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ABSTRACT

Human centromeres contain large amounts of repetitive DNA sequences known as « satellite DNA,
which can be difficult to replicate and whose functional role is unclear. Recently, we have
characterized protein composition, structural organization and checkpoint response to stalled
replication forks of centromeric chromatin reconstituted in Xenopus laevis egg extract. We showed
that centromeric DNA has high affinity for SMC2-4 subunits of condensins and for CENP-A, it is
enriched for DNA repair factors and suppresses the ATR checkpoint to ensure its efficient
replication. We also showed that centromeric chromatin forms condensins enriched and
topologically constrained DNA loops, which likely contribute to the overall structure of the
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centromere. These findings have important implications on how chromosomes are organized and

genome stability is maintained in mammalian cells.

Chromosome segregation is an essential process that
enables transmission of hereditary information during
cell division. Key sites required for proper segregation
of chromosomes are centromeres, which support
kinetochore assembly and hold sister chromatids
together during metaphase ensuring their proper
alignment on mitotic spindles." Centromere integrity
is required for optimal function of kinetochores. Cor-
rect function of the kinetochore and centromere appa-
ratus prevents chromosome segregation errors that
could lead to a wide range of diseases, including can-
cer and aneuploidy-related disorders such as Down
syndrome.”

Centromeres of most eukaryotic chromosomes are
characterized by: 1) the presence of centromeric chro-
matin containing specific proteins among which
CENP-A and CENP-B; 2) duplicated tandem DNA
elements, also known as « satellite DNA in human
cells organized in high order repeats (HORs); 3) a pat-
tern of post-translational histone modifications that
contribute to regulate centromere transcription and
assembly of centromere proteins.”

Repetitive sequences are generally unstable and
prone to recombination.* Repetitive DNA can also
form hairpin-like secondary structures, which could

induce replication fork stalling or lead to fully repli-
cated but still intertwined DNA.” In addition, the
compact structure of centromeric chromatin can act
as barrier to DNA replication machinery. The prob-
lematic progression of replication fork in centromeric
regions could therefore induce DNA breakage under
replication stress. Indeed, centromeres are known to
harbor endogenous sites of replication fork pausing in
yeast,’ and hotspots for chromosomal breakage and
rearrangements in mammalian cells.” This intrinsic
fragility could contribute to centromere breakage-
fusion cycles observed in many solid tumors.*” Inter-
estingly, proteins involved in the maintenance of
chromosomes stability such as the Werner Helicase
(WRN), whose loss leads to premature aging and cel-
lular senescence, bind centromeric and pericentro-
meric chromatin and promote stability of critical
epigenetic marks such as histone H3K9 methylation.'

