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Understanding the mechanisms that lead to replication fork blocks (RFB) and the means to bypass them is important
given the threat that they represent for genome stability if inappropriately handled. Here, to study this issue in mammals,
we use integrated arrays of the LacO and/or TetO as a tractable system to follow in time a process in an individual cell and
at a single locus. Importantly, we show that induction of the binding by Lacl and TetR proteins, and not the presence of
the repeats, is key to form the RFB. We find that the binding of the proteins to the arrays during replication causes a pro-
longed persistence of replication foci at the site. This, in turn, induces a local DNA damage repair (DDR) response, with the
recruitment of proteins involved in double-strand break (DSB) repair such as TOPBP1 and 53BP1, and the phosphorylation
of H2AX. Furthermore, the appearance of micronuclei and DNA bridges after mitosis is consistent with an incomplete
replication. We discuss how the many DNA binding proteins encountered during replication can be dealt with and the
consequences of incomplete replication. Future studies exploiting this type of system should help analyze how an RFB,
along with bypass mechanisms, are controlled in order to maintain genome integrity.

Introduction

At every cell division, each daughter cell must inherit only one
copy of the completely duplicated genome to maintain genome
stability (see ref. 1 for review). Importantly, obstacles such as rep-
lication fork blocks (RFBs) can impede its correct execution by
hindering replication fork passage. When improperly handled,
RFBs can lead to incomplete replication and genomic instabil-
ity, consequences previously associated with several hereditary
disorders and cancer.”® To date, in mammals, our knowledge
on these issues has relied on studies on global fork arrest using
drugs that interfere with replication.*!* Indeed, chemicals such
as aphidicolin and hydroxyurea have been successfully exploited
to induce a global arrest of replication fork progression in mam-
malian cells.""*? Interestingly, DNA binding proteins that block
RF progression, exemplified by Fobl, Sapl, and Ref1'* in yeast
and the viral protein Epstein—Barr nuclear antigen 1 (EBNA1) in
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mammalian cells,'®

Y have provided examples of specific barriers
involving protein—DNA interactions. Secondary DNA structures
such as hairpins, cruciforms, triplex DNA, and G4s have also
been described as potential RFBs, yet whether RFB formation
depends directly on the DNA structure or on the DNA bind-
ing protein that recognize these structures is still unclear;>*»
reviewed in references 4, 8, and 26-29. Importantly, the existence
of single RFB site has been proposed to explain the occurrence of
specific fragile sites that can cause genome instability and can-
cer®® or hereditary disorders.” Thus, to date, while the existence
of genomic regions or situations that lead to replication fork arrest
have been identified in mammals, our progress in understanding
the mechanism that drives their formation has been hampered by
the lack of a tractable system enabling the induction and visually
following the process at a single locus in time.

In this paper, we sought out a model system that features:
(1) an ability to synchronously induce an RFB; (2) a single and
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identical RFB site in each cell; and (3) a site that is traceable. For
this purpose, inserting the LacO and the TetO repeat arrays in
the genome was particularly attractive. Indeed, the LacO/TetO
systems have been extensively exploited in mammalian cells for a
variety of applications, including tracking a single DNA locus,*
inducing the binding of proteins to specific DNA loci,*** and
monitoring the DDR response at single sites.'”** Moreover, fork
stalling at repeats of the LacO sites in mammalian cells has been
proposed.” This view is supported by the appearance of fragile
sites at the LacO array bound by Lacl, indicated by the pres-
ence of YH2AX, chromosomal breaks, and segregation defects.*
However, whether this was due to the presence of the repeats
alone, or whether the binding of the repressor was necessary (as
seen for natural RFB with the binding of Fobl, Sapl, Rtfl in
yeast'* and EBNAI in mammalian cells”) had not been deci-
phered, and a replication analysis has been missing. In E. colz, the
binding of the Lacl or TetR repressor proteins to their respective
arrays has been shown to hinder replication fork progression,***
which then resumes upon release of the repressor,®® suggesting
that the binding is leading to RFB. In S. pombe, the presence of
the Lacl protein at LacO arrays generates an RFB that causes
genome instability, DNA bridges, and DSBs during mitosis or
cytokinesis. Yet, the contribution of the Lacl binding or the pres-
ence of the LacO repeats was not systematically distinguished,
since most data were obtained with the Lacl repressor contin-
uously expressed.”” These data thus prompted us to revisit the
LacO and TetO arrays in mammalian cells to determine how
the RFB is formed in a system enabling the analysis of events at
a single RFB site and at a single-cell level to achieve: (1) a spa-
tiotemporal control of RFB induction; and (2) a means to follow
the cellular response.

In this paper, we characterize the behavior of LacO and TetO
arrays integrated at single loci in human and murine cell lines
after inducing the specific binding of the Lacl and TetR repressor
proteins. For this we selected clones with single integration sites
in mammalian cell lines. To assess replication at these loci, we
monitored PCNA localization after induction of Lacl and TetR
binding. Next, to visualize the extent of DSBs and stalled rep-
lication forks, we analyzed the accumulation of YH2AX at the
arrays.’®¥ Finally, we characterized the activation of the DDR
response by following the DNA repair proteins TOPBP1%*% and
53BP1.#" Finally, we show that following binding of TetR for a
short time, a DDR response is detected as a function of cell pro-
gression in S phase. Taken together our results reveal that it is the
binding of Lacl/TetR at LacO/TetO arrays and S-phase progres-
sion that is key for RFB formation, rather than the repeats, and,
thus, we provide a system that can be exploited to further analyze
the establishment and bypass mechanisms of an RFB that enable
the maintenance of genome integrity.

Results
We first characterized cell lines that stably integrated the

LacO and TetO repeats. Given that the nature, number, and
spacing between repeats, combined with the genome insertion
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site could impact DNA replication and repair, we exploited sev-
eral cell lines that stably integrated LacO repeats, TetO repeats,
and a combination of LacO-TetO repeats (Fig. 1A; Fig. S1):
Hel.a38, (human cervical cancer) with a LacO system, U20S-
19, (human osteosarcoma) with a TetO system, and U20S-D2
(human osteosarcoma) and 3T3 NIH2/4 (murine fibroblast)
both with a LacO-TetO system. The LacO system (U20S-D2,
HeLa38, NIH2/4) comprises 256 LacO repeats spaced by a
15-bp intervening sequence flanked by a unique I-IScel cleavage
site. The TetO system (U20S19) comprises 200 repeats spaced
by IScel cleaving sites. The LacO-TetO system (U20S-D2
and 3T3 NIH2/4) comprises the LacO system as above juxta-
posed with 96 TetO repeats spaced by a 23-bp intervening DNA
sequence (Fig. S1). We verified that we could detect by FISH
a single locus of the LacO and TetO arrays in each cell line
(Fig. 1A) in the absence of the Lacl or TetR proteins. Next we
verified that we could detect by immunofluorescence (IF) the
binding of GFP-Lacl and mCherry-TetR at their correspond-
ing arrays following transfection of the cells with a GFP-Lacl-
or mCherry-TetR-expressing plasmid (Fig. 1B). FISH and IF in
combination enabled the simultaneous detection of the repeats
and bound factors. Indeed, we observed a colocalization of the
IF and FISH signals, indicating that repressor binding does
not impair the detection of the repeat by FISH (Fig. 1B). To
examine the LacO arrays at a chromosomal level, we prepared
metaphase spreads and revealed the arrays by the binding of the
GFP-Lacl or mCherry-TetR. We confirmed that insertion of a
LacO-TetO array in the murine NIH2/4 cell line took place in
the arm of chromosome 3 as previously reported.'” We found that
the LacO-TetO array for the U20S-D2 cell line inserted into
the telomeric region, and that the LacO in the HeLa 38 cell line
and the TetO in U20S19 cell line also integrated into the telo-
meric region (Fig. 1C). These distinct cell lines thus provided us
with various types of repeats integrated in different chromosomal
regions, a convenient tool to evaluate whether the binding of the
repressors to their corresponding sequences could induce an RFB
in different contexts.

