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(Background: KAP-1 and HP1-8 are involved in DNA repair of heterochromatin via chromatin remodeling.
Results: Chk2-dependent KAP-1 phosphorylation regulates HP1-8 mobilization from chromatin following DNA damage.
Conclusion: Regulation of HP1-B mobilization via KAP-1 phosphorylation is required for efficient DNA repair of

Significance: Understanding the regulation of DNA repair and chromatin remodeling pathways can increase our knowledge of
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The DNA damage response encompasses a complex series of
signaling pathways that function to regulate and facilitate the
repair of damaged DNA. Recent studies have shown that the
repair of transcriptionally inactive chromatin, named hetero-
chromatin, is dependent upon the phosphorylation of the co-re-
pressor, Kriippel-associated box (KRAB) domain-associated
protein (KAP-1), by the ataxia telangiectasia-mutated (ATM)
kinase. Co-repressors, such as KAP-1, function to regulate the
rigid structure of heterochromatin by recruiting histone-modi-
fying enzymes, such HDAC1/2, SETDBI1, and nucleosome-re-
modeling complexes such as CHD3. Here, we have character-
ized a phosphorylation site in the HP1-binding domain of
KAP-1, Ser-473, which is phosphorylated by the cell cycle
checkpoint kinase Chk2. Expression of a nonphosphorylatable
S$473A mutant conferred cellular sensitivity to DNA-damaging
agents and led to defective repair of DNA double-strand breaks
in heterochromatin. In addition, cells expressing S473A also
displayed defective mobilization of the HP1-f chromodomain
protein. The DNA repair defect observed in cells expressing
S473A was alleviated by depletion of HP1-f, suggesting that
phosphorylation of KAP-1 on Ser-473 promotes the mobiliza-
tion of HP1-B from heterochromatin and subsequent DNA
repair. These results suggest a novel mechanism of KAP-1-me-
diated chromatin restructuring via Chk2-regulated HP1-$
exchange from heterochromatin, promoting DNA repair.
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Chromatin exists in two states, heterochromatin and
euchromatin. Euchromatin is less condensed, generally more
accessible, and transcriptionally active. In contrast, hetero-
chromatin consists of highly condensed, relatively inaccessible
chromatin (e.g telomeres), which is generally transcriptionally
inactive or has the potential to be active but is silenced for a
specific purpose (e.g. during development/cellular differentia-
tion or X-chromosome inactivation). The structure of hetero-
chromatin is initiated and maintained by repressors that
function to recruit co-repressors such as the KRAB* domain-
associated protein 1 (KAP-1) (1). Co-repressors such as KAP-1
generally act to recruit enzymes that modify histones by remov-
ing acetyl groups (some of which promote “open” chromatin
and therefore transcription) and by adding methyl groups
(some of which promote “closed” chromatin and therefore
silence transcription) (2). In addition, specific co-repressors
can also regulate nucleosome spacing by the modulation of
ATP-dependent nucleosome-remodeling enzymes (such as
CHD3 and CHD4) and/or stabilize compacted chromatin by
recruiting/loading specific chromodomain-containing pro-
teins (such as HP1), which bind to methylated histones and
maintain their closed state (3). These processes, mediated by
nuclear co-repressors, form an efficient basis for transcrip-
tional silencing via compaction and stabilization of chromatin
to form heterochromatin.

Heterochromatin, aside from disruptions during mitosis and
DNA replication, largely exists in a constant, compacted, stable
state. One major exception to this is when DNA damage occurs,

2The abbreviations used are: KRAB, Kriippel-associated box; KAP-1, KRAB
domain-associated protein 1; HP1-B, heterochromatin protein 183; DSB,
double-strand break; ATM, ataxia telangiectasia-mutated; CK2, casein
kinase 2; FRAP, fluorescence recovery after photobleaching; EGFP,
enhanced green fluorescent protein; Gy, gray; IR, ionizing radiation.
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for example, DNA double-strand breaks induced by ionizing
radiation or generated during normal cellular metabolism. Fol-
lowing DNA damage, heterochromatin proximal to the damage
site is restructured to allow access to repair machinery and
facilitate DNA repair (4, 5). This process involves the DNA
damage-induced regulation of two heterochromatin-associ-
ated proteins, HP1 and KAP-1 (also known as TIF1b, TRIM28,
or KRIP-1) (6, 7). KAP-1 contains two highly conserved
domains: an N-terminal RBCC (RING finger, B boxes, coiled-
coil), which mediates homo- and heterodimerization (8), and a
C-terminal PHD (plant homeodomain) followed by a bro-
modomain (9). The two C-terminal domains are frequently
found in transcriptional cofactors, reflecting the role of KAP-1
as a nuclear co-repressor. In addition to its role in transcription,
a role for KAP-1 in the DNA damage response has been
revealed. One of the key kinases involved in DNA damage
response signaling, ATM, has been shown to phosphorylate
KAP-1 on serine 824 following DNA damage, enhancing cell
survival and facilitating chromatin relaxation and heterochro-
matic DNA repair (6, 11).