Recently, using the vertebrate model system Xeno-
pus laevis, we revealed striking new features of centro-
meric DNA."" We reconstituted the replication of
repetitive human centromeric DNA using bacterial
artificial chromosomes (BACs) bearing centromeric o
satellite DNA sequences of different human chromo-
somes. Such BACs were able to induce efficient
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formation of nuclear structures in egg extract, a pre-
requisite for semiconservative DNA replication."'
Centromeric DNA was efficiently replicated and repli-
cation efficiency was comparable to BACs containing
non-repetitive sequences. The high replication effi-
ciency of the centromeric DNA was surprising given
the presence of repetitive DNA. Mass spectrometry
analysis of the proteome associated with centromeric
DNA revealed the enrichment of several DNA repair
and DNA structural proteins among which MSH2-6,
the MRE11-RAD50 complex, HMGB1-3, XRCCIl,
XRCC5/DNAPK, PARP1, ERCC6L/PICH helicase
and MUS81 endonuclease.'’ Mass spectrometry also
revealed the enrichment of condensins components
SMC2-4, which play a fundamental role in the struc-
tural and functional organization of chromosomes.
Theses results were consistent with proteomic studies
on mammalian centromeres.'> In contrast, other com-
mon replication players were under-represented, such
as the single-stranded DNA binding (ssDNA) com-
plex RPA and ATR activator TopBP1. Accumulation
on DNA of these proteins following induction of
stalled replication forks was also diminished. Consis-
tent with these findings the ATR-dependent check-
point leading to Chkl phosphorylation, which
requires both TopBP1 and RPA to be activated, was
not induced by stalled forks arising on repetitive
DNA. To understand the cause of this poor check-
point response we performed structural analysis of
replicating DNA using electron microscopy (EM)."
The rationale of this analysis was to detect potential
hairpins formed by misaligned repetitive DNA
sequences, which could hinder formation of open
ssDNA regions upon fork stalling, preventing RPA
and TopBP1 binding. We were expecting to find such
secondary structures also after observing the enrich-
ment of MSH2-6, which can bind DNA hairpins.
However, we were unable to detect hairpins. Instead,
we discovered the presence of numerous single
stranded DNA bubbles, which were highly enriched
on replicating centromeric DNA. Inhibition of DNA
replication by geminin prevented their appearance,
indicating that replication was required for their for-
mation. We hypothesized that these bubbles were due
to inability of psoralen to efficiently cross-link centro-
meric DNA. Psoralen is usually added to chromatin
before isolation to cross-link doubled stranded DNA
and freeze replication intermediates present at the
moment of the cross-linking."? This method prevents
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unwanted melting and branch migration of replication
intermediates. Spreading of DNA on EM grids is
instead performed in the presence of formamide, a
mild denaturing agent required to prevent aggregation
and uneven distribution of long DNA molecules."”
Although the psoralen cross-linking efficiency is usu-
ally fairly high on naked DNA, it decreases on DNA
wrapped around nucleosomes. Decreased crosslinking
efficiency can be easily observed after mild heat dena-
turation of DNA, which gives rise to wide appearance
of ssDNA bubbles. However, centromeric DNA
formed ssDNA bubbles, although less frequently than
heat-denatured DNA, even in the absence of the heat
denaturation. When we looked for the causes of this
poor cross-linking we found that it was due to the
presence of positively supercoiled DNA. Positively
supercoiled DNA is known to strongly prevent psora-
len cross-linking.'* Psoralen-biotin, which is poorly
incorporated in positively supercoiled DNA, is used to
map positively supercoiled genomic regions.”> When
using psoralen-biotin, we found that psoralen was
poorly incorporated in centromeric DNA, confirming
that ssDNA bubbles were formed by poorly cross-
linked DNA regions, which melted during DNA
spreading. Intriguingly, positively supercoiled DNA
has been documented on centromeric chromatin
assembled in vitro with purified components in other
species'® and our findings seem to confirm original
observations extending the analysis to more physio-
logical conditions. We then hypothesized that posi-
tively supercoiled DNA was responsible for inhibition
of checkpoint activation. To test this hypothesis we
inhibited topoisomerase activity and we showed that
this treatment was able to restore ATR checkpoint
activation during centromeric DNA replication halted
by aphidicolin. These results confirmed that the topo-
logical arrangement of centromeric DNA was involved
in the suppression of ATR activation.

To understand whether formation of positively
supercoiled DNA was an active phenomenon we
looked for proteins enriched on centromeric DNA
with a possible structural role. Among these there
were SMC2-4 subunits of the condensin complex.'”
Condensin I has been shown to form positively
supercoiled DNA in closed circular plasmids in the
presence of Topoisomerase I and this activity has been
linked to the ability of condensins to condense
DNA."” The structural conformation of condensed
DNA is unclear at the moment. In order to visualize
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the structure of centromeric chromatin we sought to
process partially digested chromatin for EM. Strik-
ingly, this approach revealed the presence of large
double stranded DNA loops embedded in a protein
matrix'' (Fig. 1a). Complete protein digestion was
able to dissolve such loops. Most interestingly, forma-
tion of loops was inhibited by replication inhibitor
geminin. The link with the replisome is unclear at the
moment. However, it is possible that the assembly of
the replisome and DNA replication forks are required
to load factors involved in this process. Importantly,
inhibition of topoisomerases also prevented formation
of the loops, indicating that topoisomerase activity,
probably in conjunction with condensins, was
required for loop formation (Fig. la). Loops were
likely formed behind replication forks as DNA replica-
tion progressed on centromeric DNA, whereas

