UC Irvine
UC Irvine Previously Published Works

Title
Double-strand DNA breaks recruit the centromeric histone CENP-A

Permalink
https://escholarship.org/uc/item/3z3776mp

Journal

Proceedings of the National Academy of Sciences of the United States of America,
106(37)

ISSN
0027-8424

Authors

Zeitlin, Samantha G
Baker, Norman M
Chapados, Brian R

Publication Date
2009-09-15

DOI
10.1073/pnas.0908233106

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License,

availalbe at https://creativecommons.org/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/3z3776mp
https://escholarship.org/uc/item/3z3776mp#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

Lo L

P

1\

BN AN PNAS D

Double-strand DNA breaks recruit the centromeric
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The histone H3 variant CENP-A is required for epigenetic specification
of centromere identity through a loading mechanism independent of
DNA sequence. Using multiphoton absorption and DNA cleavage at
unique sites by I-Scel endonuclease, we demonstrate that CENP-A is
rapidly recruited to double-strand breaks in DNA, along with three
components (CENP-N, CENP-T, and CENP-U) associated with CENP-A at
centromeres. The centromere-targeting domain of CENP-A is both
necessary and sufficient for recruitment to double-strand breaks.
CENP-A accumulation at DNA breaks is enhanced by active non-
homologous end-joining but does not require DNA-PKcs or Ligase IV,
and is independent of H2AX. Thus, induction of a double-strand break
is sufficient to recruit CENP-A in human and mouse cells. Finally, since
cell survival after radiation-induced DNA damage correlates with
CENP-A expression level, we propose that CENP-A may have a func-
tion in DNA repair.

chromatin | DNA repair

NA repair in chromatin is thought to occur in a stepwise

manner. Cells must recognize a damage event, and recruit
repair and chromatin machinery to the site of damage. Damage
signaling includes phosphorylation of ATM, which phosphorylates
Chk2, H2AX, Nbsl, and many other proteins [reviewed in (1)].
Chromatin remodeling provides access to the damaged DNA
[reviewed in (2, 3)]. According to current models, chromatin is
restored some time after repair to the DNA is completed (4).

The reported kinetics of chromatin remodeling at sites of DNA
damage span minutes to hours. Histone H2AX phosphorylation is
absent from up to 6 kb on either side of a double-strand break, but
spreads outward at least 40 kb on both sides (5, 6). After UV
damage, new histone H3.1 appears approximately 30 min after
damage (4), presumably due to reassembly after DNA repair. In
contrast, bound H2B was detected surrounding double-strand
breaks for up to 4 h, then replaced 10 h later (7). Finally, despite
triggering DNA damage signaling, unprotected telomere free DNA
ends do not induce detectable chromatin turnover at all (8). Thus,
the extent and kinetics of histone turnover and replacement to sites
of DNA damage are currently unclear.

Centromere protein A (CENP-A), a component of centromeric
chromatin, is an essential histone H3 variant in all eukaryotic
species examined to date. CENP-A is known to be required for (9,
10), and may be sufficient to promote (11, 12), centromere identity
and assembly of the associated kinetochore protein complex, which
mediates chromosome segregation during cell division. Since cen-
tromeric DNA sequences are not conserved in metazoans [re-
viewed in (13)], CENP-A presumably exerts its role in centromere
specification via a sequence-independent mechanism. Previously,
we observed that widespread DNA damage induced assembly of
Xenopus CENP-A onto sperm DNA in cell-free egg extracts (14).
Here we tested the hypothesis that localized DNA damage is
sufficient to recruit human and mouse CENP-A in vivo.

