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of KAP1 association with heterochromatin.

structural changes.
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(Background: We showed that nuclear tyrosine phosphorylation is involved in chromatin structural changes.
Results: Several tyrosine kinases phosphorylate KAP1 at Tyr-449, Tyr-458, and Tyr-517 in the nucleus, resulting in a decrease

Conclusion: Tyrosine phosphorylation of KAP1 by nucleus-localized tyrosine kinases, including Src, involves heterochromatin

Significance: These findings provide a new insight into nuclear tyrosine phosphorylation signals.
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Protein tyrosine phosphorylation regulates a wide range of
cellular processes at the plasma membrane. Recently, we
showed that nuclear tyrosine phosphorylation by Src family
kinases (SFKs) induces chromatin structural changes. In this
study, we identify KRAB-associated protein 1 (KAP1/TIF1p/
TRIM28), a component of heterochromatin, as a nuclear tyro-
sine-phosphorylated protein. Tyrosine phosphorylation of
KAP1 is induced by several tyrosine kinases, such as Src, Lyn,
Abl, and Brk. Among SFKs, Src strongly induces tyrosine phos-
phorylation of KAP1. Nucleus-targeted Lyn potentiates tyrosine
phosphorylation of KAP1 compared with intact Lyn, but neither
intact Fyn nor nucleus-targeted Fyn phosphorylates KAP1. Sub-
stitution of the three tyrosine residues Tyr-449/Tyr-458/Tyr-
517, located close to the HP1 binding-motif, into phenylalanine
ablates tyrosine phosphorylation of KAP1. Immunostaining and
chromatin fractionation show that Src and Lyn decrease the
association of KAP1 with heterochromatin in a kinase activity-
dependent manner. KAP1 knockdown impairs the association
of HP1« with heterochromatin, because HP1« associates with
KAP1 in heterochromatin. Intriguingly, tyrosine phosphoryla-
tion of KAP1 decreases the association of HP1a with hetero-
chromatin, which is inhibited by replacement of endogenous
KAP1 with its phenylalanine mutant (KAP1-Y449F/Y458F/
Y517F, KAP1-3YF). In DNA damage, KAP1-3YF repressed
transcription of p21. These results suggest that nucleus-local-
ized tyrosine kinases, including SFKs, phosphorylate KAP1 at
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Tyr-449/Tyr-458/Tyr-517 and inhibit the association of KAP1
and HP1« with heterochromatin.

Protein tyrosine phosphorylation is one of the key post-
translational modifications that controls a wide variety of cel-
lular events, such as cell proliferation, differentiation, gene
transcription, and cell adhesion (1, 2). Although it is well known
that tyrosine phosphorylation is important for signal transduc-
tion at the plasma membrane, the role of nuclear tyrosine phos-
phorylation in nuclear events is poorly understood (3, 4).

Human genome encodes 518 protein kinases, which consist
of 428 serine and threonine kinases and 90 tyrosine kinases (5).
Receptor-type tyrosine kinases transmit signals from the extra-
cellular milieu to the inside of the cell. On the other hand, the
function of non-receptor-type tyrosine kinases is influenced by
their intracellular localization (6). Src family kinases (SFKs),?
which belong to a family of non-receptor-type tyrosine kinases,
consist of proto-oncogene products and structurally related
proteins, such as c-Src, Lyn, and Fyn (7, 8). Recently, we showed
that SFKs are imported into and rapidly exported from the
nucleus (9, 10). Brk (breast tumor kinase), an Src-related kinase,
is localized to the cytoplasm and the nucleus (11). The proto-
oncogene product c-Abl, a non-receptor-type tyrosine kinase,
can shuttle between the cytoplasm and the nucleus (12). ErbB4,
a member of ErbB receptor tyrosine kinases, is cleaved upon
ligand stimulation, and the intracellular domain is released into
the cytoplasm and the nucleus (13).

Recently, we reported that nucleus-localized tyrosine
kinases, such as SFK, Abl, Chk, and ErbB4, play roles in the

3 The abbreviations used are: SFK, Src family kinase; NLS, nuclear localization
signal; KD, kinase-dead; H3K9me3, histone H3 trimethylated on lysine 9;
TRITC, tetramethylrhodamine isothiocyanate; ADR, Adriamycin; P, pro-
pidium iodide; KAP1-wt, wild-type KAP1; KAP1-3YF, KAP1-Y449F/Y458F/
Y517F mutant.

JOURNAL OF BIOLOGICAL CHEMISTRY 17871



Tyrosine Phosphorylation of KAP1

regulation of chromatin structure and histone modifications
through tyrosine phosphorylation (10, 14-17). To substantiate
the involvement of nuclear tyrosine kinases in chromatin struc-
tural changes, we constructed mutants with a nuclear localiza-
tion signal (NLS). Compared with the intact form of tyrosine
kinases, NLS-SFK, NLS-c-Abl, and NLS-4ICD (NLS-tagged
ErbB4 intracellular domain) have strong effects on chromatin
structural changes (10, 16, 17). NLS-tagged tyrosine kinases
help us to understand the relationships between tyrosine
kinases and chromatin structural changes. However, it is still
unclear how chromatin structure is regulated through tyrosine
phosphorylation.

In this study, we sought to identify nuclear tyrosine-phos-
phorylated proteins that are related to chromatin structural
changes and found a candidate protein called KRAB-associated
protein 1 (KAP1/TIF1B/Trim28). We revealed that three tyro-
sine residues of KAP1 are the common tyrosine phosphoryla-
tion sites for various tyrosine kinases localizing in the nucleus.
We further showed that tyrosine phosphorylation of KAP1
decreases the amounts of chromatin-bound KAP1 and HP1c.
In addition, tyrosine phosphorylation of KAP1 is involved in
transcription of p21 upon DNA damage.

