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Abstract

There are many layers of regulation governing DNA replication to ensure that genetic information
is accurately transmitted from mother cell to daughter cell. While much of the control occurs at the
level of origin selection and firing, less is known about how replication fork progression is
controlled throughout the genome. In Drosophila polytene cells, specific regions of the genome
become repressed for DNA replication, resulting in underreplication and decreased copy number.
Importantly, underreplicated domains share properties with common fragile sites. The Suppressor
of Underreplication protein SUUR is essential for this repression. Recent work established that
SUUR functions by directly inhibiting replication fork progression, raising several interesting
questions as to how replication fork progression and stability can be modulated within targeted
regions of the genome. Here we discuss potential mechanisms by which replication fork inhibition
can be achieved and the consequences this has on genome stability and copy number control.
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Introduction

Proper regulation of the DNA replication program is necessary not only to ensure faithful
transmission of genetic information from mother cell to daughter cell, but also to prevent
genomic aberrations that are associated with numerous diseases such as cancer. While we
know a great deal about the regulatory mechanisms that control DNA replication at the level
of initiation of DNA replication [1, 2], the degree to which regulation of replication fork
progression and stability contribute to accurate DNA replication remains poorly understood.
Because replication origins are not uniformly distributed, large genomic regions are
dependent on the activity of a single replication fork emanating from a distant origin for
their duplication [3, 4]. Large origin-less regions of the genome are associated with
chromosome fragility at common fragile sites, which are regions of the genome prone to
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breakage upon replication stress [5-8]. It is thought that if a replication fork stalls or
collapses within these large origin-less regions of the genome, no nearby replication forks
are able to rescue it within the timing confines of S phase. Importantly, not all large origin-
less regions of the genome are common fragile sites, presumably because they are more
amenable to fork progression[5]. Therefore, identification of factors necessary to promote
replication fork progression and stability within common fragile sites is likely to uncover
fundamental processes necessary to maintain genome stability.

Common fragile sites have been identified in organisms as diverse as yeast and humans [6].
Drosophila polytene cells contain many common fragile sites that have been mapped
precisely. These are regions of the genome repressed for DNA replication that become
underreplicated [9, 10]. As in mammalian cells, these common fragile sites are large origin-
less regions of the genome, prone to DNA damage and display cell-type specificity [11-14].
It is currently unknown if these same regions are fragile sites in non-polytene Drosophila
cell types. A key feature of common fragile sites in Drosophila polytene cells is that a single
protein, Suppressor of Underreplication or SUUR, is required for the vast majority of
underreplication, thus providing a tractable system to study replication dynamics within
common fragile sites [12, 15, 16].

SUUR is conserved in Drosophila species and has a recognizable SNF2 domain at its N
terminus (Fig. 1A)[15]. SNF2 represents a family of chromatin remodeling enzymes that
couple the energy of ATP hydrolysis to move, eject, or position nucleosomes [17].
Interestingly, residues necessary for ATP binding and hydrolysis are not conserved in SUUR
orthologs from distantly related Drosophila species, which strongly suggests that SUUR has
lost its ability to bind and hydrolyze ATP (Fig. 1B)[15].

The association of SUUR with chromatin has been mapped in Drosophila cultured cells by
DamlID. DamID is a way to monitor protein association with chromatin by fusing a protein
of interest to the DNA adenine methylase, Dam, of E. coli. Dam methylates adenosine
residues within GATC consensus sequences. Therefore, the association of a protein of
interest with chromatin can be indirectly assayed by monitoring the methylation status of
GATC sequences upon the expression of a candidate protein-Dam fusion. In Drosophila
cultured cells, SUUR was shown to have a similar binding profile to the linker histone H1
and several other chromatin proteins that are associated with repressive chromatin [18]. It is
important to note, however, that DamID cannot distinguish between proteins that
simultaneously bind the same site, proteins that bind the same site in a mutually exclusive
manner, or proteins that are statically versus dynamically associated with chromatin, and it
does not provide information about protein abundance.