Results

Endogenous CENP-A Recruited to DNA Damage Sites. To generate
double-strand breaks in DNA in living human cells, we used the second
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harmonic (532 nm) of a pulsed (12 ps) Nd: YAG laser (15). This strategy
avoids local heating (15), and differs from approaches that use higher
energy UV (337 nm) light, which produce damage not confined to the
nuclear interior. We deliberately avoided presensitizing analogues such
as BrdU, which can disrupt chromatin (16). After laser targeting along
a 0.4 um-wide line (Fig. 14), phosphorylation of H2AX [reviewed in
(17)] was routinely detected. As expected, no changes in nuclear
structure were detected [DAPI, Fig. 14 and (15)]. Although H2AX
phosphorylation can occur without DNA damage (18), an antibody
against activated Chk2 (19, 20) detected a DNA damage-dependent
epitope coincident with phosphorylated H2AX (Fig. 1A4). Activated
(Ser-1981 phosphorylated) ATM and Rad51, both thought to be bound
primarily at double-strand breaks, were also detected (Fig. S1), as were
phosphorylated Nbs1 and 53BP1 (Fig. 1B). CENP-A signals in laser
targeted lines of interphase cells were observed in almost all cells (87%
of 143b and 85% of HeLa, n = 30 and 20, respectively). In all cases,
endogenous CENP-A was still detectable at centromeres (smaller foci;
grayscale or green in Fig. 1), demonstrating that CENP-A is not
removed from centromeres in response to DNA damage.

Rapid Accumulation of GFP-CENP-A at Sites of DNA Damage. To
examine the kinetics of CENP-A targeting to sites of DNA damage,
laser targeting was performed on two clonal human Hek293 cell lines
inducibly expressing a GFP-CENP-A fusion protein (10) after FRT-
mediated integration at a defined locus. Similar results were obtained
with both lines. CENP-A mRNA increased approximately 7-fold within
24 h of induction (Fig. S2A4), and the 44 kDa GFP-CENP-A protein
accumulated to approximately the initial level of endogenous CENP-A,
which was in turn reduced to about one third of its earlier level (Fig.
S2B). The decrease in endogenous CENP-A may be due to competi-
tion between transfected and endogenous CENP-A for stabilization by
CENP-A binding factors, as seen previously (3, 21-24).

Within 4 hours of induction, GFP-CENP-A (Fig. S2 C and D,
green) colocalized with endogenous centromeres (detected us-
ing human anti-centromere autoantisera Fig. S2C, red), and was
distributed throughout nuclei (Fig. S2D), consistent with prior
reports (25, 26). After longer induction times (>24 h), all cells
exhibited centromeric foci surrounded by a generalized nuclear
signal. GFP signal was not removed by extraction with non-ionic
detergents before fixation (Fig. S2, compare fixed cells in C with
live cells in D). The generalized nuclear signal (Fig. S2D)
represented full-length GFP-CENP-A, not a degraded form just
containing GFP, since the majority of protein migrated at the
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Fig. 1. Endogenous CENP-A localizes to sites of laser-induced damage, along
with DNA repair markers phosphorylated H2AX, Chk2, Nbs1, and 53BP1. (4) (Top
left) Phase contrast image of human osteosarcoma (143b) cells just before laser
targetingalongaline (red). (Other panels) Matched confocal immunofluorescent
imaging 90 min (at 25 °C) after laser targeting. (Red) Phospho-histone H2AX;
(green) Thr-68 phospho-Chk2; (blue) DNA detected with DAPI; (grayscale) en-
dogenous CENP-A signal. Note the small foci in the CENP-A image are centro-
meres. Note that the cells are motile: the orientation of cell #2 changed in the 90
min after targeting. (B) HeLa cell 90 min. (at 25 °C) after laser targeting along a
single line. (Blue) DNA, (red) 53BP1 or Nbs1 phospho-Ser-343, and (green)
CENP-A. Other foci in the CENP-A image are centromeres.

expected molecular weight for GFP-CENP-A (~45 kDa). En-
dogenous CENP-A (>80%) was retained in the pellet after
washing with high salt and detergent (consistent with assembly
into nucleosomes). In addition, while half the GFP-CENP-A was
retained under these stringent conditions (Fig. S2E), the re-
mainder was removed, consistent with a proportion of CENP-A
outside of centromeric chromatin (11, 14, 21, 23, 26).