HP1 is a conserved chromatin-binding protein, composed of
an N-terminal chromodomain and a C-terminal chromo
shadow domain. The chromodomain of HP1 binds to methylated
lysine 9 of histone H3 (H3K9me), making it a major component of
heterochromatin required for gene silencing (12). There are three
isoforms of HP1: e, 3, and y. HP1-a and -3 are mainly considered
to be components of constitutive heterochromatin, whereas
HP1-v is found in both euchromatin and heterochromatin (13).
KAP-1 interacts with HP1 via its HP1-binding domain, which is
required for its gene silencing activity (2).

Several studies have been unable to detect DNA damage-
inducible changes in histone modifications that are usually
associated with heterochromatin, suggesting that direct epige-
netic alteration of heterochromatin does not facilitate DNA
repair and that chromatin restructuring following DNA dam-
age occurs via a different mechanism (14, 15). Indeed, a recent
study has shown that Ser-824 phosphorylation of KAP-1 dis-
rupts the interaction between CHD3 and KAP-1 and promotes
the repair of heterochromatic DNA double-strand breaks
(DSBs). This suggests that the restructuring of heterochroma-
tin, through regulation of nucleosome remodeling, can also
promote DNA repair (14). In addition, we have previously
shown that casein kinase 2 (CK2)-mediated HP1-8 phosphor-
ylation following DNA damage is required to mobilize HP1-8
within the chromatin, promoting recruitment of DNA repair
factors (16, 17). In contrast to this, another group subsequently
proposed that over a longer time scale, the three isoforms of
HP1 are recruited to sites of DNA damage (18). These apparent
discrepancies were reconciled by the proposal of a bimodal
model to HP1 kinetics, with HP1 being rapidly mobilized from
sites of damaged chromatin followed by slower recruitment
(17).

This study demonstrates a novel mechanism that regulates
the association of HP1-B with heterochromatin during DNA
repair. Using mass spectrometry, we have identified a number
of DNA damage-induced phosphorylation sites within KAP-1,
including a Chk2 phosphorylation site at serine 473. We show
that the ATM-Chk2-dependent phosphorylation of KAP-1
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Ser-473 alters the dynamic behavior of HP1-3 within hetero-
chromatin and promotes cell survival and repair of heterochro-
matin-associated DNA damage.

EXPERIMENTAL PROCEDURES

Reagents, Antibodies, and Cell Lines—Human cell lines were
grown in RPMI supplemented with 10% FCS. Mouse embry-
onic fibroblasts were grown in DMEM supplemented with 10%
FCS. The antibodies used were as follows: mouse anti-H2AX
Ser-139 (Millipore), mouse anti-cyclin B and rabbit anti-Chk2
(Santa Cruz Biotechnology), mouse anti-B-actin and mouse
anti-FLAG M2 antibody (Sigma), rabbit anti-GFP (Molecular
Probes), rabbit anti-HP1-, rabbit anti-trimethyl K9 H3, and
mouse anti-KAP-1 antibody (Abcam), mouse anti-ATM Ser-
1981 (Cell Signaling), rabbit anti-KAP-1 Ser-824 (Bethyl Labo-
ratories), and rabbit anti-53BP1 (Novus Biologicals). A poly-
clonal antibody recognizing KAP-1 phosphorylated on Ser-473
was created using a synthetic KAP-1 phospho-peptide
(VKRSRpSGEGEYV, where pS indicates phospho-serine) conju-
gated to keyhole limpet hemocyanin (KLH) (Auspep), and inoc-
ulations/bleeds were carried out at the Institute of Medical and
Veterinary Sciences, Adelaide, Australia. Antibodies were then
affinity-purified using nonphosphorylated peptide and phos-
phorylated peptide columns as described previously (19).

Cloning, Site-directed Mutagenesis, and Expression of KAP-1
Constructs—Full-length KAP-1 was cloned into the HindIII
and Sall sites of pFlag-CMV-2 (Fermentas). Mutation of S473A
and S473E was carried out by site-directed mutagenesis using a
QuikChange Lightning site-directed mutagenesis kit as per the
manufacturer’s instructions (Stratagene). Expression con-
structs were transfected into cells using Lipofectamine 2000™™
(Invitrogen) as per the manufacturer’s instructions, and sam-
ples were assayed 24 h after transfection.

SiIRNA—HP1-B (AGGAAUAUGUGGUGGAAAA) was pur-
chased from GenePharma. Chk2 (GAACCUGAGGAGC-
CUACCC) and control siRNA were purchased from Invitro-
gen. siRNAs were transfected into HeLa cells using
Lipofectamine 2000™ (Invitrogen) as per the manufacturer’s
instructions, and samples were analyzed 48 h after transfection.

Mass Spectrometry—KAP-1 phosphorylation sites were
identified from immunoprecipitated FLAG-KAP-1 following
SDS-PAGE as described previously (20).