EXPERIMENTAL PROCEDURES

Plasmids—Intact c-Src, c-Src (c-Src-HA), and NLS-Src were
constructed from cDNA encoding human wild-type Src (18)
(provided by D.]. Fujita) as described (10, 19). Intact Lyn, Lyn
(Lyn-HA), Lyn-K275A (Lyn(KD)-HA, KD indicating kinase-
dead), NLS-Lyn, and NLS-Lyn-K275A (NLS-Lyn(KD)) were
constructed from cDNA encoding human wild-type Lyn (20)
(provided by T. Yamamoto) as described (10, 19). To construct
pOZ-NLS-Lyn, cDNA encoding human wild-type Lyn was sub-
cloned into the XhoI-NotlI site of the pOZ-FLAG-HA-N vector
(21) (provided by A. Iwama). NLS was inserted between the HA
epitope and Lyn. The sequence GGL was inserted between the
HA epitope and the NLS. The sequence LDPAQWRPRDPLC-
WTRPAAPKLSPRAGN was inserted between the NLS and
Lyn. pOZ-NLS-Lyn-K275R/Y508F(KD), in which the ATP
binding site and the negative regulatory site were mutated, was
created by PCR using pOZ-NLS-Lyn as a template. Intact Fyn
and NLS-Fyn were constructed from cDNA encoding human
wild-type Fyn (22) (provided by T. Yamamoto) as described (10,
19). NLS-4ICD was constructed from cDNA encoding human
ErbB4 CYT-1 (23) (provided by S. Yokoyama) as described (17).
NLS-c-Abl was constructed from cDNA encoding human wild-
type c-Abl-1b (24) (provided by E. Canaani) as described (16).
NLS-Syk was constructed from ¢cDNA encoding human wild-
type Syk (25) (provided by E. A. Clark) as described (10). cDNA
encoding human Brk (Open Biosystems) was subcloned into
the pcDNA4/TO-FH vector (16). Myc-JMJD2a was con-
structed from cDNA containing human wild-type JMJD2a and
subcloned into the Myc-pcDNA3 vector. Wild-type KAP1
(FLAG-KAP1-wt), FLAG-KAP1(N1)(1-469), and FLAG-
KAP1(C)(469-835) were gifts from H. Ariga (26). FLAG-
KAP1(N2)(1-380) was constructed from FLAG-KAP1(N1)(1-
469) by digesting with BamHI, blunting, and ligation. The
Tyr — Phe mutants of KAP1 were created by PCR using KAP1-wt
as a template with the primers (supplemental Table S1).
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RNA Interference—Knockdown of KAP1 was performed with
short hairpin RNA (shRNA) for silencing KAP1 (5'- gcatgaac-
cccttgtgetg-3') (27). The nucleotides for shRNA were annealed
and subcloned into the BglII-Xbal site of the pENTR4/H1 vec-
tor (provided by H. Miyoshi) (28, 29). To establish a KAP1-
stable knockdown cell line, HeLa S3 cells were co-transfected
with pENTR4/H1/shKAP1 and a plasmid containing the hygro-
mycin-resistant gene and selected in 250 wg/ml hygromycin.
To replace endogenous KAP1 with KAP1-wt or KAP1-3YF
mutant, KAP1 knockdown cells were transfected with knock-
down-resistant KAP1-wt or KAP1-3YF, and cell clones
expressing KAP1-wt or KAP1-3YF were selected in 300 ug/ml
G418. shRNA-resistant KAP1 constructs were made by muta-
tion of the shRNA target site by PCR using KAP1 as a template
with the sense primer 5'- acacaagcatgaaccactagtactgttttgt-
gagagctgtgatactc-3’ and the antisense primer 5'-ctctcac-
aaaacagtactagtggttcatgcttgtgtacgttgcaata-3'.

Antibodies—The following antibodies were used: Tyr(P)
(4G10 and polyclonal antibody; Upstate Biotechnology, Inc.;
provided by T. Tamura and T. Yoshimoto (30)), Lyn (Lyn9;
Wako Pure Chemical Industries (Osaka, Japan) and Lyn44
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA)), FLAG (M2
and polyclonal antibody; Sigma), HA (Y11; Santa Cruz Biotech-
nology, Inc.), actin (clone C4; CHEMICON International),
a-tubulin (MCA78G; Serotec), Src phosphorylated on Tyr-416
(Cell Signaling Technology), KAP1 (ab10484; Abcam and
Bethyl Laboratories), HP1a (05-689; Millipore), histone H3
trimethylated on lysine 9 (H3K9me3) (ab8898; Abcam), Syk
(4D10; Santa Cruz Biotechnology, Inc.), Brk (C-18; Santa Cruz
Biotechnology, Inc.), Abl (8E9; BD Pharmingen), Fyn (Fyn3;
Santa Cruz Biotechnology, Inc.), Src (GD11; Upstate Biotech-
nology, Inc.), Ku70 (C-19; Santa Cruz Biotechnology, Inc.),
ErbB4 (C-18; Santa Cruz Biotechnology, Inc.), Chk2 (DCS-273;
Medical and Biological Laboratories), Chk2-pT68 (Cell Signal-
ing Technology), KAP1-Ser(P)-473 (BioLegend), KAP1-Ser(P)-
824 (Bethyl Laboratories), and lamin A/C (N-18; Santa Cruz
Biotechnology, Inc.). Horseradish peroxidase (HRP)-F(ab’),
secondary antibodies were purchased from Amersham Biosci-
ences. FITC-IgG, TRITC-IgG, and Alexa Fluor 488-, Alexa
Fluor 546-, and Alexa Fluor 647-labeled IgG secondary anti-
bodies were purchased from BioSource International, Sigma-
Aldrich, and Invitrogen.