We next asked whether the binding of the Lacl or TetR repres-
sor proteins to their respective LacO and TetO repeats represent
RFB sites. We first verified that we could monitor ongoing repli-
cation at the LacO and TetO arrays with the repressor bound. By
using FISH to visualize the repeats and IF to visualize: (1) the
bound repressor (GFP-Lacl) following transient transfection; and
(2) PCNA as a marker of DNA replication, we could identify sin-
gle foci where the PCNA, LacO, and GFP-Lacl signals co-local-
ized, indicating that replication is ongoing at or in close vicinity to
the array (Fig. 2A). Quantification of this co-localization in each
cell line shows an increase in the percentage of cells undergoing
replication at the array when the repressor is expressed, where the
increase correlates with the number of repeats (Fig. 2B). Given
that we did not detect any change in the cell cycle profile after the
binding of Lacl and TetR (Fig. S2A), these results indicate that
PCNA persists at the arrays upon repressor binding, potentially
due to replication slowing down at the arrays and/or that the rep-
lication timing is altered. To consider each scenario, we investi-
gated the replication timing of the arrays upon repressor binding.
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We performed immunostaining of PCNA or incorporated BrdU,
which can be exploited to visualize replication patterns reflecting
early, mid, and late S phase® (Fig. S2B) and quantified the num-
ber of cells showing PCNA localization at the LacO or TetO sites
in each sub-S phase (Fig. 2C for U20S19). We found that the co-
localization occurs between mid and late S phase in U20S-D2,
NIH2/4, and U20S19 cells, while in HeLa38 cells, it takes place
in early to mid S phase (Fig. 2C and D), indicating that the rep-
lication timing of the arrays could depend on the cell type rather
than being imposed by the array.

We next investigated whether repressor binding would impact
the timing of replication onset at the arrays. We found that Lacl/
TetR binding did not affect when we could initially detect PCNA
localization at LacO or TetO sites compared with controls, sug-
gesting that replication onset at LacO
and TetO sites is not severely delayed.

A FISH

However, we found in each cell line U20S-D2
that PCNA localization persisted at
the arrays following replication onset
(Fig. 2D). Notably, in HeLa38 cells,
we observed colocalization for a simi-
lar proportion of cells in early and mid
S phase in the absence and presence of
Lacl, suggesting a similar replication
timing, yet colocalization persisted in B

when the repressor is expressed (Fig. S3A and B). This supports
the idea that the replication timing of the LacO array is pro-
longed during S phase upon repressor binding. Then, using live
cell imaging, we directly monitored PCNA dynamics at LacO
and TetO sites. Following transfection with plasmids express-
ing PCNA fused to mCherry or GFP (mCherry-PCNA with
the GFP-Lacl repressor in U20S-D2, and GFP-PCNA with
mCherry-TetR in U20S19), we monitored the colocalization
of PCNA with the repressor. Time-lapse movies confirmed that
colocalization starts in mid S phase, and that PCNA localization
at LacO or TetO arrays is prolonged until very late S phase, when
all other PCNA foci have disappeared (Fig. S4). This confirms
that the binding of repressor proteins increases the persistence
time of PCNA and replication foci at the arrays, but does not

NIH2/4 U20S-19

late S specifically when Lacl was pres- RFF-Lal (LIaFcI)
ent. This suggests that the increase /&y ﬂ g
of PCNA localization at the arrays FISH
reveals a slowdown of replication at LacO-I5cel-TetO (LacO)
these sites, rather than a perturbed

replication timing. We then exploited . )

2 strategies to further investigate &)/ V205-D2 IF
the replication timing of the LacO \ (TetR)
and TetO repeats in the different S 7’ _)FIgH
subphases. First, using a molecular (TetO)

approach, we used anti-BrdU antibod- RS-

ies to immunoprecipitate replicated
DNA from HeLa38 cells that had
been treated with BrdU for 15 min
and sorted by FACS into G, early S,
late S, and G, phases, and we analyzed
the presence of the arrays by PCR*
(Fig. S3A, left). Importantly, the con-
trol genes for early replicating (HBA1)
and late replicating (HBB) were
detected only in G, and early S phase,

U20S19

and in late S and G,, respectively, in
the absence and presence of the GFP-
Lacl repressor, thus validating our
experimental conditions (Fig. S3A,
right). In agreement with our previ-
ous observation, we found that similar
amounts of LacO are detected in early
S phase in the presence and absence of
the repressor, but higher amounts are
detected in the late S and G, fraction,

www.landesbioscience.com

Figure 1. Localization of LacO-TetO, LacO and TetO arrays in different cell lines by FISH. (A) Visualization
of LacO and TetO arrays by fluorescent nick-translated FISH probes (arrows, red) in the 4 cell lines
U20S-D2, NIH2/4, U20S-19, and HelLa38. DAPI (blue) stains nuclei. Scale, 10 wm. (B) Visualization of the
LacO-TetO arrays by FISH and GFP-Lacl and mCherry-TetR by IF in transiently transfected U20S-D2
cells. Left: scheme of the experiment. Right: Images taken 48 h after transfection. We revealed GFP and
mCherry by immunofluorescence, while the LacO-TetO site was labeled with fluorescent nick-trans-
lated probes. Scale, 10 wm. Insets show a 4x magnification of the boxed area with a merged image on
the right. (C) Chromosomal location of LacO and TetO arrays insertion in the different cell lines. LacO
arrays are visualized by GFP-Lacl immunodetection (green) on metaphase spreads in U20S-D2, HeLa38,
and NIH2/4. TetO arrays are visualized by mCherry-TetR immunodetection (red) on metaphase spreads
in U20S19 cells. Scale bar is 10 wm. (Top-right panels) DAPI stains nuclei. Scale, 10 wm. Insets show a
4x magnification of the boxed area corresponding to the chromosome where the array is integrated.
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delay the timing of initial PCNA
recruitment. Taken together, our
data indicate that the binding of
the repressor is consistent with
the formation of an RFB.