Immunoblotting—Immunoblotting was performed as before
(21). Briefly, following the indicated treatments, cells were
scraped from tissue culture plates and washed once in PBS.
Cells were lysed in a buffer containing 20 mm Hepes, pH 8, 150
mm KCl, 5% glycerol, 10 mm MgCl,, 0.5 mm EDTA, 0.02% Non-
idet P-40 supplemented with 1 mm NaF, 1 mm Na;VO,, and
Complete protease inhibitor mixture (Roche Applied Science).
Lysates were sonicated and cleared by centrifugation, and pro-
tein concentrations were estimated using the standard Brad-
ford assay (Bradford reagent supplied by Bio-Rad). Typically, 50
png of protein lysate was separated on a 4-12% SDS-PAGE
NOVEX gel (Invitrogen) and immunoblotted with the indi-
cated antibodies.

Immunofluorescence—Cells were seeded onto coverslips the
day before siRNA transfection. Following siRNA transfection,
cells were allowed to grow for 48 h before treatment or mock
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treatment with the indicated DNA-damaging agent. After
treatment, cells were treated with an extraction buffer (22) for 5
min before fixation in 4% paraformaldehyde. Cells were per-
meabilized with 0.2% Triton-X for 5 min and blocked in 3% BSA
for 30 min. Cells were incubated with the indicated primary
antibodies and Alexa Fluor-conjugated secondary antibodies
(Molecular Probes) for 1 h each at room temperature. Cells
were stained with DAPI before mounting onto slides. yH2AX
foci associated within heterochromatin were identified as
described initially by Goodarzi et al. (11). Briefly, growth-ar-
rested NIH3T3 cells were transfected with FLAG-KAP-1 (wild
type or S473A). After 24 h, cells were treated with 2 Gy of IR and
harvested 24 h after IR. Cells were stained with yH2AX (green)
and DAPI (blue). High resolution images were captured using a
Delta Vision PDV microscope; images were deconvolved using
the softWoRx Suite software. Further information on identify-
ing YH2AX foci associated with regions of heterochromatin can
be found in supplemental Figs. 3 and 4. For the immunofluo-
rescence shown in supplemental Fig. 5, the following changes
were made; cells were not treated with an extraction buffer
before fixation and were imaged on a Leica SP5 microscope.

Time-lapse Microscopy, Laser-induced DNA Damage, and
Fluorescence Recovery after Photobleaching (FRAP)—Time-
lapse microscopy, laser-induced DNA damage, and FRAP were
performed as described previously, with some modifications as
follows (16). Briefly, A Leica SP5 confocal microscope with a
100X NA 1.4 lens and temperature-controlled incubation unit
operating at 37 °C was used, keeping imaging parameters con-
stant between samples. Cells were presensitized with 10 ug/ml
Hoechst 33342 by incubation for 5 min at 37 °C. DNA damage
was induced in a circle of diameter ~1 um using a 405-nm
diode laser operating at 100% for 1.2 s. Enhanced green fluores-
cent protein (EGFP)-HP1-B dynamic behavior was followed
using time-lapse imaging using a 488-nm argon laser taking
256 X 256 pixel images at scan speed 700 Hz, producing a pic-
ture every ~0.4 s. Photomultiplier tube detector gain and offset
were adjusted so that pixels were not saturated. FRAP photo-
bleaching was performed using 100% of a 488-nm argon laser
for 1.2 s in a circular region of size ~1 um in diameter. Images
were analyzed using Leica LAS AF software to draw regions of
interest and export fluorescence intensity data into Microsoft
Excel. Corrections for imaging background and bleaching were
made in Excel, and graphs were plotted using GraphPad Prism.
Curves were fitted in GraphPad Prism using the one-phase
association equation

Y =Y X (1 —e k%% (Eq. 1)
where
In(2
K= @ (Eq.2)
t1/2

to yield t, and plateau (Y,,,,) values. FRAP experiments on
damaged regions were performed 1 min after damage
induction.

Colony-forming Assay—Colony-forming assays were per-
formed as described previously (23).
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RESULTS

A Phospho-mapping Screen Identifies Multiple Phosphoryla-
tion Sites on KAP-1—KAP-1 function is highly regulated by
post-translational modifications including ATM-dependent
serine 824 phosphorylation following DNA damage. Therefore,
to identify additional DNA damage-induced KAP-1 phosphor-
ylation sites that might regulate KAP-1 function following DNA
damage, we used mass spectrometric-based phospho-peptide
and phospho-residue mapping (24). A FLAG-KAP-1 fusion
protein was transiently expressed in HEK 293T cells that were
mock-treated or exposed to 10 Gy of IR. FLAG-KAP-1 was
immunoprecipitated using anti-FLAG M2 beads, and immuno-
precipitates were subjected to SDS-PAGE and stained with
Coomassie Brilliant Blue G250. The FLAG-KAP-1 band was
excised from the gel and used for nano-electrospray mass ion-
ization-MS/MS phospho-residue mapping (supplemental Fig.
1, A and B). In total, 14 DNA damage-induced KAP-1 phosphor-
ylation sites were identified (supplemental Fig. 1C). There are
51 reported KAP-1 phospho-sites, 32 of which have been
reported more than once (PhosphoSitePlus). However, our
subset of 14 detected phospho-sites may be specifically induced
by IR.