Cells and Transfection—Cells were cultured in Iscove’s mod-
ified DME medium containing 5% bovine serum (COS-1 and
HeLa S3 cells; Japanese Collection of Research Bioresources,
Osaka). Cells seeded in a 35-mm (60-mm) culture dish were
transiently transfected with 1 ug (3 ug) of plasmid DNA using 5
g (15 ug) of linear polyethyleneimine (25 kDa) (Polyscience,
Inc.) (31) or Lipofectamine 2000 (Invitrogen). To generate
HeLa S3 cells stably expressing NLS-Lyn or NLS-Lyn(KD),
standard transfection and retroviral production procedures
were used (21). The infected cells expressing CD25 were
enriched by cell sorting. To stimulate tyrosine phosphorylation
in HeLa S3/NLS-Lyn, cells were treated with 0.5 mm sodium
orthovanadate (Na;VO,) for 1.5 h. A HeLa S3 cell clone
expressing v-Src was generated in an inducible manner (HeLa
S3/TR/v-Src). To induce DNA damage responses, cells were
treated with 100 ng/ml Adriamycin (ADR) for 1 h. To inhibit
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NLS-Lyn-mediated tyrosine phosphorylation, cells were
treated with 10 um PP2 (Sigma) or 5-10 um SU6656 (Sigma).

Western Blotting and Immunoprecipitation—Cell lysates
were prepared in SDS-PAGE sample buffer or Triton X-100
lysis buffer (30 mm HEPES, pH 7.4, 100 mm NaCl, 0.5% Triton
X-100, 4 mm EDTA, 10 mm NaF, 50 ug/ml aprotinin, 100 um
leupeptin, 25 uMm pepstatin A, and 2 mm PMSF) and subjected to
SDS-PAGE and electrotransferred onto polyvinylidene difluo-
ride membranes (Millipore). Inmunodetection was performed
by enhanced chemiluminescence (Millipore), as described
(32-34). Results were analyzed using a ChemiDoc XRS-Plus
image analyzer (Bio-Rad). Immunoprecipitation was per-
formed using antibody-precoated protein G beads, as
described (9, 29, 33, 35). The intensity of chemiluminescence
was measured using Quantity One software (Bio-Rad). Rel-
ative amounts of KAP1, HP1«, and histone H3K9me3 repre-
sent means * S.D. from three independent experiments.
Asterisks indicate the significant differences (*, p < 0.05; **,
p < 0.01) calculated by Student’s ¢ test (Fig. 3, E and L).
Composite figures were prepared using the GNU Image
Manipulation Program version 2.6.2 software (GIMP) and
Illustrator version 14.0 software (Adobe).

Subcellular Fractionation—Cell pellets were washed with
phosphate-buffered saline (PBS) and resuspended in low salt
buffer (10 mm HEPES, pH 7.4, 10 mm KCl, 0.1% Triton X-100,
0.34 M sucrose, 10% glycerol, 1.7 mm MgCl,, 10 mm NaF, 4 mm
B-glycerophosphate, 2 mm Na,;VO,, 50 pg/ml aprotinin, 100
uM leupeptin, 25 um pepstatin A, and 2 mm PMSEF), and the
cells were kept on ice for 10 min. Cytosolic proteins were sep-
arated from nuclei by centrifugation at 2,000 X g for 5 min.
Isolated nuclei were lysed in high salt buffer (50 mm HEPES, pH
7.4, 300 mm KCl, 1.0% Triton X-100, 20% glycerol, 50 mm NaF,
10 mm B-glycerophosphate, 10 mm Na;VO,, 1 mm EDTA, 50
png/ml aprotinin, 100 uM leupeptin, 25 uM pepstatin A, and 2
mm PMSF). After a 20-min incubation on ice, soluble nuclear
proteins were separated from chromatin by centrifugation at
17,900 X g for 10 min. The resulting chromatin fraction was
once washed with high salt buffer, solubilized in SDS sample
buffer, and sheared by sonication (36 —38).

Immunofluorescence—Confocal and differential interfer-
ence-contrast images were obtained using a Fluoview Fv500
confocal laser-scanning microscope with a 40 X 1.00 or a 60 X
1.00 numerical aperture water immersion objective (Olympus,
Tokyo), as described (15, 16, 39). One planar (xy) section slice
(0.6- or 2.0-um thickness) was shown in all experiments. For
HPla and KAP1 staining, cells were extracted with high salt
buffer for 3 min on ice and fixed in 100% methanol for 5 min at
—20 °C. Cells were permeabilized in PBS containing 0.2% Tri-
ton X-100 and 3% bovine serum albumin at room temperature
(40). Cells were subsequently reacted with appropriate primary
antibodies for 1 h, washed with PBS containing 0.1% saponin,
and stained with FITC-, TRITC-, Alexa Fluor 488-, Alexa Fluor
546-, or Alexa Fluor 647-conjugated secondary antibodies for
1 h. For DNA staining, cells were treated with 200 wg/ml RNase
A for 1 h and with 20 ug/ml propidium iodide (PI) or 200 nm
TOPRO-3 for 30 min and mounted with Prolong Antifade™
reagent (Molecular Probes, Inc.). The resulting red emission of
TOPRO-3 and Alexa Fluor 647 are pseudocolored blue. Com-
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posite figures were prepared using GIMP version 2.6.2 and
Hlustrator version 14.0. For quantitation of amounts of KAP1
and HPle, confocal images were obtained using a Fluoview
Fv500 confocal laser-scanning microscope, and then fluores-
cence intensities of immunostaining were measured using
Image] software (National Institutes of Health). Bars represent
means * S.D. from a representative experiment. Numbers in
parentheses indicate mean values, and asterisks indicate signif-
icant differences (**, p < 0.01; ***, p < 0.001) calculated by
Student’s ¢ test. Scale bars are 10 um (Figs. 3 (A-C), 4 (B-E),
and 5 (B-D)) and 20 um (Figs. 14, 44, and 5A). Because two or
three independent experiments gave similar results, a repre-
sentative experiment is shown.