Since RFBs can lead to DNA
damage as a consequence of
incomplete DNA replication, we
next analyzed whether a DDR
response was activated as an
attempt to bypass the block by
monitoring YH2AX, TOPBPI,
and 53BP1 accumulation at the
array. We performed an analy-
sis with the LacO-TetO system
in U20S-D2 cells after trans-
fection of either GFP-Lacl or
mCherry-TetR  (Fig. 3A) and
the TetO system in U20S-
19 cells after transfection of
mCherry-TetR (Fig. 3B). In the
absence of repressors, we did not
observe localization of YH2AX,
TOPBP1, or 53BP1 at LacO and
TetO arrays within our detection
limits. In contrast, when Lacl and
TetR were bound to LacO and
TetO arrays, yYH2AX, TOPBP]I,
and 53BP1 were detected at the
LacO and TetO arrays (Fig. 3A
and B). Interestingly, we
observed a similar percentage of
cells with yH2AX at the LacO
array to that observed by Jacome
and Fernandez-Capetillo.”® These
results indicate that the LacO and
TetO arrays do not lead to DDR
activation on their own; rather,
the binding of repressors at these
arrays elicits a DDR response. In
our experimental conditions, we
detect DDR activation with GFP
or mCherry fused to the repressor.
This suggests that DDR activa-
tion can result from the tether-
ing at a LacO or TetO array of
factors that are distinct from a
repair factor®. Interestingly, we
observed that the percentage of
cells where we detect the recruit-
ment of 53BP1 and YH2AX at the
arrays increases with the number
of repeats (Fig. 3A, compare 256
LacO repeats and 96 TetO repeats
in U20S; Fig. 3B, compare 200

and 96 TetO repeats in U20S19),
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Figure 2. PCNA localization at LacO and TetO sites. (A) Left: experimental scheme for the analysis of PCNA
localization at LacO/TetO arrays; we performed immuno-FISH 48 h after transfection of either GFP-Lacl or
mCherry TetR selecting cells, which have been transfected and which were fixed in S phase as indicated by
the PCNA signal. Right: Immuno-FISH analysis of PCNA (red) co-localization with the LacO (green) and the
GFP-Lacl repressor (blue). The arrow indicates the LacO array. Scale 10 um. We revealed mCherry (or GFP)
and PCNA by IF. TetO and LacO arrays were visualized by FISH. Ratio between the number of cells showing
PCNA localized at LacO (TetO) arrays and the number of PCNA-positive cells determines the percentage of
cells showing replication foci at the arrays during S phase. (B) Quantitative analysis of the percentage of
PCNA-positive cells with PCNA localized at the LacO or TetO arrays with or without the DNA binding proteins.
Immuno-labeling and FISH were performed as described in (A), 48 h after mCherry-TetR or GFP-Lacl transfec-
tion. We calculated mean values and standard deviation from 3 independent experiments in which at least
100 cells were analyzed. (C) PCNA colocalization at the TetO arrays in early, mid, and late S sub-phases of
U20S-19 cells 48 h after mCherry-TetR transfection. We revealed PCNA by IF (red), while the TetO array was
visualized by FISH (green). Merge signal is shown and the array is boxed. Scale, 10 um. Insets show a 4x mag-
nification of the array. Colocalization is detected by a yellow signal in the merge. (D) Quantitative analysis of
the percentage of PCNA-positive cells with PCNA localized at the LacO or TetO arrays for each S sub-phase
with or without the indicated DNA-binding protein in the 4 cell lines. We calculated mean values and stan-
dard deviation from 3 independent experiments in which at least 100 cells were analyzed.
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Figure 3. For figure legend, see page 1612.

a pattern observed previously with PCNA accumulation at the
array (Fig. 2B). Taken together, our results indicate that the
binding of repressors at the arrays could activate DDR. This thus
suggests that an RFB generated by the binding of the repressors
might lead to replication stress and potentially unresolved DNA
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of mitosis, we moni-

tored for such phenotypes.
Indeed, when GFP-Lacl or
mCherry-TetR was bound for
48 h, we consistently detected
cells with micronuclei con-
taining the LacO and TetO
site (Fig. 3C), DNA bridges
comprising the LacO and
TetO arrays (Fig. 3D), and
uneven segregation of the
LacO-TetO array. However,
we did not detect any defects
in the absence of repressor
binding (Fig. S5). Notably,
in U20S-D2  cells that
integrated a LacO-TetO
array comprising 256 LacO
repeats, the fraction of cells
displaying micronuclei and
DNA bridges when GFP-
Lacl was bound was twice
that of mCherry-TetR bound
to 96 repeats (Fig. 3C). This
thus indicates that, as previ-
ously observed for PCNA
colocalization (Fig. 2B) and
DDR  protein recruitment
(Fig. 3A and B), the length
of the array correlates with
the amount of cells displaying
abnormal chromosome seg-
regation (in the presence of
the bound repressor). Taken
together these data suggest
that the binding of the repres-
sor impedes replication fork
passage, which elicits DDR
and leads to an increased
occurrence of abnormal mito-
sis phenotypes.

Finally, we asked whether
the DDR response at the
array elicited by repressor
binding requires passage of
the replication fork. We used

YH2AX as a marker of DDR activation, a modification previ-

ously shown to be one of the earliest responses in DDR and

stalled replication forks.”*! First, we transfected asynchronous
U20S-19 cells with an mCherry-TetR-ER-expressing plasmid

to promote binding of the repressor at the array and cultured
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Figure 3 (See previous page). DDR activation and segregation defects at LacO-TetO/TetO 48 h after GFP-Lacl and mC-TetR binding. (A) Left: Immuno-
FISH of DDR proteins yH2AX, 53BP1, and TOPBP1, and the LacO and TetO arrays in U20S-D2 cells which integrated a LacO-TetO array. LacO was visual-
ized by FISH (red). We visualized GFP-Lacl (red) and DDR proteins (purple) yH2AX, 53BP1, and TOPBP1 by IF. DAPI stains nuclei. The arrow indicates the
array. Scale, 10 um. The insets show merged images of LacO and DDR proteins at a 4x magnification. Right: quantitative analysis of yH2AX, 53BP1, and
TOPBP1 localization at LacO (top) and TetO (bottom) array revealed by immuno-FISH as described above. Mean values and standard deviation from 3
independent experiments. At least 100 cells were analyzed for each transfection. (B) As above but with U20519 cell line and TetO/mCherry-TerR repres-
sor. The insets show merged images of TetO and DDR proteins at a 4x magnification. (C) Left: visualization of micronuclei containing TetO and LacO
detected by FISH (green and boxed) after 48 h binding of TetR and Lacl in U20S-D2 and U20S19 cells. DAPI stains the nuclei. Scale, 10 wm. The inset
shows a 4x magnification. Right: Quantitative analysis of the % of cells showing micronuclei with or without 48 h binding of Lacl and TetR repressors in
both cell lines. Mean values and standard deviation were calculated from 3 independent experiments in which at least 150 cells were analyzed for each
transfection. (D) Left: visualization of micronuclei containing LacO detected by FISH (green) after 48 h binding of GFP-Lacl detected by immunofluo-
rescence (red) in U20S-D2. DAPI stains the nuclei. Overexposure of DAPI shows the DNA bridge. Merged GFP-Lacl and LacO is shown. Arrows point to
accumulation of GFP-Lacl colocalizing with LacO. Scale, 10 wm. Right: quantitative analysis of LacO and TetO arrays observed with DNA bridges with or
without 48 h binding of Lacl and TetR repressors in U20S-D2 and U20S19 cell lines. Mean values and standard deviation were calculated from 3 inde-

pendent experiments in which at least 150 cells were analyzed for each transfection.