Timing of CENP-A recruitment to sites of DNA damage was
determined after induction of GFP-CENP-A expression in the
two clonal cell lines. Cells were visualized with phase-contrast
and fluorescence microscopy, and areas were chosen for laser
targeting (boxes in Fig. 2 A-C). Laser firing produced an initial
approximately 1.5 wm? photobleached area (Fig. 2 C and E),
whereas GFP-CENP-A accumulated in a smaller (=0.6 um?)
spot in the center, consistent with H2AX phosphorylation (see
Fig. 4). This was expected since the multiphoton effect that
creates double-strand breaks is limited to a smaller volume:
comparable photobleaching was observed at approximately
6-fold lower laser doses, but this was insufficient to induce DNA
damage, as reported earlier (15). Fluorescence recovery within
the photobleached zone required at least 1 h (e.g., cell 8 in Fig.
2 E and F), much longer than the <1 s that would be expected
for a soluble approximately 45-kDa protein (27), confirming that
most nuclear GFP-CENP-A was not freely diffusible.

Damage consistently induced CENP-A foci in 71% of targeted
cells (+10%, n = 176 interphase cells; for example, eight of 10 cells
shown in Fig. 2), within an average of 5 min (*2 min, n = 82
interphase cells), including >30 experiments on separate days (n ~
100 cells per experiment). Once formed, each CENP-A focus
remained stationary, and increased in intensity for about 1 h (Fig.
2F). Foci formed with identical frequency and kinetics at both room
temperature (25 °C) and 37 °C. However, at 37 °C, GFP-CENP-A
accumulations at targeted sites appeared, became brighter, and
then were abruptly lost (e.g., between 63 min and 68 min in Fig. 2G).
Foci were not lost at 25 °C, as some were still visible 18 h later. Cells
with foci were never observed to enter mitosis.

The high frequency with which CENP-A accumulated at sites of laser
exposure in asynchronous samples suggested that this can occur
throughout the majority of interphase, as seen for endogenous
CENP-A. Nuclear cross sectional area is known to correlate with cell
cycle stage (28). Comparing the nuclear areas of cells that formed foci
after laser exposure (n = 31, Fig. S3, red) with the areas of the randomly
cycling cells surrounding them (n = 450; Fig. S3, green) confirmed that
CENP-A focus formation was not restricted to a subset of interphase
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Fig. 2. Rapid GFP-CENP-A accumulation at sites of DNA damage. (A-F) GFP-
CENP-A cells before and after laser targeting at 25 °C. Phase contrast (A) before
and (D) 5 min. after targeting the areas boxed in red. Epifluorescence images of
GFP-CENP-A, immediately (B) before and (C) 4 or (E) 5 min. after initiating laser
exposure. Inmost cells (numbered in white), GFP-CENP-A accumulated at the sites
of targeting. [Cells #7, 8 and 10 (numbered in yellow) were bleached during laser
targeting,] (F) Within 85 min, GFP-CENP-A formed foci within targeted regions.
(G) Laser targeting as in (A-F), maintained at 37 °Cafter targeting: a CENP-A focus
appears within ~5 min after laser exposure, reaches its peak intensity ~1 h after
laser exposure, and then disappears approximately 15 min later. Timestamp
represents hours:minutes:seconds.

cell cycle stages. Conversely, no cell cycle stage (aside from mitosis) was
refractory to CENP-A focus formation.

Finally, DNA damage induced focus formation was not a phenom-
enon limited to immortalized cells. GFP-tagged human CENP-A was
transiently transfected into primary human fibroblasts, and laser-
induced damage produced CENP-A foci with rapid kinetics (Fig. S4B).