non-centromeric genomic DNA did not form loops.
Organization of centromeric chromatin in loops kept
by condensins and cohesins has been predicted based
on biophysical studies.'® Loops could be formed by a
DNA extrusion mechanism with condensins playing
an active role while standing at the base of the extrud-
ing loop."” In this model the presence of DNA
wrapped around nucleosomes might require the
action of topoisomerases to facilitate DNA extrusion.
Loops might confer resistance and flexibility to
centromeric chromatin and might contribute to
centromeric chromatin condensation, which could
start from centromere and spread to other parts of the
chromosome. Contextual loading of SMCs and loop
formation might also help to disentangle chromo-
somes after replication and prevent recombination
between them.*
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Figure 1. (A) General model showing organization of centromeric DNA in loops promoted and kept by condensins (SMC2-4) in the pres-
ence of Topoisomerase activity (Top I). Secondary DNA structures containing misaligned repeats could be repaired by MSH2-6. This over-
all arrangement prevents RPA loading onto chromatin and ATR activation, resulting in Chk1 activity suppression and more efficient
repetitive DNA replication. (B) Disruption of centromeric DNA organization induced by inhibitors of Topl restores ATR activation follow-
ing replication fork progression slow down induced by aphidicolin, which inhibits DNA polymerase activity. (C) When DNA breakage
occurs due to replication or mechanical stress tandem repeats might facilitate repair through SSA and SDSA based recombination path-
ways (see text) leading to contraction or expansion of centromeric repeats.



In addition to these functions we speculated that
the loop arrangement was linked to the suppression of
the ATR checkpoint and was involved in the efficient
replication of repetitive centromeric DNA. To test this
hypothesis we used small amounts of aphidicolin to
trigger low levels of ATR activity in conditions where
such loops were disrupted by Topoisomerase I inhibi-
tion. This was sufficient to restore ATR activation and
inhibit centromeric DNA replication, whereas DNA
replication on non-repetitive DNA was unaffected
(Fig. 1b). These observations might indicate that local
suppression of ATR signaling facilitates replication of
centromeric repetitive DNA, which would otherwise
trigger continuous activation of ATR inhibiting repli-
cation origin firing. According to this hypothesis gen-
eral activation of the ATR checkpoint should
selectively compromises centromeric DNA replication
in intact cells. This is currently under investigation in
the lab. Significantly, similar to centromeric DNA
other repetitive DNA regions such as the telomeres
suppress checkpoint activation, form DNA loops and
are positively supercoiled.”!

It is intriguing that the « satellite DNA can trigger a
series of complex events in vitro. However, this is not
surprising as Xenopus egg extract contains all the fac-
tors required to support all the major events related to
chromosome formation and metabolism. Further-
more, human centromeric DNA can be recognized in
Xenopus egg extract. Although the overall human cen-
tromeric DNA sequence is different from Xenopus
centromeric DNA, it contains a conserved CENP-B
box, a 17 nt element which functions as binding site
for CENP-B protein.”> CENP-B protein is required for
the stable loading of CENP-A histone H3 variant on «
satellite DNA.*

CENP-A is the major determinant of kinetochore
formation and it usually co-localizes with centromeric
DNA, although it can bind also areas of the genome
lacking « satellite DNA, triggering there the formation
of functional neocentromeres.”>*> We were able to
show that CENP-A protein is selectively loaded onto
human centromeric DNA when incubated in egg
extract. The loading of CENP-A takes place during
DNA replication and continues after replication has
been completed. This is different from CENP-A load-
ing onto chromosomes in intact cells, which takes
place between the end of mitosis and subsequent G1
phase and requires the presence of CENP-A protein
in the same location, which epigenetically marks the
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sites for loading of new CENP-A on replicated chro-
mosome.”>**> However, our system was not designed
to recapitulate in vivo loading of CENP-A as there is
no pre-existing CENP-A on naked DNA introduced
in egg extract. Nonetheless our experiments clearly
showed a preferential affinity of CENP-A for « satel-
lite DNA sequences. These observations do not
exclude that CENP-A can be loaded onto other o sat-
ellite free sites such as in the case of neocentromeres
when primary centromeric DNA is deleted.”*