cells for 14 h with EdU to be able to monitor cells that passed
through S phase. We detected YH2AX at the TetO array only in
EdU-positive cells, indicating that in addition to repressor bind-
ing, passage through S phase is required to elicit DDR activation
(Fig. S6A). To strengthen this result, we used cells expressing
mCherry-TetR-ER synchronized at the G /S border by double
thymidine treatment (Fig. S6B). We promoted the binding of
mCherry-TetR-ER with 4-OHT treatment (nuclear translo-
cation) during the second thymidine release, allowing cells to
enter and progress through S phase and the subsequent G, phase
with the mCherry-TetR-ER repressor bound to the TetO array
(Fig. 4A). We detected a 5-fold increase of cells showing YH2AX
accumulation at the TetO array in cells that were released and
progressed through S-phase compared with non-released cells
(Fig. 4C, 54% vs. 11%). Assuming that the 11% of cells show-
ing YH2AX at the TetO array in non-released cells might reflect
cells that escaped synchronization by the double thymidine
block, this thus indicates that progression through S phase, in
addition to the binding of the repressor, is necessary for DDR
activation. Thus, we next monitored DDR activation in response
to repressor binding during S-phase progression. Following the
binding of the repressor and the release into S phase, we collected
cells at various time points after the release (Fig. 4A) and verified
the progression of cells through S phase by FACS (Fig. S6B).
We then analyzed the proportion of cells displaying yH2AX
localization at the TetO array by mCherry immunodetection
(Fig. 4A). We detected YH2AX localization at the TetO array
after 3 h of release in a low percentage of cells. A major increase
occurred between 4.5 and 7.5 h, during the progression through
mid-late S phase (Fig. 4C; Fig. S6B), which corresponds to the
replication time of the array in this cell line (Fig. 2C and B).
We detected the highest percentage of cells showing YH2AX at
the TetO array at 10.5 h in G, (55% of cells), which started
decreasing after 12 h, when cells began to enter into G, phase
(Fig. 4C). These data thus indicate that phosphorylation of
H2AX at the TetO array with the repressor bound requires pro-
gression through S phase and occurs during S phase at the time
when the array is replicated. Taken together, these results show
that the DDR elicited by the binding of TetO repressor proteins
is dependent on the replication of the array. This supports the
hypothesis that bound repressor proteins hinder fork progres-
sion, representing an RFB.
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Discussion

In this work, using an artificial cellular system we could
induce and follow RFB formation in mammalian cells. This sys-
tem exploits the binding of proteins at specific repeat sequences
to study DNA replication and DNA repair. Here, with a combi-
nation of several LacO and TetO repeat arrays inserted at several
distinct genomic loci in different human and mouse cell lines, we
could delineate the respective contribution of repeat sequences vs.
the binding of defined DNA-binding factors to act as a replica-
tion barrier in mammalian cells.

Importantly, we could show that the binding of distinct repres-
sor proteins Lacl and TetR to LacO and TetO repeats, respec-
tively, led to: (1) a persistence of replication foci at the repeats;
(2) a local DDR response after replication of the sequences; and
(3) the appearance of defects after mitosis usually associated with
incomplete replication. Based on these data we propose that in
the absence of the repressor proteins, a replication fork can prog-
ress through the arrays to properly replicate them and permit seg-
regation during mitosis. However, upon binding of the repressor
on the array, an RFB occurs that leads to DDR activation and
subsequent atctempts to bypass it. If this response leads to a proper
removal of the RFB, replication can be completed for normal
mitosis. If the RFB persists, replication is not completed, and
abnormal mitosis ensues (Fig. 4D).

The consistent observation of mitotic defects for both Lacl
and TetR proteins and the corresponding binding sequences in
mammalian cells is in line with previous work in S. pombe.?
Thus, based on our data, we can now propose a mechanism to
explain the fragility of the LacO site bound by the Lacl protein
observed in previous studies in mammals.”® Indeed, we provide
evidence that it is the binding of the repressor protein rather than
the presence of repeat sequence that cause the defects. Our study
also highlights how the nature of the binding of repressor pro-
teins can elicit a typical REB. Indeed, we found that when repres-
sors bind the longest sequences, replication foci persisted longer
(Fig. 2A), as a higher percentage of cells showed a DDR response
at the array (Fig. 3A) and mitotic defects (Fig. 3D). This could
relate to the establishment of a structure that blocks replication
fork at once, or to contiguous successive RF barriers correspond-
ing to successive repeats bound by the repressor. In the latter case,
the risk to fail bypassing all of them would increase with the
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number of repeats and, hence, lead to increased DDR activation

and mitotic defects. Thus, in agreement with previous observa-
39,56

tions in other model organisms,
ciple in which the efficiency of the
block depends on the length of the
bound sequence through which
the replication fork must pass.

Taken together our results
indicate that hindering replication
fork progression via the binding
of repressor proteins to the LacO
and TetO arrays is conserved in
mammals.

The question that arises then is
how does the cell bypass an RFB.
Given that the major repair path-
way reported to be activated to
bypass several endogenous natu-
ral single site RFBs in S. cerevi-
stae'>?757% and S, pombe®>>¥* is
homologous recombination (HR),
it is tempting to speculate that it
could also be at work in mam-
mals. However, different reported
bypass mechanisms of the RFB
imposed by LacI binding to LacO
repeats 3638 and .
pombe” offer alternative views.
In bacteria, the HR pathway is
not elicited,*® while in S. pombe,
the main pathway activated to
bypass the RFB is single-strand
annealing (SSA).” This latter

mechanism involves recombina-

in bacteria

tion, however, among sequences
on the same DNA single strand.
Based on our results in mamma-
lian cells, the accumulation of
53BP1 could indicate a role for
the NHE] pathway. Thus, it is
also possible that a combination
of repair mechanisms could be
at work to best ensure the main-
tenance of the genome. Future
work should evaluate in detail
how the inducible RFB at a sin-
gle site that we characterize here
elicits the contribution of HR and
NHE] vs. SSA pathways and how
usage of these distinct pathways is
coordinated to bypass the RFB.
As illustrated by the presence of
DNA bridges and micronuclei, an
RFB activating DDR in S phase
may leave unreplicated DNA that
impacts the next steps in the cell

www.landesbioscience.com

cycle. Recent work suggests that HR could be activated in S and
G, phase as a rescue mechanism to try and replicate non-repli-

our data support the prin-  cated sequences. The non-replicated DNA stretches would then
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Figure 4. Replication and repressor binding are both necessary for yH2AX accumulation at the array.
(R) Experimental scheme: We transfected U20519 cells with mCherry-TetR-ER and synchronized them in G,/S
with double thymidine treatment. After the second release, we treated them with 40HT to promote nuclear
translocation of mCherry-TetR-ER and binding to DNA. Cells were treated with 40HT and either kept blocked
in thymidine for 12 h or released for 12 h (see B) or treated with 4-OHT and released from the block and
taken for analysis every 1.5 h. For the analysis, we scored the percentage of cells with yH2AX at the TetO
array (bound by mCherry-TetR-ER) by IF. (B) Quantitative analysis of the cells released or non-released 12 h
after 4-OFT treatment. Mean values and standard deviation are calculated from 3 independent experiments
in which at least 100 cells were analyzed for each time point. (C) As in (B) but for cells released after 4-OHT
treatment and analyzed every 1.5 h during S-phase progression. Mean values and standard deviation are
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(D) Model based on our results for the formation of RFB as a consequence of the binding of repressors to the
array and a progressing fork and the cellular outcomes. See text for details.
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be protected by 53BP1 during G, until the following S phase.
In favor of this hypothesis, we found that the accumulation of
53BP1 occurred predominantly in G,. A possible hypothesis is
that YH2AX and TOPBP1 could be recruited at the LacO array
early in S phase as soon as the RFB is imposed, and 53BP1 would
only be recruited later, when cells pass through G, after mitosis.
Indeed, YH2AX, TOPBP1, and 53BP1 localize at the LacO and
TetO arrays in a distinct manner (Fig. 3A and B). We show here
that the induction of an RFB at a single site can be controlled
during S-phase progression using synchronized cells and 4-OHT
treatment with the mCherry-TetR-ER (Fig. 4A), and that the cel-
lular response at this site can be monitored in time for distinct
factors (Fig. 4C). Thus, our work opens the possibility for further
studies to investigate at a single locus and single-cell level which
pathways are involved to bypass an RFB, and which parameters
are critical to maintain genome integrity.