Although it was clear that SUUR directly influenced replication dynamics within common
fragile sites of the Drosophila genome, the mechanism by which it promotes
underreplication, and thus chromosome fragility, was unknown. A recent study has now
demonstrated that SUUR functions by targeting active replication forks and inhibiting their
progression [14]. This work has revealed that the DNA replication program, and thus DNA
copy number, can be modulated through direct inhibition of replication fork progression.
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This work has challenged the prevailing view that SUUR is a component of a repressive
chromatin subtype that constitutes nearly half of the Drosophila genome [18]. Because these
studies were performed using DamID there is currently no direct evidence that SUUR is a
direct component of a specialized chromatin subtype. If SUUR associates with replication
forks within late-replicating regions of the genome that contain these repressive chromatin
proteins, its DamID profile would be similar to those chromatin proteins, without it being a
component of a repressive chromatin subtype. Thus, the SUUR DamID profile should be
reevaluated in light of the dynamic association of SUUR with replication forks.

Many fascinating questions have been raised by studying the effect SUUR has on replication
fork progression and chromosome fragility. First, how can SUUR, or any protein for that
matter, target replication forks for inhibition within specific regions of the genome? Second,
once SUUR has been recruited to replication forks, through what molecular mechanism does
it inhibit fork progression? Finally what could be the potential benefit of reducing copy
number within specific regions of the genome? Here we speculate on the molecular
mechanism by which SUUR could directly influence replication fork progression and what
studying SUUR can reveal about fundamental aspects of genome duplication that still
remain largely unknown.

SUUR targets specific regions of the genome

To duplicate a metazoan genome thousands of replication forks must function in concert.
Targeting a few replication forks for inhibition within specific regions of the genome
presents a formidable challenge for any protein. Importantly, the DNA replication program
is not random, but rather origin firing and replication fork progression occur in an
orchestrated manner. It is well established that regions of the genome replicate at defined
times during S phase, a phenomenon known as replication timing [19]. Although the
function of replication timing remains enigmatic, the structure of chromatin has a significant
role in establishing the replication-timing program. In general, open and active euchromatic
regions of the genome replicate early in S phase, whereas condensed chromatin such as
heterochromatin replicates late in S phase [20, 21].

Because genome duplication occurs in a temporally ordered manner, regions of the genome
that activate replication origins early in S phase will have completed replication of early
domains while replication forks emanating from origins that fire late in S phase are still
actively progressing. One mechanism by which fork progression could be influenced within
specific genomic regions is to modulate fork activity as a function of S phase progression.
For example, replication fork progression could be inhibited specifically within
heterochromatin by changing fork activity late in S phase. This is an attractive model to
explain how SUUR influences replication fork progression within underreplicated domains.
SUUR is not associated with all replication forks, but is recruited to elongating replication
forks late in S phase, and underreplicated domains are generally late replicating regions of
the genome [14, 22]. This association pattern would inhibit forks that are active in the late
part of S phase, while excluding replication forks that have completed replicating genomic
regions early in S phase.
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The above model raises the question of how replication fork dynamics could be modulated
at distinct times in S phase. One possibility is that changes in kinase activity throughout S
phase influence the activity of proteins at the replication fork. Alternatively, localization of
proteins to the replication fork could change during S phase. CDK2 (cyclin-dependent
kinase 2) is a cell cycle regulated kinase that affects many aspects of the DNA replication
program [2]. CDK2 is active when associated with a Cyclin, which during S phase is either
Cyclin E or Cyclin A. CycE/CDK?2 activity is high at the beginning of S phase and decreases
as S phase progresses, whereas CycA/CDK2 activity has the inverse activity pattern [23—
25]. Changes in CDK2 activity, or substrate specificity, throughout S phase could directly
affect the activity or composition of replication forks.