In Vitro Kinase Assay—Lysates were prepared in Triton
X-100 lysis buffer. Immunoprecipitation was performed using
anti-FLAG or anti-HA antibody-precoated protein G beads.
Immunodetection was performed as reported (41). In vitro
kinase assays were performed as described (14, 32, 35, 42). In
brief, Lyn was immunoprecipitated with anti-HA antibody
from Triton X-100 lysates of COS-1 cells transfected with Lyn
(Lyn-HA) or Lyn(KD) (Lyn(KD)-HA). After washing, equal
amounts of each immunoprecipitate were reacted with FLAG
peptide-eluted FLAG-KAP1 in kinase buffer (40 mm HEPES,
pH 7.4, 0.1% Triton X-100, 5 mm MnCl,, 5 mm MgCl,, 1 mm
Naz;VO,) containing 100 um unlabeled ATP at 30 °C for the
indicated periods. Phosphorylated bands were immunode-
tected with anti-Tyr(P) antibody, and the intensity of chemilu-
minescence was measured using Quantity One software (Bio-
Rad). Composite figures were prepared using GIMP version
2.6.2 and Illustrator version 14.0.

Identification of p110 by Peptide Mapping—Parental HeLa
S3 or HeLa S3/NLS-Lyn cells were treated with 0.5 mm Na;VO,
for 1.5 h and lysed with SDS-lysis buffer (100 mm Tris, pH 6.8,
3% SDS, 20% glycerol, 10 mm Na;VO,). Cell lysates were boiled
at 95 °C for 5 min and sonicated. To dilute SDS to a concen-
tration of 0.1%, wash buffer (30 mm HEPES, pH 7.4, 300 mm
NaCl, 1.0% Triton X-100) was added before immunoprecipi-
tation. Tyrosine-phosphorylated proteins were collected on
anti-Tyr(P) antibody-precoated protein G beads from cell
lysates. After extensively washing the beads with wash
buffer, the immune pellets were analyzed by SDS-PAGE and
Coomassie Brilliant Blue staining. The protein band corre-
sponding to pl110 was cut out and digested with trypsin
(Trypsin Gold; Promega). After the digestion, molecular
mass analysis of trypsin fragments was performed by
LC/MS/MS. Identification of the protein was carried out
by comparison between the molecular weights determined
by LC/MS/MS and theoretical masses.

Semiquantitative RT-PCR—Total RNAs were isolated from
cells with the TRIzol reagent (Invitrogen), and cDNAs were
synthesized from 1 ug of each RNA preparation using the
PrimeScript RT reagent kit (TakaraBio, Shiga) as described
(16). To avoid saturation of PCR products, conditions of PCR
were optimized before semiquantitative RT-PCR was carried
out. The primers used for PCR are as follows: p21, 5'-actct-
cagggtcgaaaacgg-3' (sense) and 5'-cttcctgtgggeggattagg-3’
(antisense); glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), 5'-accacagtccatgccatcac-3’ (sense) and 5'-tccac-
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FIGURE 1. Tyrosine phosphorylation of KAP1 induced by nuclear tyrosine kinases. A, COS-1 cells transfected with Lyn-HA or NLS-Lyn-HA were cultured for
24 h. Cells were fixed and stained with anti-HA antibody. The areas of nuclei are marked by dotted lines. DIC, differential interference-contrast. B, COS-1 cells
transfected with the indicated plasmids were cultured for 24 hin the presence or absence of 10 um PP2 during the last 12 h. Immunoblotting (Western blot; WB)
was performed with the indicated antibodies. C, parental HeLa S3 or HeLa S3/NLS-Lyn cells treated with or without 0.5 mm sodium orthovanadate (Na;VO,)
were cultured for 1.5 h.Immunoblotting was performed with the indicated antibodies. D, COS-1 cells transfected with the indicated plasmids were cultured for
24 h. Endogenous KAP1 was immunoprecipitated (/P) with anti-KAP1 antibody. Immunoblotting was performed with the indicated antibodies. E, COS-1 cells
cotransfected with KAP1-wt plus the indicated plasmids were cultured for 24 h in the presence of 10 um SU6656 or DMSO (dimethyl sulfoxide, solvent control)
during the last 3 h. KAP1-wt was immunoprecipitated with anti-FLAG antibody. Immunoblotting was performed with the indicated antibodies. F, KAP1-wt
immunoprecipitates were incubated with Lyn immunoprecipitates in reaction buffer. Samples were taken at the indicated times. Immunoblotting was
performed for FLAG, Tyr(P), and Lyn. The levels of tyrosine phosphorylation at each incubation time (15, 30, and 60 min) relative to that of the control (0 min)
are shown. G, KAP1-wt immunoprecipitates were incubated with Lyn or Lyn(KD) immunoprecipitates for 30 min in reaction buffer. Immunoblotting was
performed with the indicated antibodies. H-L, COS-1 cells cotransfected with KAP1-wt plus the indicated plasmids were cultured for 24 h. KAP1-wt was
immunoprecipitated with anti-FLAG antibody. Immunoblotting was performed with the indicated antibodies. Asterisks show degradation products.