To date, it is not entirely clear whether the DDR response is
activated at stalled forks as a mechanism to bypass the RFB in
response to fork collapse and DSB, or both. Thus, given the pos-
sibility to induce DSBs in the proximity of the repeat sequences
with the IScel restriction enzyme, the system we character-
ize here represents a powerful tool to compare DDR pathways
activated upon DSB induction and RFB and the interrelation
between both. In particular, it will enable the investigation of
whether and to what extent the DDR pathway activated by a
DSB plays a role in the resolution of RFBs imposed by a physical
block. Importantly, genome integrity not only comprises genetic
but also chromatin organization and epigenetic features, which
are both maintained during replication and repair.?*®-® RFBs
and mechanisms involved in their bypass thus are likely to chal-
lenge chromatin organization and epigenetic maintenance as
reported by changes in the chromatin marks after putative G4s
and RFB*% and should be taken into account. The possibility
to program an RFB at a single site with the system we describe
here will certainly be most useful to explore which mechanisms
control histone dynamics, their marks, and the inheritance of
chromatin/epigenetic patterns at the RFB.

Materials and Methods

Cell culture and transfections

We cultured the cells in Dulbecco modified Eagle medium
(DMEM; GIBCO), containing 10% fetal calf serum (FCS,
Eurobio), 10 mg/ml penicillin and streptomycin (GIBCO).
U208, 3T3-NIH2/4, and HeLa-38 cells with stable integration
of the LacO-IScel-TetO and LacO-IScel array were a kind gift
from Dr E Soutoglou (IGBMC). Integration of the construct
was performed by the Soutoglou lab as previously described for
3T3 NIH2/4 cells.” U20S-19 cells with stable integration of
the TetO-IScel array were a kind gift from professor Akira Yasui
(Tohoku University).

We performed transient transfection of cells using Effectene
Transfection Reagent (Qiagen), 0.2 pg/mL of plasmid DNA
according to the manufacturer’s instructions. We used peGFP-

N1 and pCherry-N1 (Clontech) for control GFP and mCherry
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expression. eGFP-Lacl plasmid was a kind gift from Evi
Soutoglou’®, mCherry-TetR from Edith Heard (Institut Curie),
and mCherry-TetR-ER from Akira Yasui (Tohoku University).*

Immunofluorescence (IF) and fluorescence in situ hybrid-
ization (FISH)

We grew cells on coverslips and performed IF as described.®”
We used primary antibodies described in Table 3 and second-
ary antibodies Alexa488, Alexa594, or Alexa647-conjugated goat
anti-rabbit or anti-mouse IgG (Invitrogen) for visualization. We
used 1 pg/ml 4',6-diamidino-2-phenylindole (DAPI) (Sigma
Chemical Co) for DNA staining and mounted coverslips with
ProLong mounting medium (Invitrogen). We quantified percent-
ages of colocalization by counting at least 100 cells in each case.

For FISH, we grew cells on coverslips pre-coated with collagen
and fibronectin and fixed them for 20 min in 4% PFA (Electron
Microscopy Sciences). We generated the LacO probes by nick
translation of plasmids containing the LacO and TetO sequences
(kindly provided by M Dubarry and Dr A Taddei, Institut Curie,
and from Dr Akira Yasui, Tohoku University) with the Nick
Translation Mix (Roche) and Spectrum Red-dUTP or Spectrum
Green-dUTP (Vysis). We performed FISH and immuno-FISH
experiments as previously described.”” For combination of FISH
experiments with immunolabeling, we performed the immuno-
fluorescence first, followed by PFA post-fixation and DNA-FISH.

Antibodies

Primary antibodies used during immunofluorescence experi-
ments are listed below. Rabbit polyclonal anti-TOPBP1 (1:500;
Ab2402; ABCAM); rabbit polyclonal anti-53BP1 (1:500;
AB2402; NOVUS BIO); mouse monoclonal anti-phospho-
H2A.X (1/500; CAT05-636; Millipore); rabbit polyclonal
anti-phospho-H2A. X (1:250; 2577S; Cell Signaling); mouse
monoclonal anti-GFP (1/500; 1184144600; Roche); mouse
monoclonal anti-mCherry (1/250; AB125096; ABCAM); rab-
bit polyclonal anti-mCherry (1:250; 632496; Clontech); sec-
ondary antibodies used for detection were Alexa antibodies (In
Vitrogen). The antibodies used during immunoprecipitation
experiments are listed below. Mouse monoclonal anti-BrdU
(1:40; 555627; BD); rabbit polyclonal anti-mouse (3.45 ul/sam-
ple; M-7023; Sigma).

Image acquisitions and deconvolution

We acquired images on a Delta Vision imaging station
(Applied Precision) with an Olympus IX70 inverted microscope
equipped with 100x, 1.35 NA oil-immersion objective, and a
Photometrics HQ2 camera. We acquired z-stacks of images with
az-step of 0.2 wm, and subjected the 3-D stacks to constrain iter-
ative deconvolution when indicated. Images were analyzed using
the DeltaVision/Soft WoRx software package (Applied Precision)
and Image] to evaluate colocalization of the different proteins.

For live cell imaging we collected 3-dimensional image stacks
(0.5 wm in z) every 20 min for 24—48 h with DeltaVision and
Soft WoRx software package (Applied Precision). Exposure time
was 100-200 ms.

TetR-ER binding on synchronized cells

We synchronized U20S-19 cells at the G,—S boundary by
double-thymidine block™ with 2 mM thymidine for 16 h and
a release for 8 h with 24 pM 2’-deoxycytidine. After the second
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release we added 250 nM 4-OHT to promote nuclear transloca-
tion and DNA binding of mCherry-TetR-ER protein. We fixed
and analyzed cells by IF at the indicated time points. We con-
firmed cell cycle arrest by FACS.

Metaphase spreads

We incubated cells for 6 h in 200 ng/mL nocodazol (SIGMA)
at 37 °C, we harvested them and performed a hypotonic shock
with 8 g/L sodium citrate for 10 min at 37 °C. We collected cells
on coverslips for 5 min at 90 G with a cytospin 3 (SHANDON)
and immediately performed IF 24 h after transfection with GFP-
Lacl or mCherry-TetR.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

We thank Sarah Lambert, Zachary Gurard-Levin, and mem-
bers of the “Chromatin Dynamics” team for critical reading

of the manuscript, and Angela Taddei for helpful discussions.
This work was supported by the European Commission
ITN (FP7-PEOPLE-2007-215148 “Image DDR”, FP7-
PEOPLE-2008-238176 “Nucleosome 4D”), la Ligue Nationale
contre le Cancer (Equipe labellisée Ligue 2010 to G.A.), PIC
Programs, the European Commission Network of Excellence
EpiGeneSys (HEALTH-F42010-257082), ERC Advanced Grant
(2009-AdG_20090506 “Eccentric”), the European Commission
large-scale integrating project (FP7_HEALTH-2010-259743
“MODHEP”), ANR “ECenS” (ANR-09-BLAN-0257-01),
ANR “ChromaTin” (ANR-10-BLAN-1326-03), INCa “GepiG”,
ANR-11-LABX-0044_DEEP, and ANR-10-IDEX-0001-02
PSL*, ANR “CHAPINHIB” ANR-12-BSV5-0022-02, and

Aviesan-ITMO cancer project “Epigenomics of breast cancer”.