The surrounding sequence of the KAP-1 phospho-serine 473
(*’GVKRSRpSGEGEVSG*#°) matched that of a Chk1/Chk2
consensus phosphorylation motif, RXXpS (where pS indicates
phospho-serine) (25). As Chkl and Chk2 are both activated
following DNA damage (by ATR (ATM and Rad3-related) and
ATM, respectively), we postulated that this site might represent
a Chk1/Chk2 phosphorylation site within KAP-1. Given the
critical role played by many DNA damage-induced phosphory-
lation-signaling events, a large proportion of these phosphory-
lation target sequences is evolutionarily conserved. Indeed, the
Chk1/Chk2 consensus sequence found within human KAP-1 at
Ser-473 is evolutionarily conserved throughout KAP-1 ortho-
logues identified from humans to Drosophila (Fig. 1A). We
therefore sought to characterize this phosphorylation site in the
context of KAP-1 function following DNA damage.

Phosphorylation of KAP-1 on Ser-473 Is Induced by DNA
Damage—To investigate the function of the KAP-1 Ser-473
phosphorylation site, we generated a phospho-specific anti-
body against this site. The specificity of the pKAP-1-S473 anti-
body was confirmed using cells transfected with exogenous
FLAG fusion proteins of wild-type KAP-1 or a nonphosphory-
latable S473A KAP-1 mutant (designated FLAG-KAP-1 WT
and FLAG-KAP-1 S473A, respectively) (Fig. 1B). Consistent
with other studies (26, 27), we observed that both IR and UVC
could stimulate the phosphorylation of KAP-1 on Ser-473 but
not the S473A phospho-site mutant (Fig. 1B). Nevertheless a
higher proportion of KAP-1 appeared to be phosphorylated on
Ser-473 following IR treatment, leading us to focus our studies
on KAP-1 phospho-Ser-473 function using this DNA-damag-
ing agent. Furthermore, immunoblotting of lysates from cells
harvested at the indicated times following IR revealed that
KAP-1 Ser-473 is phosphorylated in a time-dependent manner,
with phosphorylation occurring rapidly (<30 min) after IR
treatment and appearing maximal at around 2 h and reduced to
pre-damage levels by 8 h after IR treatment, mimicking the
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Chromatin Recognition and Regulation
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FIGURE 1. KAP-1 is phosphorylated on Ser-473 following DNA damage. A, a multiple sequence alignment of the KAP-1 HP1-binding domain (HP1BD) in
different species. B, 293T cells transfected with wild-type FLAG-KAP-1-WT or FLAG-KAP-1-S473A were mock-irradiated or treated with IR (10 Gy) or UVC (50
J/m?) (as indicated) and harvested 1 h after treatment. Cellular protein extracts were prepared and immunoblotted with the indicated antibodies. P-KAP-1,
phospho-KAP-1.C, 293T cells were mock-irradiated or treated with IR (10 Gy) and harvested at the indicated time points. Cellular protein extracts were prepared
and immunoblotted with the indicated antibodies. D, HelLa cells were mock-irradiated or treated with the indicated dose of IR and harvested 1 h after
irradiation. Cellular protein extracts were prepared and immunoblotted with the indicated antibodies. P-ATM, phospho-ATM. E, Hela cells were synchronized
in S-phase using thymidine. Cells were treated with 6 Gy of IR at the indicated times after thymidine release, and extracts were taken after 1 h. Extracts were

immunoblotted with the indicated antibodies.

kinetics of ATM-dependent KAP-1 Ser-824 phosphorylation
(6) (Fig. 1C). KAP-1 Ser-473 phosphorylation was also induced
in a dose-dependent manner with maximal phosphorylation
detected at 4 Gy (Fig. 1D). To examine whether the phos-
phorylation of KAP-1 Ser-473 was cell cycle-dependent, HeLa
cells were synchronized using double thymidine block, and cell
extracts were harvested at various time points following mock
treatment or treatment with IR. KAP-1 Ser-473 was phos-
phorylated in all phases of the cell cycle following IR, mirroring
the phosphorylation of ATM Ser-1981 (Fig. 1E). We also
observed that 1 h after release from thymidine (corresponding
to S-phase), KAP-1 Ser-473 was phosphorylated in the absence
of IR, as shown previously (28). Like others, we also found that
KKAP-1 Ser-473 phosphorylation is increased following irradia-
tion, but that its localization appeared diffuse via immunofluo-
rescence (data not shown) (29).