SUUR has two modes of recruitment to chromatin. First is the constitutive localization to
heterochromatin upon entry into the endocycle that is irrespective of the phase of the endo
cycle [22]. Second, SUUR shows an S phase-dependent localization to sites of
underreplication and replication forks [14, 22]. Interestingly, a hypomorphic allele of cyclin
E was identified because it abolished underreplication of heterochromatin in Drosophila
nurse cells. This is consistent with the possibility that SUUR recruitment to heterochromatin
and/or replication forks is influenced by CDK2 [26]. Furthermore, CycA has been proposed
to influence replication dynamics in a specific endocycling cell type in Drosophila [27].
Therefore, it is possible that SUUR activity, and thus underreplication, could be directly
influenced by CDK activity.

The recruitment of SUUR to replication forks, however, may not be the sole requirement to
promote underreplication. SUUR associates with more genomic regions than are actually
underreplicated [11, 15]. Also, tethering SUUR to a specific site is not sufficient to promote
underreplication [11]. Thus, SUUR is necessary but insufficient to trigger underreplication.
One possibility is that SUUR-mediated inhibition of replication fork progression could be
sensitive to genomic position or chromatin environment. This model would require the
combination of SUUR association with replication forks in a specific chromatin context,
such as histone H1-containing chromatin, to permit SUUR’s inhibitory activity. For
example, SUUR could block an activity at the replication fork required to facilitate
progression through specific regions of the genome or chromatin subtypes.

SUUR-mediated inhibition of replication fork progression is highly sensitive to the dosage
of SUUR. By utilizing a model system to study replication fork progression in metazoans, it
was shown that just two extra copies of SUUR resulted in a nearly 50% decrease in
replication fork progression [14]. Furthermore, two extra copies of SUUR leads to excessive
DNA damage and additional sites of underreplication in endocycling cells of the larval
salivary gland [13]. These phenotypes are worsened as the gene dosage of SUUR increases
[13]. Together, these results suggest that SUUR activity, and perhaps its regulated
recruitment to replication forks, is highly sensitive to dosage.
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Through what molecular mechanism does SUUR inhibit replication fork
progression?

Once SUUR is recruited to a replication fork a key question is: through what molecular
mechanism does SUUR inhibit fork progression? This has implications beyond
understanding the molecular details of underreplication, as studying SUUR is likely to
uncover fundamental processes contributing to replication fork progression, stability and
chromosome fragility. Here we elaborate on two non-mutually exclusive mechanisms that
SUUR could utilize to inhibit replication fork progression.

Chromatin-remodeling complexes have been shown to localize to replication forks and
likely have multiple roles at replication forks [28]. Chromatin remodeling is necessary to
reestablish chromatin state and epigenetic information in the wake of replication forks.
Additionally, chromatin remodelers have been shown to affect replication fork progression.
These remodelers may be necessary to promote fork progression and stability through
regions of the genome, such as condensed chromatin, that are more difficult to replicate [29-
32]. Through its defective chromatin-remodeling domain, SUUR could inhibit the normal
chromatin remodeling activity at the fork by acting competitively with chromatin
remodeling complexes. This competition would, in turn, result in fork inhibition and
destabilization within regions of condensed chromatin (Fig. 2). Although appealing, it is not
known if the SNF2 domain of SUUR is necessary to promote underreplication.
Overexpression of the C-terminal portion of SUUR is sufficient to inhibit DNA replication,
but it is unclear if overexpression bypasses an essential function of the SNF2 domain [33].

One way to inhibit replication fork progression is to block the activity of a critical
component of the replication fork. A component of the replicative helicase, CDC45, was
shown to associate with SUUR [14]. Although it is unknown if this association is direct, or
if it occurs in the context of a replication fork, it raises the possibility that SUUR directly
interferes with helicase activity (Fig. 2). Further association studies will be necessary to
address this possibility.

What is the biological function of underreplication?