Rapid Accumulation of GFP-CENP-A at Sites of I-Scel Cleavage. To
further test whether a double-strand break is sufficient to recruit
CENP-A to DNA, we used the site-specific endonuclease I-Scel (29) in
a mouse NIH2/4 cell line (TM815 cells) which carries a single I-Scel
target site flanked by Lacl repeats (31). A GFP-tagged version of
mouse CENP-A (GFP-mCENP-A) was constructed and expressed by
transfection in these cells. As expected, GFP-mCENP-A was recruited
to sites of laser-induced DNA damage with kinetics similar to GFP-
tagged human CENP-A (GFP-hCENP-A) in human cells (Fig. S44).
After transient expression of I-Scel, a single double strand break,
marked by the presence of phosphorylated histone H2AX, was gener-
ated at the lacl array [visualized using mCherry-lacR (red)] (Fig. 34).
In 47% of cells, GFP-mCENP-A (green) was recruited along with
phosphorylated histone H2AX (blue) (Fig. 34). (The less than 100%
efficiency is expected in this triple transfection experiment.) Addition-
ally, TMS815 cells were co-transfected with GFP-mCENP-A and an
RFP-tagged fusion of I-Scel with the glucocorticoid receptor (30).
Before addition of the synthetic glucocoricoid triamcinolone acetonide
(TA), RFP-I-Scel-GR was cytoplasmic, and GFP-mCENP-A was
detected throughout nuclei (Fig. 3B). Within 1 h after TA addition,
RFP-I-Scel-GR translocated into nuclei, and in 57% of the cells (n =
100) phosphorylated histone H2AX appeared at the I-Scel cleavage site

PNAS | September 15,2009 | vol. 106 | no.37 | 15763
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Fig. 3. Rapid GFP-CENP-A accumulation at double-strand breaks induced by I-Scel cleavage in human and mouse cells. (A) Mouse cells carrying an I-Scel target site
co-integrated with lacO repeats (30) after transient transfection to express (green) GFP-mCENP-A and (red) mCherry-lacR and (top) without or (bottom) with HA-tagged
I-Scel. (Blue) y-H2AX; (grayscale) DNA detected with DAPI. (B) The same mouse cell line as in (A), transiently co-transfected to express (green) GFP-mCENP-A, (red)
CFP-lacR and (grayscale) RFP-I-Scel-GR and (top) without TA or (bottom) after TA addition for 1 h. (Blue) y-H2AX. (C—E) Human cells carrying a single Scel target site on
chromosome 10 and multiple Scel target sites on chromosome 6 were transiently co-transfected to express GFP-CENP-A and RFP-I-Scel-GR. (C and D) Cells imaged for
(red) RFP-Scel-GR or (green) GFP-hCENP-A and (C) without or (D) 1 h. after addition of TA, which induces nuclear accumulation of RFP-I-Scel-GR to cleave the DNA. (E)

Timelapse images of a single cell transfected as in (C and D) immediately before and after addition of TA. Timestamp is minutes:seconds.

(marked with CFP-LacR) along with a large GFP-mCENP-A focus
(Fig. 3B).

GFP-hCENP-A was also recruited to double stranded DNA breaks
in a diploid human cell line carrying I-Scel sites at two loci (31).
Transient co-transfection (Fig. 3C) was used to express GFP-hCENP-A
and RFP-I-Scel-GR (30). Before addition of TA, RFP-I-Scel-GR was
detected in the cytoplasm, and GFP-hCENP-A was detected through-
out the nucleus, with visible foci at centromeres (Fig. 3C). After
addition of TA, RFP-I-Scel-GR became nuclear within 1 h and
GFP-hCENP-A formed one or two new foci in 75% of the cells (n =
100 per experiment, repeated three times). Cells with two foci displayed
one larger focus and one smaller focus (Fig. 3D), as expected for this cell
line with multiple target sites for cleavage on chromosome 6 and a single
site on chromosome 10 (31). Remarkably, GFP-hCENP-A formed a
focus as rapidly as 1 min after addition of TA (Fig. 3E). Taken together,
these results demonstrate that CENP-A is rapidly recruited to defined
DNA double-strand breaks.