caccctgttgctgta-3' (antisense) (16, 17). The sizes of PCR
products are 104 bp for p21 and 452 bp for GAPDH. Ampli-
fication was carried out using an MJ mini thermal cycler
(Bio-Rad) with Ex TagDNA polymerase (TakaraBio) under
the following conditions: for p21, initial heating at 94 °C for
2 min, followed by 27 cycles of denaturation at 94 °C for 30's,
annealing at 63 °C for 30 s, and extension at 72 °C for 1 min;
for GAPDH, initial heating at 94 °C for 2 min, followed by 25
cycles of denaturation at 94 °C for 30 s, annealing at 56 °C for
30 s, and extension at 72 °C for 1 min. The products of RT-
PCR were electrophoresed on a 2.5% agarose gel containing
ethidium bromide. The density of each amplified fragment
was quantitated using a ChemiDoc XRSPlus image analyzer
and Quantity One software. The relative amount of p21 rep-
resents the mean *= S.D. from three independent experi-

17874 JOURNAL OF BIOLOGICAL CHEMISTRY

ments. An asterisk indicates the significant difference (*, p <
0.05) calculated by Student’s ¢ test (Fig. 4H).

RESULTS

Tyrosine Phosphorylation of KAP1—To identify tyrosine-
phosphorylated proteins in the nucleus, we established cell
lines expressing Lyn tyrosine kinase tagged with a nuclear local-
ization signal (NLS-Lyn). Affinity-purified proteins using anti-
Tyr(P) antibody were excised from an SDS-polyacrylamide gel
and subjected to proteolytic cleavage followed by LC/MS/MS.
The peptide derived from p110 exhibited 100% identity with
the amino acid sequence of human KAP1 (Fig. 1, A-C, and
supplemental Table S2), a component of chromatin structure
(43).
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To verify tyrosine phosphorylation of KAP1, we transfected
COS-1 cells with NLS-Lyn or NLS-Lyn(KD) and immunopre-
cipitated endogenous KAP1 from cell lysates. Endogenous
KAP1 was tyrosine-phosphorylated by NLS-Lyn but not NLS-
Lyn(KD) (Fig. 1D). Furthermore, cells were cotransfected with
KAP1-wt plus NLS-Lyn or KAP1-wt plus NLS-Lyn(KD) and
cultured in the presence or absence of the SFK inhibitor
SU6656. Expressed KAP1-wt was also tyrosine-phosphorylated
by NLS-Lyn but not NLS-Lyn(KD), and treatment with SU6656
inhibited tyrosine phosphorylation of KAP1-wt (Fig. 1E). These
results suggest that tyrosine phosphorylation of KAP1 is
induced by NLS-Lyn. Furthermore, we tested whether Lyn
directly phosphorylated KAP1 at tyrosine residues. KAP1-wt,
Lyn, and Lyn(KD) were immunoprecipitated from respective
transfected cells and subjected to in vitro kinase assays (Fig. 1, F
and G). Tyrosine phosphorylation of KAP1-wt by Lyn was
observed in a kinase activity-dependent manner, suggesting
that Lyn directly phosphorylates KAP1 at tyrosine residues.

To examine whether the other SFK members were able to
phosphorylate KAP1 at tyrosine residues, we cotransfected
cells with KAP1-wt in conjunction with NLS-Lyn, NLS-Src, or
NLS-Fyn, which are all localized to the nucleus (10) (Fig. 1A).
Unlike NLS-Fyn, NLS-Src and NLS-Lyn were able to phos-
phorylate KAP1 at tyrosine residues (Fig. 1H). Previously, we
showed a strong relationship between various tyrosine kinases
and chromatin structural changes (10, 16, 17). Next, we exam-
ined whether the other families of tyrosine kinases were able to
phosphorylate KAP1. NLS-c-Abl, NLS-Syk, and NLS-4ICD
were found to phosphorylate KAP1-wt at tyrosine residues,
irrespective of various levels of tyrosine phosphorylation of
KAP1-wt (Fig. 11).

Next, to examine the effect of the NLS sequence per se on
KAP1 phosphorylation, we cotransfected cells with KAP1-wtin
conjunction with intact c-Src, intact Lyn, or intact Fyn. Like
NLS-Src, intact c-Src strongly phosphorylated KAP1-wt at
tyrosine residues (Fig. 1, H and /-L). Intact Lyn also phos-
phorylated KAP1-wt at tyrosine residues despite the low levels
of tyrosine phosphorylation (Fig. 1/). The levels of tyrosine
phosphorylation of KAP1 were increased when NLS-Lyn was
used in place of intact Lyn (Fig. 1, compare H with J). However,
neither NLS-Fyn nor intact Fyn phosphorylated KAP1-wt at
tyrosine residues (Fig. 1, H and /). Brk, a non-receptor-type
tyrosine kinase that localizes in the nucleus, also phosphoryl-
ated KAP1-wt at tyrosine residues (Fig. 1L). These results sug-
gest that KAP1 is a substrate for various tyrosine kinases that
localize in the nucleus, and their nuclear localization is critical
for tyrosine phosphorylation of KAPI.