Supplemental Materials

Supplemental materials may be found here:
www.landesbioscience.com/journals/cc/article/28627

References 11. Lopes J, Debrauwere H, Buard ], Nicolas A. 21. Bochman ML, Paeschke K, Zakian VA. DNA
Instability of the human minisatellite CEBI in rad- secondary structures: stability and function of
1. Bell SD, Méchali M, DePamphilis ML, eds. Cold 27Delta and dna2-1 replication-deficient yeast cells. G-quadruplex structures. Nat Rev Genet 2012;
Spring Harbor Laboratory Press, 2013. DNA EMBO ] 2002; 21:3201-11; PMID:12065432; 13:770-80;  PMID:23032257;  http://dx.doi.
REPLICATION. Cold Spring Harbor Laboratory heep://dx.doi.org/10.1093/emboj/cdf310 org/10.1038/nrg3296
Press 2013. 12. Walter J, Newport J. Initiation of eukaryotic DNA  22. Myung K, Datta A, Chen C, Kolodner RD. SGSI,
2. Stephens PJ, Greenman CD, Fu B, Yang F, Bignell replication: origin unwinding and sequential chroma- the Saccharomyces cerevisiae homologue of BLM
GR, Mudie 1], Pleasance ED, Lau KW, Beare D, tin association of Cdc45, RPA, and DNA polymerase and WRN, suppresses genome instability and home-
Stebbings LA, et al. Massive genomic rearrange- alpha. Mol Cell 2000; 5:617-27; PMID:10882098; ologous recombination. Nat Genet 2001; 27:113-6;
ment acquired in a single catastrophic event dur- heep://dx.doi.org/10.1016/S1097-2765(00)80241-5 PMID:11138010; hetp://dx.doi.org/10.1038/83673
ing cancer development. Cell 20115 144:27-40; 13. Brewer BJ, Fangman WL. A replication fork barrier ~ 23. Prado F, Aguilera A. Impairment of replication
PMID:21215367; hetp://dx.doi.org/10.1016/j. at the 3’ end of yeast ribosomal RNA genes. Cell fork progression mediates RNA pollI transcription-
cell.2010.11.055 1988; 55:637-43; PMID:3052854; http://dx.doi. associated recombination. EMBO ] 2005; 24:1267-
3. Lord CJ, Ashworth A. The DNA damage response org/10.1016/0092-8674(88)90222-X 76; PMID:15775982; http://dx.doi.org/10.1038/
and cancer therapy. Nature 2012; 481:287-94; 14 Arcangioli B, Klar AJ. A novel switch-activating site sj.emboj.7600602
PMID:22258607; heep://dx.doi.org/10.1038/ (SAS1) and its cognate binding factor (SAP1) required ~ 24. Takeuchi Y, Horiuchi T, Kobayashi T. Transcription-
naturel0760 for efficient matl switching in Schizosaccharomyces dependent recombination and the role of fork colli-
4. Branzei D, Foiani M. Maintaining genome stabil- pombe. EMBO J 1991; 10:3025-32; PMID:1915277 sion in yeast tDNA. Genes Dev 2003; 17:1497-506;
ity ac the replication fork. Nat Rev Mol Cell Biol 15 1.mbere S, Carr AM. Checkpoint responses to rep- PMID:12783853; http://dx.doi.org/10.1101/
20105 11:208-19; PMID:20177396; htep://dx.doi. lication fork barriers. Biochimie 2005; 87:591-602; gad.1085403
0rg/10.1038/nrm2852 PMID:15989976; htep://dx.doi.org/10.1016/j.  25. Zaratiegui M, Vaughn MW, Irvine DV, Goto D, Watt
5. Cox MM, Goodman MF, Kreuzer KN, Sherratt biochi.2004.10.020 S, Bihler J, Arcangioli B, Martienssen RA. CENP-B
DJ, Sandler SJ, Marians KJ. The importance of 15 Gahn TA, Schildkraut CL. The Epstein-Barr virus preserves genome integrity at replication forks paused
repairing stalled replication forks. Nature 2000; origin of plasmid replication, oriP, contains both by retrotransposon LTR. Nature 20115 469:112-
404:37-41;  PMID:10716434;  heep://dx.doi. the initiation and termination sites of DNA replica- 5;  PMID:21151105;  heep://dx.doi.org/10.1038/
0rg/10.1038/35003501 tion. Cell 1989; 58:527-35; PMID:2547525; http:// nature09608
6. Ciccia A, Elledge SJ. The DNA damage response: dx.doi.org/10.1016/0092-8674(89)90433-9 26. Mirkin SM. DNA structures, repeat expansions and
making it safe to play with knives. Mol Cell 2010; 17 Ermakova OV, Frappier L, Schildkraut CL. Role of human hereditary disorders. Curr Opin Struct Biol
40:179-204; PMID:20965415; hrep://dx.doi. the EBNA-1 protein in pausing of replication forks 20065 16:351-8; PMID:16713248; http://dx.doi.
0rg/10.1016/j.molcel.2010.09.019 in the Epstein-Barr virus genome. ] Biol Chem 0rg/10.1016/j.5bi.2006.05.004
7. Groth A, Rocha W, Verreault A, Almouzni G. 1996; 271:33009-17; PMID:8955146; http://dx.doi. 27. Carr AM, Paeck AL, Weinert T. DNA replication:
Chromatin challenges during DNA replication and org/10.1074/jbc.271.51.33009 failures and inverted fusions. Semin Cell Dev Biol
repair. Cell 2007; 128:721-33; PMID:17320509; 18 Frappier L. EBNAI and host factors in Epstein- 2011; 22:866-74; PMID:22020070; htep://dx.doi.
heep://dx.doi.org/10.1016/j.cell.2007.01.030 Barr virus latent DNA replication. Curr Opin Virol 0rg/10.1016/j.semedb.2011.10.008
8. Jasencakova Z, Scharf AN, Ask K, Corpet A, Imhof 20125 2:733-9; PMID:23031715; htep://dx.doi. 28. Jones RM, Petermann E. Replication fork dynam-
A, Almouzni G, Groth A. Replication stress inter- 0rg/10.1016/j.coviro.2012.09.005 ics and the DNA damage response. Biochem ]
feres with histone recycling and predeposition 19 pong M, Murai Y, Kutsuna T, Takahashi H, Nomoto 2012; 443:13-26; PMID:22417748; hep://dx.doi.
marking of new histones. Mol Cell 2010; 37:736- K, Cheng CM, Tshizawa S, Zhao QL, Ogawa R, org/10.1042/BJ20112100
43; PMID:20227376; heep://dx.doi.org/10.1016/j. Harmon BV, et al. Suppression of Epstein-Barr  29. Alabert C, Groth A. Chromatin replication and
moleel.2010.01.033 nuclear antigen 1 (EBNA1) by RNA interference epigenome maintenance. Nat Rev Mol Cell Biol
9. Petermann E, Helleday T. Pathways of mamma- inhibits proliferation of EBV-positive Burkitt’s lym- 20125 13:153-67; PMID:22358331; http://dx.doi.
lian replication fork restart. Nat Rev Mol Cell Biol phoma cells. J Cancer Res Clin Oncol 2006; 132:1- org/10.1038/nrm3288
2010; 11:683-7; PMID:20842177; http://dx.doi. 8; PMID:16180023;  http://dx.doi.org/10.1007/ 30. Ozeri-Galai E, Lebofsky R, Rahat A, Bester AC,
org/10.1038/nrm2974 s00432-005-0036-x Bensimon A, Kerem B. Failure of origin activation
10. Soutoglou E, Dorn JF, Sengupta K, Jasin M, 20. Kypr J, Kejnovskd I, Renciuk D, Vorlickovd M. in response to fork stalling leads to chromosomal