Unlike many proteins that function to promote replication fork progression through various
chromatin structures and replication impediments, SUUR has the opposite function in that it
inhibits fork progression. This appears to be an extreme example of replication timing where
replication is indefinitely delayed. One outstanding question that remains to be answered is
the benefit of repressing DNA replication within specific regions of the genome. This is an
important issue because SUUR-mediated repression of DNA replication is associated with
DNA damage and genome instability within underreplicated domains.

In S cerevisiae, replication fork progression is coordinated with the highly transcribed
rDNA region to prevent conflicts between the replication and transcription machineries [34,
35]. This occurs through a replication fork barrier-like mechanism where the Fobl protein
physically prevents replication forks from entering the rDNA locus. The genes within
Drosophila underreplicated domains, however, are generally transcriptionally silent so there
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does not seem to be the need to coordinate replication and transcription within these regions
of the genome [11, 12].

Another possibility was that underreplication was an extreme mechanism to repress
transcription of genes that reside within these domains. This could be important in the
context of the endocycle when ploidy can be increased 1,000-fold, as is the case for the
larval salivary gland. This was an intriguing possibility given that pro-apoptotic genes reside
within underreplicated domains and apoptosis is silenced in endocycling cells [11, 36].
Genome-wide measurements of transcript levels showed no significant changes when
comparing wild-type and SUUR mutant salivary glands in which replication is restored [11].
Thus, underreplication is not an essential strategy to repress transcription.

One interesting observation is that in the absence of SUUR, there is constitutive DNA
damage within heterochromatin, whereas DNA damage in the euchromatic underreplicated
domains is largely dependent on SUUR [13, 14]. This suggests that in the absence of SUUR,
replication of heterochromatin during the endocycle is problematic. One reason for this
could be due to the repetitive nature of heterochromatin. If a double-strand (DSB) break is
produced within heterochromatin it appears to be moved outside of the heterochromatic
domain for repair [37, 38]. During the endocyle, this problem is compounded by the
presence of ~1,000 copies of highly repetitive heterochromatin. One possible way to avoid
this is to simply prevent replication of this difficult-to-replicate region of the genome. Also,
heterochromatin accounts for approximately 30 percent of the Drosophila genome [39].
Endocycling cells are generally terminally differentiated cells that are thought to be highly
metabolically active. Underreplication could be an economic strategy that diverts resources
into cellular metabolism rather than duplication of silent chromatin.

Final thoughts and conclusions

Outside of Drosophila species, no obvious SUUR homologs have been identified based on
sequence homology, but it is likely that functional homologs exist. To identify potential
functional homologs, it will be necessary to investigate processes that could require the need
to control replication fork progression, such as replication timing, at a more mechanistic
level. Although it is still largely unknown why replication timing exists, it is an
evolutionarily conserved process subject to cell-type specific regulation [40, 41].
Interestingly, imprinted genes often display parent-of-origin specific difference in their
replication-timing pattern [42, 43]. It seems possible that some degree of replication timing
could be controlled through modulation of replication fork progression. Recently it has been
shown that at least a subset of polyploid trophoblast giant cells of the mouse placenta
undergo a modest degree of underreplication [44]. Perhaps this system can be exploited to
reveal the long anticipated functional homolog of SUUR.
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Figure 1.
Conservation of SUUR. A: Conservation of SUUR across twelve Drosophila species.

Alignments and conservation scores were generated with UCSC genome browser. B:
Conservation of the Walker A and B regions from multiple SNF2 domain-containing
proteins in Drosophila. Asterisks mark the sites of key residues involved in ATP binding and
hydrolysis that are not conserved in SUUR. Alignments were generated using ClustalW and
BoxShade.
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Figure 2.
Potential models by which SUUR could inhibit active replication forks. Depicted is a model

in which SUUR becomes recruited to replication forks late in S phase. Once at a replication
fork, SUUR could prevent the decondensation of highly condensed regions of chromatin
(e.g. heterochromatin) through competition with a chromatin remodeling factor. Also,
SUUR could directly inhibit a key activity associated with replication fork progression, such
as helicase activity. It is important to note that these two models of SUUR function are not
mutually exclusive.
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