It is possible that CENP-A stable binding requires
structural constraints induced by condensins on « satel-
lite DNA. Condensins have indeed been shown to pro-
mote CENP-A chromatin loading in Xenopus egg
extract.”> Condensins accumulate on centromeric and
pericentromeric chromatin in yeast and condensin subu-
nits have been directly linked to tandem repeats.”® The
role of CENP-B in CENP-A localization Xenopus is
instead unclear at the moment. Proteomic analysis iden-
tified a Xenopus laevis protein with limited similarity to
human CENP-B. However, further studies are needed to
validate this as true CENP-B ortholog.

The ability of satellite DNA to induce selective
loading of centromeric proteins was in line with exten-
sive work performed on human artificial chromo-
somes (HACs), which are built with human satellite
DNA and are able to trigger de novo assembly of a
functional centromere capable of nucleating a kineto-
chore when introduced into the cell.””"* It is worth
mentioning that despite differences in checkpoint acti-
vation replication origin assembly and inter-origin
distance on centromeric DNA was similar to non-cen-
tromeric regions in the Xenopus system and that these
results were consistent with data obtained from stud-
ies on HAC replication in intact cells.”® Therefore, the
combination of in vitro centromere assembly in Xeno-
pus together with HACs might provide unique tools
to understand the fine mechanisms underlying centro-
meric chromatin metabolism.

A surprising aspect of the proteomic analysis of cen-
tromeric chromatin was the elevated presence of a num-
ber of DNA repair factors. Some of these factors might
contribute to replication fidelity of these regions in the
absence of the checkpoint. Indeed, while ssDNA binding
proteins RPA and TopBP1 did not accumulate onto cen-
tromeric chromatin following induction of replication
fork arrest MSH2-6 heterodimer showed increased chro-
matin recruitment. MSH6 was also required for efficient
replication of centromeric DNA'! although it is unclear
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whether this applies also to intact cells. It is therefore
possible that MSH6 is recruited onto misaligned repeti-
tive sequences containing mismatches to promote their
repair. However, how this results in more efficient repli-
cation of repetitive DNA is unclear. It is also possible
that MSH2-6 heterodimer is recruited to promote other
types of recombination based DNA repair between mis-
aligned repeats.

Among centromere enriched DNA repair factors we
indeed found DNA-PK, PARP1, MRE11 and MUS81,"!
which are also required for double strand break (DSB)
processing and repair. The presence of these proteins
might indicate the occurrence of ongoing DSB repair.
We did not directly test the hypothesis, as this was diffi-
cult to assess with available assays due to the repetitive
nature of the DNA, the size of the DNA and the lack of a
clear DNA damage response activation. Therefore, the
function of DSB repair factors on centromeric chromatin
remains to be clarified. However, it is tempting to specu-
late that these factors have increased affinity for DNA
regions being under constant mechanical stress due to
topological constraints and pulling forces exerted during
chromosomes segregation, which might cause centro-
mere DNA breakage. Intriguingly, DSB preferentially
accumulate at centromeres in cancer cell lines following
replication stress induced by aphidicolin.®' It is also
worth mentioning that CENP-A has high affinity also
for DSBs.*?