Tyrosine Phosphorylation of KAP1 at Tyr-449, Tyr-458, and
Tyr-517—To determine the tyrosine phosphorylation sites of
KAP1, we constructed several deletion mutants of KAP1 (Fig. 2,
A and C). Cells were cotransfected with NLS-Lyn plus KAP1-wt
or KAP1 deletion mutants, and we found that NLS-Lyn induced
tyrosine phosphorylation of KAP1(N1)(1-469) but not
KAP1(C)(469 - 835) and KAP1(N2)(1-380) (Fig. 2, Band D). In
addition, phospho-Tyr-517 on KAP1 was detected by mass
spectrometry (supplemental Table S2). Given that KAP1 has
only two tyrosine residues at positions 449 and 458 (Tyr-449
and Tyr-458) in the region between 380 and 469, we con-
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structed KAP1 mutants, which are mutated at Tyr-449, Tyr-
458, and Tyr-517 to phenylalanine (KAP1-Y449F, KAP1-
Y458F, KAP1-Y517F, and KAP1-3YF) (Fig. 2E). Cotransfection
of cells with NLS-Lyn plus KAP1-wt or NLS-Lyn plus KAP1
mutants showed that Tyr-449, Tyr-458, and Tyr-517 were
phosphorylated to a similar extent (Fig. 2, F and G). Impor-
tantly, we found that tyrosine phosphorylation of KAP1-3YF
was barely detected (Fig. 2H). Similar results were obtained
with in vitro kinase assays (Fig. 2I). These results suggest that
Tyr-449, Tyr-458, and Tyr-517 are the major tyrosine phos-
phorylation sites of KAP1.

Next, we examined whether various tyrosine kinases phos-
phorylated the same tyrosine residues of KAP1. In fact, we
found that NLS-Lyn, NLS-c-Abl, NLS-Syk, and NLS-4ICD did
not induce tyrosine phosphorylation of KAP1-3YF in cells
cotransfected with KAP1-3YF plus each tyrosine kinase (Fig.
2J; see Fig. 11), indicating that Tyr-449, Tyr-458, and Tyr-517
are the common tyrosine phosphorylation sites of KAP1 for
various tyrosine kinases.

Inhibitory Role of Tyrosine Phosphorylation in Recruitment of
KAPI and HP1o to Chromatin—KAP1 binds to chromatin and
acts as a scaffold for the assembly of heterochromatin proteins,
including heterochromatin protein 1o (HP1e), that participate
in heterochromatin formation (44 —46). To examine the state
of chromatin-bound proteins, cells were extracted with high
salt buffer before fixation and immunostained for KAP1 and
HPla. Consistent with previous studies (37, 47), immuno-
staining showed that both endogenous KAP1 and HP1a were
strongly stained within heterochromatic condensed chromatin,
compared with decondensed chromatin (Fig. 34). Moreover,
we established KAP1 knockdown cell lines (HeLa S3/shKAP1)
and immunostained for HP1a. KAP1 knockdown was found to
decrease the levels of chromatin-bound HP1«a (Figs. 3A and
4B). These results substantiate the co-association of KAP1 and
HP1o within heterochromatin.

To examine the effect of nuclear tyrosine phosphorylation on
KAP1 binding to chromatin, we transfected HeLa S3 cells with
NLS-Lyn and immunostained for chromatin-bound KAPI.
Intriguingly, the levels of chromatin-bound KAP1 were
decreased upon NLS-Lyn expression (Fig. 3B). Furthermore,
we immunostained for chromatin-bound HP1« and found that
upon NLS-Lyn expression, the levels of chromatin-bound
HPla were decreased within heterochromatic condensed
chromatin as well as those of chromatin-bound KAP1 (Fig. 3,
B and C). These results suggest that nuclear tyrosine phos-
phorylation inhibits recruitment of KAP1 and HPla to
heterochromatin.

Effect of Tyrosine Phosphorylation on the Association of KAP1
with Heterochromatin—To examine whether nuclear tyrosine
phosphorylation inhibited KAP1 association with heterochro-
matin, cells were subfractionated into the low salt soluble frac-
tion, the high salt soluble fraction, and the insoluble fraction
(see “Experimental Procedures”). The low salt soluble fraction
contained the cytosolic protein cPLA,, and the high salt soluble
fraction contained the chromatin-binding protein Ku70 (Fig.
3D). The insoluble fraction, which we focused on, contained the
nuclear matrix protein lamin A/C and the heterochromatin
protein HP1a. KAP1 was distributed into the low salt soluble
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FIGURE 2. Tyrosine phosphorylation of KAP1 at Tyr-449, Tyr-458, and Tyr-517. A, C, £, a schematic representation of KAP1. RING, RING finger domain; B box,
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immunoprecipitates, as described in the legend to Fig. 1G. Immunoblotting was performed with the indicated antibodies. J, COS-1 cells cotransfected with
KAP1-wt plus NLS-Lyn or KAP1-3YF plus the indicated plasmids were cultured for 24 h. KAP1-wt and KAP1-3YF were immunoprecipitated with anti-FLAG
antibody. Immunoblotting was performed with the indicated antibodies. Asterisks show degradation products.

fraction, the high salt soluble fraction, and the insoluble frac-
tion (Fig. 3D), confirming that KAP1 is a component of hetero-
chromatin, but not all of KAP1 associates with heterochroma-
tin. In fact, nearly 25% of KAP1 binds to highly compacted
heterochromatin (48). We subfractionated parental and NLS-
Lyn-expressing cells and found that the amounts of endoge-
nous KAP1 were decreased in the insoluble fraction upon NLS-
Lyn expression, although the protein levels of KAP1 in whole
cells were almost unchanged irrespective of NLS-Lyn expres-
sion (Fig. 3E; see also Fig. 3K). These results suggest that the
association of KAP1 with heterochromatin is inhibited upon
NLS-Lyn expression.