Phosphorylation of KAP-1 on Ser-473 Is ATM- and
Chk2-dependent—Because the 3 amino acid residues prior to
the Ser-473 phosphorylation site match the consensus
sequence for a Chk2 phosphorylation site, we next examined
the requirement of Chk2 for KAP-1 Ser-473 phosphorylation.
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HeLa cells were depleted of Chk2 using siRNA and mock-
treated or treated with IR. Depletion of Chk2 demonstrated a
defect in KAP-1 Ser-473 phosphorylation (Fig. 24). To further
demonstrate the requirement of Chk2 for Ser-473 phosphory-
lation, we also utilized the Chk2-deficient HCT15 cell line
and an isogenic counterpart stably expressing exogenous HA-
tagged Chk2. IR-induced KAP-1 Ser-473 phosphorylation was
defective in HCT15 cells. However, this defect was rescued in the
Chk2-complemented cells, further demonstrating the require-
ment of Chk2 for KAP-1 Ser-473 phosphorylation following IR
(Fig. 2B). Because ATM is required for efficient Chk2 activation
and kinase activity following DNA damage (30), we next examined
Ser-473 phosphorylation in an ATM-defective cell line. As
expected, IR-induced KAP-1 Ser-473 phosphorylation was defec-
tive in ATM-null (L3) cells in comparison with ATM wild-type
(C3ABR) cells following DNA damage (Fig. 2C). Given the
dependence on ATM for KAP-1 Ser-473 phosphorylation, we also
assessed whether KAP-1 Ser-473 phosphorylation is dependent
on ATM-dependent KAP-1 Ser-824 phosphorylation. This
revealed no co-dependence of phosphorylation of KAP-1 on Ser-
473 or Ser-824 (supplemental Fig. 2A4).
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FIGURE 2. KAP-1 Ser-473 phosphorylation is dependent upon Chk2 and ATM. A, 293T cells transfected with control or Chk2 siRNA were mock-irradiated or
treated with IR (10 Gy) and harvested 1 h after treatment. Cellular protein extracts were prepared and immunoblotted with the indicated antibodies. P-KAP-1,
phospho-KAP-1. B, HCT15 cells stably expressing HA-Chk2 or HA alone were mock-irradiated or treated with IR (10 Gy) and harvested 1 h after treatment.
Cellular protein extracts were prepared and immunoblotted with the indicated antibodies. C, C3ABR (ATM™*/*) or L3 (ATM /") cells were mock-irradiated or
treated with IR (10 Gy) and harvested 1 h after treatment. Cellular protein extracts were prepared and immunoblotted with the indicated antibodies.

Cells Expressing KAP-1 S473A Are Sensitive to DNA
Damage—To further characterize the role of Chk2-dependent
KAP-1 Ser-473 phosphorylation, we examined the sensitivity of
cells expressing either wild-type KAP-1 (FLAG-KAP-1 WT) or
S473A KAP-1 (FLAG-KAP-1 S473A) to IR-induced or topo-
isomerase II inhibitor camptothecin-induced DNA damage
(Fig. 3, A and B, and supplemental Fig. 2B). This revealed that
cells expressing FLAG-KAP-1 S473A were 2.6-fold more sensi-
tive to 6 Gy of IR and 5-fold more sensitive to 0.4 um camptoth-
ecin when compared with cells expressing FLAG-KAP-1 WT,
suggesting a role for KAP-1 Ser-473 phosphorylation in DNA
damage repair or signaling. An early event in the cellular
response to DNA damage is the activation of ATM via auto-
phosphorylation on serine 1981 and the subsequent phosphor-
ylation of downstream targets such as KAP-1 Ser-824 (6, 30).
We found that phosphorylation of KAP-1 on Ser-473 was not
required for ATM-mediated signaling events, as measured by
ATM autophosphorylation and ATM-dependent KAP-1
phosphorylation on Ser-824 following IR treatment, suggest-
ing that expression of FLAG-KAP-1 S473A does not impair
ATM activation or its downstream signaling function fol-
lowing DNA damage (Fig. 3C). Consistent with this, this
phosphorylation event was also dispensable for ATM -and
Chk2-dependent maintenance of the G,/M checkpoint after
IR (data not shown).

Cells Expressing S473A Display Defective Foci Resolution Fol-
lowing DNA Damage—yH2AX is a major marker of DNA dam-
age and can be used to measure the kinetics of DNA repair
(31). To investigate the function of KAP-1 Ser-473 phos-
phorylation in DNA repair, we next examined the resolution
of yH2AX foci in cells expressing wild-type and S473A
KAP-1. We found that cells expressing FLAG-CMV, FLAG-
KAP-1 WT, and FLAG-KAP-1 S473A all displayed a similar
number of yH2AX foci at 0.5 and 6 h after IR treatment (Fig.
4, A and B). However, 24 h after IR, significantly more
YH2AX foci were present in cells expressing FLAG-KAP-1
S473A when compared with the cells transfected with
FLAG-CMV or FLAG-KAP-1 WT. To confirm that this was
a repair defect and not a defect in YH2AX dephosphoryla-
tion, we next performed staining with 53BP1, another pro-
tein that is recruited to DNA repair foci following DNA dam-
age. Similar to yH2AX, persistence of 53BP1 foci occurred in
cells expressing FLAG-KAP-1 S473A, suggesting that the
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FIGURE 3. Cells expressing FLAG-KAP-1 S473A are sensitive to DNA dam-
age. A and B, colony survival in HelLa cells. Cells were transfected with FLAG-
CMV, FLAG-KAP-1 WT, or FLAG-KAP-1 S473A and treated with the indicated
dose of IR (A) or camptothecin (B). Cells were left to form colonies for 10 days
before staining with methylene blue. The data shown represent the average
and S.E. of three independent experiments. C, Hela cells were transfected
with FLAG-CMV, FLAG-KAP-1 WT, or FLAG-KAP-1 S473A and treated with IR (6
Gy). Cell extracts were taken at 0.5 and 2 h after IR and immunoblotted with
the indicated antibodies. P-KAP-1, phospho-KAP-1; P-ATM, phospho-ATM.
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FIGURE 4. Cells expressing FLAG-KAP-1 S473A display defective foci resolution in heterochromatin following DNA damage. A-D, Hela cells were
transfected with FLAG-CMV, FLAG-KAP-1 WT, or FLAG-KAP-1 S473A and treated with 2 Gy of IR before fixation and staining with yH2AX (A and B) or 53BP1
(Cand D) antibodies at the indicated times. Representative images are shown in Band D, and graphical representation of data is shown in A and C. The results
shown represent the average and S.E. of three independent experiments. The foci in 50-100 cells were counted in each independent experimental condition.
* indicates a two-tailed p value of < 0.01. E and F, yH2AX foci that persist in S473A-expressing cells are associated with heterochromatin. Growth-arrested
NIH3T3 cells were transfected with FLAG-KAP-1 WT or S473A. After 24 h, cells were mock-treated or treated with 2 Gy of IR and harvested at the indicated times
after IR. Cells were stained with yH2AX (green) and DAPI (blue). Foci were scored as heterochromatin-associated positive or negative. The results shown
represent the average and S.E. of three independent experiments. The association between yH2AX foci and heterochromatin in 40-50 cells was quantified in
each independent experimental condition. ** indicates a two-tailed p value of < 0.0001.

