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Repetitive DNA constitutes a large part of most vertebrate
genomes. However, it is unclear how DNA containing repeti-
tive sequences is organized in the context of chromatin and
nuclear structures, how it is duplicated and how it responds to
replication stress. Some key chromosome regions like the cen-
tromere are particularly enriched in highly repetitive DNA
sequences known as alpha, minor and major satellites. Repeti-
tive DNA sequences can easily misalign during DNA synthesis,
likely requiring specific mechanisms to ensure accurate DNA
replication to avoid events leading to copy number variation
and structural rearrangement. The chromatin structure under-
lying regions containing repetitive sequences such as the cen-
tromeres might also alter replication fork progression due to its
compact nature. It was unclear so far how replication fidelity
and smooth progression of replication forks was ensured on
these templates.

Using Xenopus laevis egg extract Aze et al' successfully
reconstituted the replication of repetitive human centromeric
DNA, unveiling unexpected structural and regulatory fea-
tures. To this end bacterial artificial chromosomes (BACs)
bearing centromeric alpha satellite DNA sequences of differ-
ent human chromosomes were used. Large bacmids were use-
ful for their ability to induce efficient formation of nuclear
structures, a pre-requisite for semiconservative DNA replica-
tion in these extracts. Formation of nuclei also ensured that
DNA and chromatin reached a conformation similar to the
one found in intact cell nuclei. Centromeric DNA was effi-
ciently replicated and replication efficiency was comparable to
bacmid containing non-repetitive sequences, although the
replication kinetic was slightly slower. The high replication
efficiency of the centromeric DNA was surprising given the
intrinsic complexity of the repetitive DNA, which was
expected to create strong impairments to the progression of
the replication machinery. However, mass spectrometry anal-
ysis of the proteome associated with centromeric DNA
revealed the enrichment of several DNA repair and DNA
structural proteins, some of which were shown to be required
for efficient replication of centromeric templates. Among
these factors the MSH2/MSH6 complex, which is involved in
mismatch repair,’ the Mrell and Mus81 complexes,

Topoisomerases, CENP proteins and the condensin compo-
nents SMC2/SMC4 were found. In contrast, other common
DNA metabolism proteins were under-represented, such as
the single-stranded DNA (ssDNA) binding complex RPA and
TopBP1. The enrichment of DNA repair proteins, whose
binding was dependent upon DNA replication, indicated that
centromeric DNA replication was under some sort of stress.
This hypothesis was directly tested by monitoring the activa-
tion of the ATR dependent checkpoint pathway, which is acti-
vated by replication stress and requires RPA for its
activation.” Surprisingly, ATR activation, detected by phos-
phorylation of its downstream target CHK1 was suppressed
on centromeric templates even in the presence of aphidicolin,
which induces polymerase stalling. This was due to reduced
accumulation of RPA on centromeric DNA compared to nor-
mal templates. On the other hand, aphidicholin stimulated
the loading of MSH6, which was required for efficient replica-
tion of centromeric templates, suggesting the presence of
alternative replication programs requiring the presence of
accessory DNA repair proteins for unimpeded fork progres-
sion. Strikingly, further analyses performed using Electron
Microscopy revealed that centromeric DNA accumulated pos-
itively supercoiled DNA loops upon replication. The existence
of DNA loops at centromeres had been previously hypothe-
sized and suggested to be responsible for some of the biologi-
cal and biophysical properties of centromeric chromatin.?
This particular arrangement might be related to the topologi-
cal structures formed in vitro by condensins in the presence of
active Topoismerases.” Consistent with this model, inhibition
of Topoisomerase I activity prevented the formation of these
loops. Significantly, interference with this arrangement also
restored RPA accumulation and ATR activation under stress.
Formation of loops during centromeric DNA replication
might restrict RPA binding and ATR checkpoint activation to
allow replication to proceed across these repetitive sequences
(Fig. 1). This could avoid hyper-loading of RPA at repetitive
DNA and continuous activation of the checkpoint at natural
stalling sites. It is not clear whether other regions of the
genome behave in a similar fashion. However, it is worth
mentioning that telomeric repeats also actively suppress
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Figure 1. Structural and regulatory features of centromeric DNA. DNA loops form on centromeric chromatin in the presence of condensins and topoisomerase I. Centro-
meric repeats might form secondary structures on unwound ssDNA at replication forks, attracting MSH2 /6 proteins, which might be required to resolve them. This topo-
logical arrangement limits the formation of extensive ssDNA regions and RPA hyper-loading preventing activation of ATR, facilitating centromeric DNA replication.

checkpoint activation, form positively supercoiled DNA around
TRF2 proteins® and are organized in t-loops. Localized suppression
of the checkpoint may suggest that repetitive sequences are replicated
with lower fidelity and that alternative mechanisms are needed to
promote genome stability. The loading of DNA repair factors such
as the MSH2/MSH6 complex might ensure this function by helping
to resolve secondary structures, whose presence might slow down
replication fork, avoiding potential misalignments between DNA
repeats. The enrichment of condensins at centromeric regions could
indicate early condensation processes taking place at centromere in
S-phase and then spreading to other regions of the chromosome in
mitosis. Condensation can occur in the context of DNA replication
in bacterial organisms, where it serves to promote DNA segregation
and to prevent misalignment of DNA templates.” Additional studies
in other organisms will show whether these regulatory and structural
patterns are conserved in other species. It will be particularly impor-
tant to understand whether these mechanisms ensure stability of
large centromeric DNA repeats, which often undergo aberrant
breakage-fusion events in cancer and other diseases in which DNA
repair is deficient.
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