Next, we examined the inhibitory role of NLS-Lyn kinase
activity in the association of KAP1 with heterochromatin.
Treatment with SU6656 inhibited the NLS-Lyn-mediated
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decrease in the amounts of endogenous KAP1 in the insoluble
fraction (Fig. 3F). Upon NLS-Lyn(KD) expression, the amounts
of endogenous KAP1 were not decreased in the insoluble frac-
tion (Fig. 3G). These results suggest that the tyrosine kinase
activity is critical for a decrease in the levels of KAP1 association
with heterochromatin.

Next we examined whether c-Src, which strongly phosphor-
ylated KAP1 (see Fig. 1)), decreased the amounts of KAP1 in the
insoluble fraction. We subfractionated HeLa S3 cells inducibly
expressing v-Src, a highly activated variant of c-Src. The
amounts of endogenous KAP1 were decreased in the insoluble
fraction when v-Src was induced, and the decrease was inhib-
ited by SU6656 treatment (Fig. 3H). Furthermore, we found
that the amounts of HP1a were decreased in the insoluble frac-
tion in a kinase activity-dependent manner as well as those of
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KAP1 (Fig. 3]). These results suggest that nuclear tyrosine To examine whether tyrosine-phosphorylated KAP1 de-
phosphorylation decreases the association of KAP1 and HPla  creased its association with heterochromatin, we compared the
with heterochromatin. tyrosine phosphorylation levels of KAP1 in the soluble fraction
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with those in the insoluble fraction. The tyrosine phos-
phorylation levels of endogenous KAP1 in immunoprecipitates
from the soluble fraction were about 2 times as high as those from
the insoluble fraction (Fig. 3, /Jand K). Then we examined the effect
of NLS-Lyn on KAP1 association with HP1a and H3K9me3 (44,
45,49). HP1a and H3K9me3 were coimmunoprecipitated with
endogenous KAP1, and we found that the amounts of HP1«
and H3K9me3 coimmunoprecipitated with KAP1 were
decreased when KAP1 was tyrosine-phosphorylated (Fig. 3L).
These results suggest that tyrosine phosphorylation of KAP1
impairs its association with heterochromatin.

Inhibitory Role of Tyrosine Phosphorylation of KAPI at Tyr-
449, Tyr-458, and Tyr-517 in HP1a Association with Chro-
matin—Tyrosine phosphorylation of KAP1 decreased the
amounts of chromatin-bound KAP1 and HP1« (Fig. 3, Band C).
To examine the effect of tyrosine phosphorylation of KAP1 at
Tyr-449, Tyr-458, and Tyr-517 on HP1a association with chro-
matin, endogenous KAP1 was complemented by stable expres-
sion of shRNA-resistant KAP1-wt or KAP1-3YF in HelLa
S3/shKAP1 cells. We confirmed the expression of sShARNA-re-
sistant KAP1 in these cell lines with immunostaining and West-
ern blotting (Fig. 4, A and F). HeLa S3 cells, HeLa S3/shKAP1
cells, and HeLa S3/shKAP1 cells expressing KAP1l-wt or
KAP1-3YF were immunostained for HP1a. KAP1 knockdown
decreased the amounts of chromatin-bound HP1« (Fig. 4B; see
also Fig. 3A). It is of note that the levels of chromatin-bound
HPla in KAP1-3YF-expressing cells were significantly
increased compared with those in KAP1-wt-expressing cells
(Fig. 4B). To further ascertain the effect of tyrosine phosphor-
ylation of KAP1 at Tyr-449, Tyr-458, and Tyr-517 on HPla
association with chromatin, HeLa S3/shKAP1 cells expressing
KAP1-wt or KAP1-3YF were transfected with NLS-Lyn. The
amounts of chromatin-bound HP1« were decreased in KAP1-
wt-expressing cells upon NLS-Lyn expression, and the decrease
was inhibited in KAP1-3YF-expressing cells (Fig. 4C). These
results suggest that phosphorylation of KAP1 at Tyr-449, Tyr-
458, and Tyr-517 has an inhibitory role in HP1a association
with chromatin.

Next, HeLa S3/shKAP1 cells expressing KAP1-wt or KAP1—
3YF were transfected with c-Src or Fyn. c-Src, which strongly
phosphorylated KAP1, induced a decrease in the amounts of
chromatin-bound HP1a in KAP1-wt-expressing cells, and the
decrease was inhibited in KAP1-3YF-expressing cells (Fig. 4D;
see also Fig. 1)). In contrast to c-Src, Fyn, which did not phos-
phorylate KAP1, had no effect on HP1« association with chro-
matin (Fig. 4F; see also Fig. 1)). Intriguingly, tyrosine phos-
phorylation mediated by c-Src was detected in the nucleus, but
tyrosine phosphorylation mediated by Fyn was detected largely
in the cytoplasm (Fig. 4, D and E). These results suggest that
c-Src decreases HPla association with chromatin through
phosphorylation of KAP1 at Tyr-449, Tyr-458, and Tyr-517 in
the nucleus.