remaining foci were the result of a DNA repair defect (Fig. 4,
C and D). The differences in the number of yH2AX foci in
FLAG-KAP-1 WT- and FLAG-KAP-1 S473A-expressing
cells at the 24-h time point were not due to differences in cell
cycle distribution (data not shown).

YH2AX Foci That Persist in S473A-expressing Cells Are Asso-
ciated with Heterochromatin—W e have shown that Chk2-me-
diated KAP-1 Ser-473 phosphorylation also requires ATM.
Because ATM has previously been shown to be required to
repair DNA double-strand breaks in regions of heterochroma-
tin, we hypothesized that the yH2AX and 53BP1 foci remaining
in cells expressing S473A may be unrepaired DSBs within het-
erochromatin (11). To examine this, we utilized growth-ar-
rested NIH3T3 murine cells that contain dense DAPI staining
in “chromocenter” regions, representing pericentric and cen-
tromeric heterochromatin (32). To ensure that these dense
DAPI-stained areas in NIH3T3 cells contained heterochroma-
tin, under our experimental conditions, we carried out immu-
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nofluorescence studies using antibodies directed against K9
trimethylated histone H3, a marker of heterochromatin. Align-
ing with previous investigations, the dense DAPI-stained
regions co-stained with K9 trimethylated histone H3, whereas
euchromatin was relatively unstained (supplemental Fig. 3) (11,
32). Similarly to the yH2AX foci that persisted in cells treated
with an ATM inhibitor (11), the yH2AX foci that persisted in
cells expressing FLAG-KAP-1 S473A were also found to be
associated with heterochromatin (Fig. 4, E and F). In cells
expressing FLAG-KAP-1 WT, an average of 0.69 YH2AX foci/
per cell (40% of foci) remaining at 24 h after IR was found to be
associated with regions of heterochromatin. In contrast, in cells
expressing FLAG-KAP-1 S473A, an average of three yH2AX
foci/cell (68% of foci) remaining at 24 h after IR treatment was
associated with heterochromatin, suggesting that KAP-1 Ser-
473 phosphorylation is required for efficient repair of hetero-
chromatin-associated DNA damage (Fig. 4, E and 4F, and sup-
plemental Figs. 3 and 4).
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Phosphorylation of KAP-1 Ser-473 Is Required for Mobility of
HP1-B Following DNA Damage—Because the KAP-1 Ser-473
phosphorylation site is located in the region of KAP-1 required
for interaction with the heterochromatin protein HP1-8, we
next considered whether phosphorylation of this site might be
required to regulate HP1-B. Previous studies have shown that
phosphorylation of KAP-1 on Ser-473 leads to dissociation of
KAP-1 from HP1-B (27, 28); however, other studies were
unable to detect any differences in binding of KAP-1 Ser-473
phospho-mimic to HP1-8 (26, 29). We have also been unable to
detect any binding differences between KAP-1 S473A and
S473E mutants to HP1-B (data not shown). This prompted us
to hypothesize that KAP-1 Ser-473 phosphorylation may regu-
late another aspect of HP1- function, such as its localization.
In unperturbed cells, HP1-f is localized to the heterochromatin
by binding to histone H3 methylated on lysine 9 (H3K9me)
(aside from in cells in S-phase and mitosis), where it promotes
the condensed heterochromatic structure. As described previ-
ously, we used an EGFP-HP1-B fusion protein to monitor
changes in the dynamic behavior of HP1-£3 at DNA break sites
(16). Stable cell lines were generated that express EGFP-HP1-8
and wild-type or S473A FLAG-KAP-1 (supplemental Fig. 5).
Consistent with our previous work in cells expressing wild-type
KAP-1, dynamic changes in HP1-8 mobility (assessed by FRAP)
occurred rapidly after laser-induced DNA damage (Fig. 54 and
supplemental Fig. 6). In contrast, cells expressing nonphos-
phorylatable FLAG-KAP-1 S473A showed a less marked alter-
ation in HP1-B dynamics after DNA damage, suggesting that
phosphorylation of KAP-1 on Ser-473 was required for changes
in HP1-B mobility on chromatin after DNA damage (Fig. 5B).
HP1-B mobilization kinetics were also examined in cells
expressing the phospho-mimic mutant KAP-1-S473E (supple-
mental Fig. 5) and were found to be similar to cells expressing
wild-type KAP-1, suggesting that KAP-1 phosphorylation
alone may not be sufficient to mobilize HP1-3 from chromatin
(Fig. 5C).