Nussenzweig A, Ried T, Danuser G, Misteli T.
Positional stability of single double-strand breaks
in mammalian cells. Nat Cell Biol 2007; 9:675-82;
PMID:17486118; http://dx.doi.org/10.1038/ncb1591

www.landesbioscience.com

Circular dichroism and conformational polymor-
phism of DNA. Nucleic Acids Res 20095 37:1713-25;
PMID:19190094; hetp://dx.doi.org/10.1093/nar/
gkp026

Cell Cycle

instability at fragile sites. Mol Cell 2011; 43:122-
31; PMID:21726815; http://dx.doi.org/10.1016/j.
molcel.2011.05.019

1615



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Dietzel S, Belmont AS. Reproducible but dynamic
positioning of DNA in chromosomes during mito-
sis. Nat Cell Biol 2001; 3:767-70; PMID:11483964;
hetp://dx.doi.org/10.1038/35087089

Barnhart MC, Kuich PH, Stellfox ME, Ward
JA, Bassett EA, Black BE, Foltz DR. HJURP is a
CENP-A chromatin assembly factor sufficient to
form a functional de novo kinetochore. J Cell Biol
2011; 194:229-43; PMID:21768289; http://dx.doi.
0rg/10.1083/jcb.201012017

Soutoglou E, Misteli T. Activation of the cellular
DNA damage response in the absence of DNA lesions.
Science  2008; 320:1507-10; PMID:18483401;
http://dx.doi.org/10.1126/science.1159051

Mund A, Schubert T, Staege H, Kinkley S, Reumann
K, Kriegs M, Fritsch L, Barttisti V, Ait-Si-Ali S,
Hoffbeck AS, et al. SPOCI modulates DNA repair
by regulating key determinants of chromatin compac-
tion and DNA damage response. Nucleic Acids Res
2012; 40:11363-79; PMID:23034801; http://dx.doi.
0rg/10.1093/nar/gks868

Jegou T, Chung I, Heuvelman G, Wachsmuth
M, Gérisch SM, Greulich-Bode KM, Boukamp
P, Lichter P, Rippe K. Dynamics of telomeres
and promyelocytic leukemia nuclear bodies in a
telomerase-negative human cell line. Mol Biol Cell
2009; 20:2070-82; PMID:19211845; http://dx.doi.
0rg/10.1091/mbc.E08-02-0108

Payne BT, van Knippenberg IC, Bell H, Filipe SR,
Sherratt DJ, McGlynn P. Replication fork block-
age by transcription factor-DNA complexes in
Escherichia coli. Nucleic Acids Res 2006; 34:5194-
202; PMID:17000639; http://dx.doi.org/10.1093/
nar/gkl682

Vilette D, Uzest M, Ehrlich SD, Michel B. DNA
transcription and repressor binding affect deletion
formation in Escherichia coli plasmids. EMBO ]
1992; 11:3629-34; PMID:1396563

Possoz C, Filipe SR, Grainge I, Sherratt DJ. Tracking
of controlled Escherichia coli replication fork stalling
and restart at repressor-bound DNA in vivo. EMBO J
20065 25:2596-604; PMID:16724111; http://dx.doi.
org/10.1038/sj.emboj.7601155

Sofueva S, Osman F, Lorenz A, Steinacher R,
Castagnetti S, Ledesma J, Whitby MC. Ultrafine ana-
phase bridges, broken DNA and illegitimate recombi-
nation induced by a replication fork barrier. Nucleic
Acids Res 2011; 39:6568-84; PMID:21576223;
hetp://dx.doi.org/10.1093/nar/gkr340

Rogakou EP, Boon C, Redon C, Bonner WM.
Megabase chromatin domains involved in DNA dou-
ble-strand breaks in vivo. J Cell Biol 1999; 146:905-
16; PMID:10477747; http://dx.doi.org/10.1083/
jcb.146.5.905

Sirbu BM, Couch FB, Feigerle JT, Bhaskara S,
Hiebert SW, Cortez D. Analysis of protein dynam-
ics at active, stalled, and collapsed replication forks.
Genes Dev 2011; 25:1320-7; PMID:21685366;
http://dx.doi.org/10.1101/gad.2053211

Yamane K, Kawabata M, Tsuruo T. A DNA-
topoisomerase-II-binding protein with ecight repeat-
ing regions similar to DNA-repair enzymes and
to a cell-cycle regulator. Eur ] Biochem 1997;
250:794-9; PMID:9461304; heep://dx.doi.
org/10.1111/j.1432-1033.1997.00794..x

Mordes DA, Cortez D. Activation of ATR and
related PIKKs. Cell Cycle 2008; 7:2809-12;
PMID:18769153; htep://dx.doi.org/10.4161/
cc.7.18.6689

Bunting SF, Callén E, Wong N, Chen HT, Polato
F, Gunn A, Bothmer A, Feldhahn N, Fernandez-
Capetillo O, Cao L, et al. 53BP1 inhibits homologous
recombination in Brcal-deficient cells by block-
ing resection of DNA breaks. Cell 2010; 141:243-
54; PMID:20362325; http://dx.doi.org/10.1016/j.
cell.2010.03.012

1616

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Chapman JR, Sossick AJ, Boulton SJ, Jackson
SP. BRCAl-associated exclusion of 53BP1 from
DNA damage sites underlies temporal control
of DNA repair. ] Cell Sci 2012; 125:3529-34;
PMID:22553214; hetp://dx.doi.org/10.1242/
jes.105353

Difilippantonio S, Gapud E, Wong N, Huang CY,
Mahowald G, Chen HT, Kruhlak M]J, Callen E,
Livak F, Nussenzweig MC, et al. 53BP1 facilitates
long-range DNA end-joining during V(D)] recombi-
nation. Nature 2008; 456:529-33; PMID:18931658;
http://dx.doi.org/10.1038/nature07476; heep://
dx.doi.org/10.1038/nature07476

Harrigan JA, Belotserkovskaya R, Coates J, Dimitrova
DS, Polo SE, Bradshaw CR, Fraser P, Jackson SP.
Replication stress induces 53BPl-containing OPT
domains in G1 cells. J Cell Biol 2011; 193:97-108;
PMID:21444690; http://dx.doi.org/10.1083/
jcb.201011083