Histones H3.1 and H2B Do Not Accumulate at Double-Strand Breaks.
Next, we tested whether other histones accumulated at sites of DNA
damage. Despite CENP-A accumulation and H2AX phosphorylation
at sites of laser targeting (Fig. 1), neither YFP-H2B (n = 72 cells per

C 90 minutes D

Before
laser

experiment, repeated 3 times) (Fig. 4) nor YFP-H3.1 (n = 75 cells per
experiment; see Fig. S5) accumulated in targeted areas in live or fixed
cells. Instead, both YFP-H2B (Fig. 4 and Fig. S6) and YFP-H3.1 (Fig.
S5) expressing cells gradually recovered fluorescence in the laser
targeted areas, with similar kinetics (3—4 h,n = 10 cells each), consistent
with a previous study of chromatin reassembly of fluorescently tagged
core histones (32). Neither YFP-H2B nor YFP-H3.1 focal accumula-
tions were observed, even after fixation and staining with anti-GFP
antibodies to detect photobleached YFP-tagged histones. Moreover,
even using transient transfection to produce a majority of histone H3.1
as a GFP-tagged protein, no GFP-H3.1 foci were ever observed after
laser targeting (n = 63 cells; Fig. S74).

The Centromere-Targeting Domain of CENP-A (the CATD) Can Drive
Histone H3 to Sites of DNA Damage. It was reported previously that
substitution into histone H3.1 of the CENP-A4 centromere Tar-
geting Domain, or CATD, the central 31 aa portion of CENP-A
(the last 6 residues of « helix1, all of loop 1, and all of « helix 2)
is sufficient to promote assembly of chimeric histone H3.1 to
centromeres (33). Since CENP-A accumulated at sites of DNA
damage in a majority of cells, but histone H3.1 never did, we
tested whether this centromere targeting domain would cause

90 minutes,

Fig.4. Histone H2B never accumulates in areas of laser-induced DNA damage. (A-D) Epifluorescence images of Hela cells stably expressing YFP-H2B (A) before
and (B-D) after laser exposure (red lines). (C) y-H2AX and (D) YFP-H2B 90 min. after laser exposure. (E) Phase contrast image of HelLa cells stably expressing
YFP-H2B before laser targeting. (F-J) YFP-H2B epifluorescence of the cells in (E) and (Fand G) before or (H-J) after laser targeting. Red squares in (G and H) denote

laser targeted areas. Timestamp is hours:minutes:seconds.
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accumulation of chimeric H3.1 at sites of DNA damage. Genes
encoding a panel of CENP-A:H3.1 chimeric proteins (26, 33)
were tagged with GFP and expressed in HeLLa and HCT116 cells
using transient transfection. The CATD was able to drive
recruitment of histone H3.1 to sites of DNA damage, albeit at
lower frequency than wild-type CENP-A (Fig. 5 A and B). The
complementary mutations in CENP-A, replacing parts of the
CATD with the analogous sequences of histone H3.1, reduced or
abolished targeting to sites of laser exposure (Fig. 54, HSA,
HH2, H2.1, and H2.3), collectively identifying the o2 helix
(mutant HH2) as the most critical region. Thus, recruitment to
sites of DNA damage and assembly at centromeres utilizes a
common targeting motif within CENP-A.

Other Centromeric Proteins Are also Recruited to Sites of DNA
Damage. Since CENP-A recruitment to sites of DNA damage and
centromeres requires the same domains, we examined whether
other centromeric proteins were also recruited to sites of DNA
damage. GFP-tagged expression constructs for CENP-N,
CENP-U, CENP-T, and CENP-M (22, 34, 35) were each tran-
siently transfected into HCT116 cells, and these cells were
subjected to laser exposure. In most (80%) targeted cells,
CENP-N-GFP accumulated very rapidly (within 2 min) at sites
of DNA damage (Fig. 5C). CENP-U-GFP was recruited to these
sites of DNA damage with comparable kinetics (2 min) and as
frequently (75%), although the foci were consistently smaller
than those formed by CENP-N-GFP (Fig. 5D). CENP-T-GFP
accumulated less often (44%) at sites of DNA damage, and only
became visible later (30 min on average; Fig. 5E). In contrast,
CENP-M-GFP did not accumulate at sites of DNA damage, and
its recovery within the bleached areas was very rapid (Fig. S7B).,
consistent with freely diffusing protein (27). Taken together,
these results demonstrate that, in addition to CENP-A, compo-
nents of the CENP-ANAC  including CENP-N and CENP-U, are
rapidly recruited to sites of DNA damage, while others (e.g.,
CENP-T) assemble after CENP-A, consistent with the order of
assembly at centromeres (34-36).