We have previously shown that DNA damage-induced phos-
phorylation of HP1-B, by CK2 (Thr-51), results in altered
HP1-B dynamic behavior around chromatin. This altered
dynamic behavior of CK2-phosphorylated HP1- is the result
of disruption of hydrogen bonds that fold its chromodomain
around H3K9me (16). The phosphorylation and subsequent
dynamic changes of HP1-$3 on chromatin promote the early
phosphorylation of yH2AX and therefore the DNA damage
response. Given the above, we next examined whether phos-
phorylation of KAP-1 was required for phosphorylation of
HP1-B on Thr-51. Using immunofluorescence, we were unable
to detect a significant defect in the number of phospho-HP1-
Thr-51 foci in IR-treated cells expressing nonphosphorylatable
KAP-1 S473A when compared with cells expressing FLAG-
CMYV alone (data not shown). This suggests that phosphoryla-
tion of KAP-1 on Ser-473 is not required for phosphorylation of
HP1-B, but that both KAP-1 Ser-473 phosphorylation and
HP1-B Thr-51 phosphorylation are required for the mobiliza-
tion of HP1- following DNA damage.

HPI-B Knockdown Alleviates the Requirement for KAP-1 Ser-
473 Phosphorylation—Because we have shown that KAP-1
phosphorylation is required for HP1- mobilization and subse-
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FIGURE 5. Phosphorylation of KAP-1 Ser-473 is required for HP1-8 mobil-
ity following DNA damage. A-C, FRAP analysis of EGFP-HP1-8 in hetero-
chromatin, with and without laser-induced DNA damage, in cells stably
expressing FLAG-KAP-1 WT (A), FLAG-KAP-1 S473A (B), or FLAG-KAP-1 S473E
(C). Data show mean recovery curves (symbols) = S.E. (n = 12), fitted with a
one-phase association equation (solid lines; see “Experimental Procedures”
for Equations 1 and 2).

quent DNA repair in regions of heterochromatin, we next wanted
to assess whether removal of HP1- from cells could bypass the
requirement for KAP-1 Ser-473 phosphorylation in DNA repair.
Endogenous HP1-B was depleted from cells ectopically expressing
FLAG-CMYV, FLAG-KAP-1 WT, or FLAG-KAP-1 S473A using
siRNA, and the kinetics of YH2AX and 53BP1 foci resolution fol-
lowing IR treatment were assessed to measure DNA repair (Fig. 6
and supplemental Fig. 7). Notably, although the effects were mod-
est, HP1 depletion reproducibly and significantly rescued the
DNA repair defect observed in cells expressing KAP-1 S473A, sup-
porting our evidence that phosphorylation of KAP-1 on Ser-473 is
required for removal of HP1-f from heterochromatin facilitating
efficient DNA repair (Fig. 6).

DISCUSSION

Here, we present evidence that Chk2-mediated phosphory-
lation of the transcriptional co-repressor KAP-1 is required for

VOLUME 287+NUMBER 33-AUGUST 10, 2012


http://www.jbc.org/cgi/content/full/M112.368381/DC1
http://www.jbc.org/cgi/content/full/M112.368381/DC1
http://www.jbc.org/cgi/content/full/M112.368381/DC1
http://www.jbc.org/cgi/content/full/M112.368381/DC1
http://www.jbc.org/cgi/content/full/M112.368381/DC1

KAP-1 Ser-473 Phosphorylation Regulates DNA Repair

A B
- 35 - nCon si+ WT = 95 - =Consi+WT
g aCon si + S473A g aCon si + S473A
330 1 aHP1-B si+ WT geo_ aHP1-B si + WT
%oe oHP1-B si + S473A -%UHPL69+S4RA
< @
L 20 - * B 151 i
"6 (o)
§15 1 é 10 1
§10 1 3
5_
2 0 - :>(J 0 T !
-IR 05hIR  24hIR IR 05hIR 24h IR
C - 0.5hIR 24hIR
yH2AX  53BP1  +DAPI  yH2AX  53BP1  +DAPI  yH2AX 53BP1  +DAP