Lukas C, Savic V, Bekker-Jensen S, Doil C, Neumann
B, Pedersen RS, Grofte M, Chan KL, Hickson 1D,
Bartek J, et al. 53BP1 nuclear bodies form around
DNA lesions generated by mitotic transmission of
chromosomes under replication stress. Nat Cell Biol
2011; 13:243-53; PMID:21317883; http://dx.doi.
org/10.1038/ncb2201

Dimitrova N, Chen YC, Spector DL, de Lange T.
53BP1 promotes non-homologous end joining of
telomeres by increasing chromatin mobility. Nature
2008; 456:524-8; PMID:18931659; http://dx.doi.
org/10.1038/nature07433

NFE. The interplay between BRCAI
and 53BP1 influences death, aging, senescence
and cancer. DNA Repair (Amst) 2010; 9:1112-
6; PMID:20724228; http://dx.doi.org/10.1016/j.
dnarep.2010.07.012

Dimitrova DS, Berezney R. The spatio-temporal
organization of DNA replication sites is identical in
primary, immortalized and transformed mammalian
cells. J Cell Sci 2002; 115:4037-51; PMID:12356909;
hetp://dx.doi.org/10.1242/jcs.00087

Ryba T, Battaglia D, Pope BD, Hiratani I, Gilbert
DM. Genome-scale analysis of replication tim-
ing: from bench to bioinformatics. Nat Protoc
2011; 6:870-95; PMID:21637205; http://dx.doi.
org/10.1038/nprot.2011.328

Jacome A, Fernandez-Capetillo O. Lac operator
repeats generate a traceable fragile site in mammalian
cells. EMBO Rep 20115 12:1032-8; PMID:21836640;
http://dx.doi.org/10.1038/embor.2011.158

Chan KL, Hickson ID. New insights into the
formation and resolution of ultra-fine anaphase
bridges. Semin Cell Dev Biol 2011; 22:906-12;
PMID:21782962; http://dx.doi.org/10.1016/j.
semcdb.2011.07.001

Hoffelder DR, Luo L, Burke NA, Watkins SC,
Gollin SM, Saunders WS. Resolution of anaphase
bridges in cancer cells. Chromosoma 2004; 112:389-
97;  PMID:15156327;  http://dx.doi.org/10.1007/
s00412-004-0284-6

Aiyar A, Aras S, Washington A, Singh G, Luftig RB.
Epstein-Barr Nuclear Antigen 1 modulates replica-
tion of oriP-plasmids by impeding replication and
transcription fork migration through the family of
repeats. Virol ] 2009; 6:29; PMID:19265546; http://
dx.doi.org/10.1186/1743-422X-6-29

Kobayashi T, Horiuchi T. A yeast gene product, Fobl
protein, required for both replication fork blocking

Lowndes

and recombinational hotspot activities. Genes Cells
1996; 1:465-74; PMID:9078378; http://dx.doi.
org/10.1046/j.1365-2443.1996.401-256.x

Mirkin EV, Mirkin SM. Replication fork stalling
at natural impediments. Microbiol Mol Biol Rev
2007; 71:13-35; PMID:17347517; http://dx.doi.
org/10.1128/ MMBR.00030-06

Cell Cycle

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

Codlin S, Dalgaard JZ. Complex mechanism of site-
specific DNA replication termination in fission yeast.
EMBO ] 2003; 22:3431-40; PMID:12840005;
http://dx.doi.org/10.1093/emboj/cdg330

Dalgaard JZ, Klar A]. A DNA replication-arrest site
RTS1 regulates imprinting by determining the direc-
tion of replication at matl in S. pombe. Genes Dev
2001; 15:2060-8; PMID:11511538; http://dx.doi.
org/10.1101/gad.200801

Eydmann T, Sommariva E, Inagawa T, Mian S, Klar
AJ, Dalgaard JZ. Rtfl-mediated eukaryotic site-spe-
cific replication termination. Genetics 2008; 180:27-
39; PMID:18723894; http://dx.doi.org/10.1534/
genetics.108.089243

Lee BS, Grewal SI, Klar AJ. Biochemical interac-
tions between proteins and matl cis-acting sequences
required for imprinting in fission yeast. Mol Cell Biol
2004; 24:9813-22; PMID:15509785; http://dx.doi.
org/10.1128/MCB.24.22.9813-9822.2004

Soria G, Polo SE, Almouzni G. Prime, repair,
restore: the active role of chromatin in the DNA
damage response. Mol Cell 2012; 46:722-34;
PMID:22749398; htep://dx.doi.org/10.1016/j.
molcel.2012.06.002

Probst AV, Dunleavy E, Almouzni G. Epigenetic
inheritance during the cell cycle. Nat Rev Mol Cell
Biol 2009; 10:192-206; PMID:19234478; http://
dx.doi.org/10.1038/nrm2640

Corpet A, Almouzni G. Making copies of chromatin:
the challenge of nucleosomal organization and epi-
genetic information. Trends Cell Biol 2009; 19:29-
41; PMID:19027300; http://dx.doi.org/10.1016/j.
tcb.2008.10.002

Sarkies P, Murat P, Phillips LG, Patel K],
Balasubramanian S, Sale JE. FANCJ coordinates
two pathways that maintain epigenetic stability
at G-quadruplex DNA. Nucleic Acids Res 2012;
40:1485-98; PMID:22021381; htep://dx.doi.
org/10.1093/nar/gkr868

Sarkies P, Sale JE. Cellular epigenetic stabil-
ity and cancer. Trends Genet 2012; 28:118-27;
PMID:22226176; http://dx.doi.org/10.1016/j.
tig.2011.11.005

Janicki SM, Tsukamoto T, Salghetti SE, Tansey WP,
Sachidanandam R, Prasanth KV, Ried T, Shav-Tal
Y, Bertrand E, Singer RH, et al. From silencing to
gene expression: real-time analysis in single cells. Cell
2004; 116:683-98; PMID:15006351; http://dx.doi.
org/10.1016/50092-8674(04)00171-0

Martini E, Roche DM, Marheineke K, Verreault
A, Almouzni G. Recruitment of phosphorylated
chromatin assembly factor 1 to chromatin after UV
irradiation of human cells. ] Cell Biol 1998; 143:563-
75;  PMID:9813080; http://dx.doi.org/10.1083/
jcb.143.3.563

Taddei A, Maison C, Roche D, Almouzni G.
Reversible disruption of pericentric heterochromatin
and centromere function by inhibiting deacetylases.
Nat Cell Biol 2001; 3:114-20; PMID:11175742;
http://dx.doi.org/10.1038/35055010

Guenatri M, Bailly D, Maison C, Almouzni G.
Mouse centric and pericentric satellite repeats form
distinct functional heterochromatin. ] Cell Biol
2004; 166:493-505; PMID:15302854; http://dx.doi.
org/10.1083/jcb.200403109

Corpet A, De Koning L, Toedling J, Savignoni A,
Berger F, Lemaitre C, O’Sullivan RJ, Karlseder
J, Barillot E, Asselain B, et al. Asflb, the neces-
sary Asfl isoform for proliferation, is predictive of
outcome in breast cancer. EMBO J 2011; 30:480-
93; PMID:21179005;  http://dx.doi.org/10.1038/
emboj.2010.335

Volume 13 Issue 10