CENP-A Recruitment to Double-Strand Breaks Is Enhanced by NHEJ but
Independent of H2AX. In mammalian cells, non-homologous end
joining (NHEJ) is thought to be the predominant pathway for
double-strand break repair (37). Early steps in NHEJ involve
binding of the Ku86/Ku70 heterodimer to free DNA ends,

Zeitlin et al.
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Fig.5. CENP-A recruitment to sites of DNA damage requires its centromere-targeting domain (CATD) and recruits centromeric nucleosome-associated factors
CENP-N and CENP-U. (A) Schematic of CENP-A/H3 chimeric proteins and frequencies at which each is recruited to DNA damage foci. (B—E) Human HCT116 cells
were transiently transfected. DNA damage was induced by laser targeting, and frequencies of focal accumulation at site of DNA damage were measured. (B)
GFP-H3CATD_ (C) GFP-CENP-N. (D) GFP-CENP-U. (E) GFP-CENP-T.

followed by the DNA-dependent protein kinase catalytic subunit
(DNA-PKcs), and eventual ligation by DNA ligase IV. To
measure CENP-A accumulation after laser-induced damage,
GFP-CENP-A was transiently transfected into HCT116 cell lines
lacking various components of the NHEJ pathway (38, 39). Laser
exposure induced GFP-CENP-A foci at high frequency in pa-
rental (WT) HCT116 cells (57 = 10%; Fig. 64), whereas foci
occurred approximately 5-fold less frequently in HCT116 deriv-
atives deficient in Ligase IV~ or DNA-PKcs™/~ (10%; Fig.
6A4). In HCT116 cells heterozygous for Ku86 (Ku86™/7),
CENP-A accumulation was detected at an intermediate fre-
quency (19%; Fig. 6A4). Together, these data suggested that the
highest frequency of CENP-A accumulation at sites of damage
correlates with activity of the NHEJ DNA repair pathway.

To further test this hypothesis, GFP-tagged Ligase IV was
transiently transfected into WT or Ligase IV~/~ HCT116 cells (Fig.
S8 A and B). In the absence of DNA damage, GFP-Ligase IV
localized throughout the nucleus, with weak GFP signal in the
cytoplasm, consistent with a previous report of Ligase IV localiza-
tion by immunofluorescence (40). After laser targeting, the major-
ity of GFP-Ligase IV was bleached, indicating that it is highly
dynamic. GFP-Ligase IV rapidly formed a bright focus at the site
of laser exposure in almost all WT (Fig. S84; 96%, n = 55) and
Ligase IV™/~ cells (Fig. S8B, 88%, n = 57). Similar foci were
detected with a GFP-tagged mutant, R278H, reported to have
reduced (5-10% of WT) catalytic activity (40, 41), in both WT (Fig.
S8C, 94%,n = 36) and Ligase IV~ cells (Fig. S8D, 94%, n = 50).

Next, constructs encoding wild-type or mutant Ligase IV
fused to mCherry (instead of GFP) were transiently co-
transfected along with GFP-CENP-A into HCT116 WT and
Ligase IV~/~ cells, and double-positive cells were laser targeted
(Fig. 6B). As expected, expressing mCherry-Ligase IV did not
increase the frequency of GFP-CENP-A foci in WT cells after
laser exposure (57%; n = 20), but did increase the frequency in
Ligase IV~/~ cells (28%; n = 29), while mCherry-Ligase IV-
R278H produced an intermediate effect (17%; n = 12) (Fig. 6B).