Control siRNA

KAP-1
$473

HP1-B siRNA

FIGURE 6. HP1-$ knockdown alleviates the requirement for KAP-1 Ser-473 phosphorylation. A-C, Hela cells were transfected with HP1-B siRNA for 24 h
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the efficient repair of DNA within heterochromatin. We ini-
tially identified the KAP-1 Ser-473 phosphorylation site follow-
ing a phospho-mapping screen. Consistent with the work of
other groups, we confirmed that KAP-1 Ser-473 was an ATM-
and DNA damage-dependent Chk2 phosphorylation site fol-
lowing ionizing radiation (26, 27). Cells expressing a nonphos-
phorylatable S473A mutant of KAP-1 were found to be more
sensitive to DNA-damaging agents, suggesting that phosphor-
ylation of KAP-1 on Ser-473 may be required for DNA repair.
Subsequent examination of repair foci kinetics in S473A-ex-
pressing cells confirmed a repair defect associated with hetero-
chromatic regions. Further study of the KAP-1 Ser-473 phos-
phorylation site revealed that it was required for the rapid
change in the dynamic behavior of HP1-8 around chromatin
following DNA damage. This event was confirmed to be
required for DNA damage repair as HP1-8 knockdown allevi-
ated the requirement for KAP-1 phosphorylation in DSB repair.

These data support emerging evidence for different mecha-
nisms of DNA repair in euchromatin and heterochromatin.
Due to the relaxed or open structure of euchromatin, DNA
repair factors can act to repair DNA lesions rapidly and effi-
ciently. However, in heterochromatin, where chromatin is
more tightly condensed, remodeling is required to allow activ-
ity of repair factors to facilitate efficient repair. The efficient
DNA repair of heterochromatin is governed by multiple,
redundant mechanisms, with each independent mechanism
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contributing toward DNA repair. The Chk2-mediated phos-
phorylation of KAP-1 Ser-473 is one of many such mechanisms
that together contribute to efficient and accurate heterochro-
matic DNA repair (33, 34).

A question that remains to be answered is what is the precise
mechanism by which KAP-1 mediated mobilization of HP1-3
within chromatin promotes DNA repair in heterochromatin. It
is tempting to speculate that the rigid heterochromatic struc-
ture conferred by binding of HP1-f3 is not compatible with a
specific event during DNA repair (for example, resection,
strand invasion, or ligation, depending upon the type of DSB
repair). However, further investigation is required to fully
understand the requirement of HP1-B and its dynamic interac-
tion with chromatin for DNA repair.

We have previously reported that HP1- phosphorylation on
Thr-51 was required to disrupt its affinity for H3K9me, leading
to changes in its dynamic behavior around chromatin (16).
Here, we further show that phosphorylation of KAP-1 on Ser-
473 is also required for the mobilization of HP1-B. Because
expression of a nonphosphorylatable KAP-1 S473A mutant
does not cause any detectable changes in HP1-8 Thr-51 phos-
phorylation following DNA damage, we can only speculate as to
the function of Ser-473 phosphorylation. It is possible that Ser-
473 phosphorylation leads to a conformational change in
KAP-1, which can, in combination with HP1-8 Thr-51 phos-
phorylation, further disrupt the interaction of HP1-8 with
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H3K9me residues or partner proteins, leading to its mobiliza-
tion. In addition, we also cannot exclude the possibility that
defects in HP1-B Thr-51 phosphorylation do occur at hetero-
chromatin-specific DNA damage sites in cells expressing
KAP-1 S473A, but are below detectable levels in our current
experimental conditions.

It has recently been suggested that another HP1 isoform,
HP1-q, is required for homologous recombination-mediated
DNA repair (35). However, our data showing that knockdown
of HP1-B corrects the heterochromatic DNA repair defect
observed in cells expressing S473A suggests that the presence
HP1-B may not be required for DNA repair (and could in fact be
inhibitory to DNA repair) under our experimental conditions.
Another study also found that HP1-a/f3/y were not required for
repair of DNA lesions induced by IR, which supports our data
presented here and from our previous studies that HP1-8 needs
to be mobilized around heterochromatin for efficient DNA
repair to take place (11, 16).

Considering the data presented here and the data of others
(6, 11, 16, 17, 26-28), we propose the following model for
KAP-1- and HP1-B-mediated heterochromatin remodeling
and DNA repair. Following DSB induction, ATM is activated
and phosphorylates downstream proteins such as Chk2 (30).
Chk2 then phosphorylates KAP-1 on Ser-473, promoting
dynamic changes in HP1-8 mobilization within heterochroma-
tin. This leads to alterations in heterochromatin that promote
recruitment of factors to facilitate DNA repair.

Several groups have attempted to examine chromatin
remodeling at sites of DSBs, and data suggest that modifications
of histones surrounding DNA DSBs in heterochromatin either
are below currently detectable levels or do not occur. The evi-
dence we have presented here along with our previous work on
HP1-B mobility support the notion that chromatin organiza-
tion can occur via targeting of histone-binding proteins rather
than alteration of the histone code itself (16, 36). The role of
ATM-dependent phosphorylation of KAP-1 on Ser-824 in the
repair of heterochromatin-associated DSBs has recently been
extensively characterized (6, 10, 11, 14). Induction of Ser-824-
phosphorylated KAP-1 following DSBs leads to chromatin
relaxation via removal of the nucleosome remodeler CHD3
from chromatin (14). We suggest that Chk2-dependent phos-
phorylation of KAP-1 on Ser-473 offers an additional mecha-
nism for chromatin relaxation via mobilization of HP1-8 from
chromatin, promoting DNA repair protein activity and repair
of the DNA lesion.
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