loops [91]. The
association and disassociation of repair and checkpoint
signaling proteins with PML-NBs both prior to and
after irradiation is complex [20, 90-95]. Nonetheless
two points are noteworthy. The DNA damage response
marker, y-H2AX (histone H2AX phosphorylated on ser-
ine 139), which results from activation of ATM kinase,
extends over large chromatin domains at radiation-in-
duced breaks and colocalizes with PML-NBs hours after
exposure to ionizing radiation [90, 92]. Secondly, also at
late time points radiation-induced MRE11 foci (IRIF), as
well as p53, colocalize with PML-NBs. Given that the
association of damage and foci occurs long after dam-
age is induced, it is possible that PML-NBs recruit dam-
age that could not be repaired by conventional NHEJ,
requiring, for example, repair by recombination. This is
supported by the further association of RADS51, BLM
and MREI11 with PML, and the localization of recom-
bination-mediated telomere maintenance at PML-NBs
[21, 64]. Consistently, pml—/— cells have a high rate of
sister chromatid exchange [94], which also arises in cells
defective for certain steps of HR. Consistent with the ob-
servation that PML-NB behavior depends strongly on the
type of genotoxic stress incurred (e.g. severe alkylating
DNA damage causes them to disperse [95]), we propose
that PML-NBs, like pores in yeast, cater to a specific
subclass of recombination-mediated repair events.

PML: protein degraded by SUMO-dependent
ubiquitination pathway

The link between the proteosome and SIx5/SIx8-medi-
ated ubiquitination in yeast [52], appears to be conserved
with PML and the human STUbL, RNF4. Indeed, PML
was the first protein shown to be degraded by a SUMO-
triggered, ubiquitin-mediated pathway, a pathway elu-
cidated thanks to the exquisite sensitivity of APL to

481



@ Nuclear organization in genome stability: SUMO

treatment by ATO [96]. ATO enhances the conjugation of
SUMO onto both PML and the PML-RARa fusion pro-
tein. Although different types of stress trigger increases
in global SUMO conjugation levels, arsenic very specifi-
cally triggers sumoylation of PML (or the PML-RAR«
fusion). Recent work confirmed that the modified PML
then becomes an in vivo target of the STUbL RNF4 [96-
99]. Specifically, ATO-induced PML sumoylation corre-
lates with its subsequent K48-linked polyubiquitination
and degradation by the proteasome [100]. This is thought
to account for the chemotherapeutic efficacy of arsenic
for APL.

Given that PML sumoylation recruits not only RNF4,
ubiquitin and proteasomes to PML-NBs, but also other
sumoylated proteins, these sites could physically inte-
grate damage-dependent sumoylation, with ubiquitina-
tion and degradation, much like the proposed function of
nuclear pores in yeast. Whether RNF4 activity leads to a
particular pathway of repair, such as the strand-invasion
required for ALT, is unclear for human cells. However,
in yeast SIx5/SIx8 are indeed required for formation of
the so-called “type II survivors” in telomerase-deficient
cells, which reflects a Rad51-independent recombina-
tion pathway [61, 62]. The exact relationship of these
telomeric events with the role of SIx5/SIx8, sumoyla-
tion and the proteosome at collapsed replication forks
or DSBs in yeast [53] is unclear, although they share
the involvement of sumoylated proteins, STUbLs, and
the nuclear pore. Similarly, ALT, SUMO, a STUbL and
the proteosome all are found associated with PML-NBs.
Although a fission yeast mutant lacking STUbL activity,
can be complemented by the human orthologue, RNF4
[48], it remains to be seen whether RNF4 itself regulates
a recombinational pathway of repair.

Perspectives

The impact of nuclear organization in processes such
as DNA repair is only beginning to be understood. We
have summarized here how the spatial regulation of
DSBs and DNA repair factors influences the maintenance
of genome stability in yeast. In particular, SUMO path-
way appears to play important roles in linking DNA re-
pair and higher order nuclear organization, in both yeast
and man. The yeast nuclear envelope — including pores
and Mps3-determined sites — functions as a scaffold for
various different DNA repair events, such as SIx5/S1x8-
mediated pathways, the suppression of recombination
among telomeric and rDNA repeats, replication fork re-
start, and telomerase-independent telomere maintenance.
Perturbation of the scaffold structure, as well as the
SUMO-modifying enzymes involved, leads to hazardous

outcomes, including translocations, deletions and end-to-
end telomere fusion event.

The pathways may have parallels in mammalian cells,
although the best documented dependence on PML su-
moylation and degradation in mammals arises from oxi-
dative stress [20]. The human STUbL, RNF4, is neces-
sary for arsenic-induced PML degradation and the thera-
peutic response of acute promyelocytic leukaemia to this
treatment. Whereas PML-NBs are also implicated in the
response to DNA damage, the role played by RNF4 in
repair remains to be determined. SUMO itself has long
been suspected to play a role in recruitment of proteins
to specific subnuclear compartments implicated in DNA
repair, thus the profound defects in sumoylation-pathway
homeostasis observed in STUbL mutants, suggest that
subnuclear positioning and DNA repair by SUMO/
ubiquitin-controlled pathways are linked. Further char-
acterization of STUbL family members should give us a
mechanistic understanding of the ways in which ubiquit-
ination and sumoylation, DNA repair and subnuclear lo-
calization contribute to genome integrity. The notion that
the three-dimensional organization of the nucleus and
chromatin serves as a regulatory element for controlling
homologous recombination or mechanisms that preserve
genomic integrity, is a concept ripe for exploration.
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