The observation that CENP-A is recruited to sites of damage so
rapidly, and apparently even in the absence of Ligase IV activity,
raised the possibility that CENP-A recruitment might participate in
DNA repair. Since CENP-A depleted cells or cells unable to load
CENP-A are non-viable (24, 42), to test whether CENP-A could
promote cell survival after DNA damage, inducible GFP-
hCENP-A cells were exposed in triplicate to three doses of ionizing
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Fig.6. CENP-Ain function in DNA repairindependent of H2AX, and possible
models for CENP-A assembly at sites of DNA repair. (A) HCT116 cells generated
by targeted disruption of NHEJ genes were transiently transfected to express
GFP-CENP-A; frequencies of focus formation were measured after laser expo-
sure. [WT (n = 47 cells); DNA-PKcs ™~ (n = 39 cells); Liglv~~ (n = 57 cells);
Ku86*/~ (n = 38 cells); P = 0.0202 (one-way ANOVA)]. (B) Frequencies of
GFP-CENP-A recruitment to sites of laser-induced DNA damage in Ligase IV~/~
cells transfected to express mCherry-LigaselV or mCherry-LigaselV-R278H. (C)
Percentages of cell death following 0 Gy, 2 Gy, and 10 Gy irradiation (done in
triplicate) in cells with a stably integrated, GFP-CENP-A gene, either with or
without tetracyline-mediated gene induction. Cell death was scored by small,
bright nuclei [using Hoechst] and quantified 24 h later by automated micros-
copy (n = 2,500-5,000 cells per sample). Error bars show the standard devia
tion. (D) Cell survival in a colony formation assay after 8 Gy irradiation of
parental 293 cells or inducible GFP-CENP-A cells. (E) Frequency of (transiently
transfected) GFP-mCENP-A recruitment to sites of laser-induced DNA damage
in wild-type and H2AX null MEFs. (F) GFP-mCENP-A recruitment to focal DNA
damage (red box) in an H2AX null cell. (G) Model for CENP-A recruitment to
sites of DNA damage. Laser-mediated damage or Sce1 cleavage creates DNA
double-strand breaks. CENP-A, CENP-N and CENP-U are recruited within 1-2
min. Three possible modes of CENP-A binding are shown (see Discussion).

radiation (0 Gy, 2 Gy, and 10 Gy), with or without induction of
GFP-hCENP-A. Parental 293 cells (Fig. 6C, open boxes) displayed
26% hypercondensed nuclei, indicative of cell death, within 24 h of
2 Gy, whereas cells induced to express GFP-hCENP-A (triangles)
were protected (only 2% hypercondensed nuclei). Uninduced cells
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exhibited intermediate sensitivity at 2 Gy (5% hypercondensed
nuclei), probably due to basal GFP-hCENP-A expression (see
below). Both the parental and uninduced GFP-hCENP-A cells
exhibited extensive cell death after 10 Gy (Fig. 6C, boxes).

To test whether cells could continue dividing after radiation in a
CENP-A-dependent manner, clonogenic survival assays were per-
formed. After 8 Gy, parental 293 cells were uniformly killed, but
induction of GFP-hCENP-A promoted cell survival and sustained
colony growth (Fig. 6D). Intermediate numbers of surviving col-
onies were observed with the two independent clonal lines in the
absence of tetracycline-mediated induction of GFP-hCENP-A.
Survival was accompanied by increased levels of CENP-A (de-
tected as increased GFP fluorescence), (Fig. S9) presumably from
transient stabilization of GFP-hCENP-A.

Finally, to test whether CENP-A recruitment requires histone
H2AX (5, 6), GFP-mCENP-A was transiently transfected into
mouse embryonic fibroblasts (MEFs) from H2AX null mice (43)
and cells were laser targeted after 48 h (Fig. 6E and F). Absence
of H2AX did not affect GFP-mCENP-A focus formation, with
similar frequencies of rapid recruitment in laser targeted WT
(43 = 3%; n = 65) and H2AX null (32 = 4%; n = 72) MEFs.