Induction of replication stress by replication fork
stalling agents has been associated to the formation of
ultrafine DNA bridges (UFBs) between segregating
chromosomes. These structures are commonly seen at
telomeres and fragile sites. Replication fork stalling does
not seem to induce UFB at centromeres, which are
instead formed when DNA decatenation is prevented
with Topoisomerase II inhibitors.>> The absence of
UEFBs at centromeres when fork stall might be due to the
existence of alternative and more efficient process to
bypass fork stalling such breakage and rejoining of the
broken DNA or looping out and excision of the struc-
tures produced by the pulling of the unreplicated DNA
regions during chromosome segregation. These repair
events might be facilitated by the presence of tandem
repeats. Compatibly with this hypothesis many extra-
chromosomal circles of centromeric DNA accumulate
during cell cycle after replication stress in several spe-
cies.”>** Such extra-chromosomal circles might be the
results DNA loop

of centromeric excision or

circularization of linear centromeric DNA fragments
formed during DNA repair events.

Centromere DNA breakage has been proposed to
be an early event in cellular transformation leading to
breakage-fusion cycles generating further chromo-
some instability.>” Centromere breakage-fusion cycles
are indeed frequent in tumors harboring whole chro-
mosome arm translocations.>” Although it is unclear
how such breakages might be generated, it is impor-
tant to note that tandem repeats could favor repair of
such DSBs by single strand annealing (SSA) and syn-
thesis dependent strand annealing (SDSA), types of
recombination pathways occurring at repetitive
sequences.”>® Such processes would require most of
the repair proteins enriched on centromeric repeats.

Evolutionary analysis of centromeric DNA repeats
shows cycles of contraction and expansion associated
to independent evolution of new tandem repeats.
These events might be compatible with multiple SSA
and SDSA events in which DNA molecules can
undergo expansion and contraction of the intervening
repeats”>>® (Fig 1c). SDSA could also explain how
homogenous centromeric repeats are generated and
maintained on different chromosomes.*”

Tandem repeats could therefore ensure efficient
repair, conferring special status to the centromeric
region of the chromosomes. Interestingly, formation
of neocentromeres triggered by CENP-A binding fre-
quently occurs in genomic areas enriched for dupli-
cated sequences.”* Pre-existing duplications might be
advantageous for the formation of neocentromeres
due to the ability to promote efficient repair of DNA
breaks. It is also interesting to note that a- satellite
sequences are subsequently incorporated in evolution-
ary young and satellite-free neocentromeres.”* Alpha
satellite DNA transposition onto neocentromeres
could confer an adaptive advantage possibly by
increasing the accuracy of chromosome segregation at
these sites. As such these sequences would be then
selected and fixed in the population thanks to meiotic
drive.** Interestingly, satellite sequences do not gradu-
ally integrate throughout the neocentromere, but
rather expand from a single location, compatibly with
a SDSA mediated DNA repeats expansion.”* On the
other hand loss of satellite DNA repeats at centro-
meres that become inactive in favor of neocentromere
formed on the same chromosome** might be due to
contraction events following DSB repair.



There is still a lot to learn about the genomic struc-
ture of centromeric DNA. Answering the many
unknowns about satellite DNA might help to under-
stand why these DNA sequences are retained despite
their problematic replication. Unfortunately, most of
genomic regions harboring « satellite DNA are still
poorly annotated due to their repetitive nature, which
hampers any attempt to align them correctly. We are
currently investigating the possibility that cycles of
contraction and expansion occur at repetitive centro-
meric DNA during unperturbed and challenged DNA
replication. Given our results we favor the possibility
that repetitive satellite DNA might be advantageous
for a number of reasons such as its ability to increase
the loading of CENP-A at centromeres, to promote
chromatin arrangement favorable for sister chromatid
cohesion and to increase resistance to microtubule
tension ensuring the stability of the chromosome dur-
ing mitosis and meiosis. Suppression of ATR activity
and enrichment of DNA repair factors might contrib-
ute to maintain and stabilize these regions during
DNA replication. Loss of faithful DNA repair and
chronic activation of ATR might predispose to geno-
mic rearrangements in which centromeric breakage-
fusion cycles might constitute an early event on the
way to cellular transformation. Understanding how
these processes occur at molecular level will therefore
be essential to clarify the origin of genome instability
predisposing to cancer.
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