Discussion

Our observations using laser-induced DNA damage and I-Scel cleav-
age now establish that CENP-A accumulates at double strand DNA
breaks in normal and immortalized human and mouse cells. Recruit-
ment of CENP-A, CENP-N and CENP-U occurs within 1-2 min, a
timescale as fast as that seen for phosphorylation of H2AX or other
components of DNA repair [e.g., frequencies at which each is recruited
to DNA damage foci. (B-E) Human HCT116 cells were transiently
transfected. DNA damage was induced by laser targeting, and frequen-
cies of focal accumulation at site of DNA damage were measured. (B)
GFP-H3“ATP_ (C) GFP-CENP-N. (D) GFP-CENP-U. (E) GFP-
CENP-T.ATM, Nbsl; (44)]. CENP-A recruitment is transient, disap-
pearing again within approximately 1 h, and it is independent of H2AX.
A comparison with CENP-A spot size and intensity at centromeres,
estimated to contain approximately 5,000-15,000 CENP-A nucleo-
somes (24, 45), suggests that CENP-A spreads outward surrounding a
double-strand DNA break.

Mammalian CENP-A assembles into nucleosomes in vitro (24,
46, 47) and has been found in nucleosomes of asynchronous cells
(22, 42, 48, 49). It has also been proposed that CENP-N interacts
with CENP-A in nucleosomal form (36). We would caution,
however, that it has not been established whether DNA damage-
dependent CENP-A loading represents assembly into nucleosomes.
At least three models for CENP-A binding are plausible (Fig. 6G).
First, CENP-A could be assembled into nucleosomes (Fig. 6G, left).
If so, the failure of H2B-GFP to re-accumulate at these damage foci
would require that CENP-A must be assembled along with H2B,
H2A, and H4 from the original (photobleached) nucleosomes or an
adjacent (photobleached) pool. A specific possibility is the selective
removal of H3 (with or without H4) from individual nucleosomes
and their replacement with CENP-A or CENP-A/H4. Second,
CENP-A (and CENP-N and CENP-U) could bind on top of
existing chromatin (Fig. 6G, middle). Third, a final alternative (Fig.
6G, right) is that DNA repair occurs in a nucleosome-free zone, as
proposed previously (6). This would require removing histone
H3-containing nucleosomes and recruiting CENP-A bound in a
non-nucleosomal form that lacks H2A and H2B, as has been
proposed for budding yeast centromeres (50-52).

While it is clear that CENP-A recruitment to double-strand
breaks occurs in both human and mouse cells, including primary
cells, the function of CENP-A at double-strand breaks has not been
defined. Our demonstration that CENP-A is recruited to double-
strand breaks independent of H2AX suggests that it is not part of
the damage checkpoint. In contrast, the cell-cycle independence of
CENP-A recruitment, rapid kinetics, and correlation with Ligase
IV catalytic activity, suggest that CENP-A may be recruited to
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double-strand breaks along with components of the NHEJ pathway,
and raises the possibility that CENP-A participates in DNA repair.
Finally, when added to our earlier demonstration that CENP-A
assembly at centromeres of Xenopus sperm requires DNA repair
activities stockpiled in egg cytosol (14), CENP-A recruitment with
some of its centromeric partners to double strand DNA breaks
suggests a mechanism for the formation of new centromeres
(neocentromeres), which are only rarely detected as stable events
(51). Since the timing of CENP-A disappearance from double-
strand breaks correlates with the timing of DNA repair, our
evidence provides the initial support for a model in which CENP-A
is recruited along with repair machinery, and removed as repair is
completed. CENP-A retention at these sites along with CENP-N
and CENP-U would provide the nucleus for a new centromere, but
only after an extremely rare convergence of permissive conditions.
These conditions could include (1) failure to complete DNA repair
and remove CENP-A, (2) coincidental timing of DNA damage and
centromeric chromatin replication, the latter of which has been
argued to occur only during G1 (53), or (3) defective DNA damage
checkpoint signaling, allowing cells to enter mitosis prematurely.

Materials and Methods

GFP-CENP-A stable inducible cell lines were generated based on a published
plasmid (10) and commercial Flp-In Hek293 cells (Invitrogen). Transient trans-
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fections were performed in various cell lines (22, 31, 38, 39) using Lipo-
fectamine2000 (Invitrogen). Laser methods were essentially as recently de-
scribed (15). Additional materials and methods are discussed in S/ Text.
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