KAP1 phosphorylation at serine 824 (Ser(P)-824) by ATM
and at serine 473 (Ser(P)-473) by Chk2 plays important roles in
DNA damage responses (27, 37, 50), and the tyrosine kinases
Lyn and c-Abl are activated in DNA damage responses (51, 52).
We thus examined the effect of KAP1 tyrosine phosphorylation
on KAP1-Ser(P)-824 and KAP1-Ser(P)-473. HeLa S3 cells,
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HeLa S3/shKAP1 cells, and HeLa S3/shKAP1 cells expressing
KAP1-wt or KAP1-3YF were treated with the DNA-damaging
agent ADR. The levels of Ser(P)-824 and Ser(P)-473 of KAP1-
3YF were found to be lower than those of KAP1-wt (Fig. 4F,
compare lane 7 with lane 8, lane 11 with lane 12, and lane 15
with lane 16). However, the levels of KAP1-Ser(P)-473 were not
changed without DNA damage, irrespective of tyrosine phos-
phorylation of KAP1 (Fig. 4G). These results suggest that tyro-
sine phosphorylation of KAP1 at Tyr-449, Tyr-458, and Tyr-
517 is involved in phosphorylation of KAP1 at Ser-824 and
Ser-473 in DNA damage responses.

Because phosphorylation of KAP1 at Ser-824 and Ser-473 is
required for transcription of p21 in DNA damage responses
(50), we analyzed the expression levels of the p21 mRNA in
HeLa S3/shKAP1 cells expressing KAP1-wt or KAP1-3YF
treated with ADR. Semiquantitative RT-PCR analysis showed
that the levels of p21 gene expression were decreased in KAP1-
3YF expressing cells compared with KAP1-wt expressing cells
(Fig. 4H). These results suggest that tyrosine phosphorylation
of KAP1 at Tyr-449, Tyr-458, and Tyr-517 is involved in DNA
damage responses.

DISCUSSION

In the present study, we show that KAP1 is phosphorylated at
Tyr-449, Tyr-458, and Tyr-517. These three tyrosine residues
are the common tyrosine phosphorylation sites of KAP1 for
various tyrosine kinases that are localized within the nucleus.
We further show that tyrosine phosphorylation of KAP1
decreases its association with heterochromatin, which is
accompanied by a decrease in the amounts of chromatin-bound
HPla.

Previous reports showed post-translational modifications of
KAP1 and its importance for proper functions. Phosphoryla-
tion of KAP1 at Ser-473 decreases its association with HP1, and
phosphorylation at Ser-824 relaxes chromatin structure (27,
53). SUMOylation of KAP1 is required for gene silencing (54).
Although tyrosine phosphorylation of KAP1 is reported to be
induced by c-Fes tyrosine kinase (55) and PDGF stimulation
(56), the major tyrosine phosphorylation sites of KAP1 have not
been identified thus far, and the roles of tyrosine phosphoryla-
tion of KAP1 are largely unknown.

We have been studying nuclear tyrosine phosphorylation
and the effect of nuclear tyrosine phosphorylation on chroma-
tin structural changes. Chk tyrosine kinase localizes within the
nucleus and brings about growth retardation and aberrant
chromosome movement leading to multinucleation (14, 57).
SFK and c-Abl tyrosine kinase localized in the nucleus induce
chromatin structural changes (10, 16). In this study, to under-
stand the regulatory mechanism of chromatin structural
changes through tyrosine phosphorylation, we tried to identify
nuclear tyrosine-phosphorylated proteins by mass spectrome-
try. Tyrosine phosphorylation induced by NLS-Lyn was barely
detected without Na;VO,, an inhibitor of tyrosine phosphata-
ses (Fig. 1C). We thus incubated NLS-Lyn-expressing cells in
medium supplemented with Na;VO, (Fig. 1C), because tyro-
sine phosphatases may be abundant in the nucleus (4). Taken
together with the fact that Na, VO, treatment greatly increases
nuclear tyrosine phosphorylation (10), these results suggest
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that tyrosine-phosphorylated proteins may be rapidly dephos-
phorylated in the nucleus. In addition to Na,VO, treatment, to
further inactivate tyrosine phosphatase activities, cell lysates
were boiled before immunoprecipitation (also see “Experimen-
tal Procedures”). These methods enabled us to identify KAP1 as
a nuclear tyrosine-phosphorylated protein (supplemental
Table S2). Tyrosine phosphorylation of KAP1 was induced by
various tyrosine kinases (Fig. 1). In addition to the tyrosine
kinases that we examined in this study, the other tyrosine
kinases may also phosphorylate KAPI.

To find the tyrosine phosphorylation sites of KAP1, we tried
to predict the sites with Web-based programs. NetPhos version
2.0 predicts three tyrosine phosphorylation sites, Tyr-208, Tyr-
458, and Tyr-755, on KAP1. Scansite predicts the other tyrosine
phosphorylation sites Tyr-242 and Tyr-517 besides Tyr-755.
Although both computer programs predict Tyr-755 as a tyro-
sine phosphorylation site, in fact our results indicate that Tyr-
755 is not the main tyrosine phosphorylation site. Phosphory-
lation at Tyr-755 was not detected by mass spectrometry, and
KAP1(C) containing Tyr-755 was weakly phosphorylated (sup-
plemental Table S2 and Fig. 2, A-D). In the PhosphoSitePlus
proteomics database, the phosphorylation sites of KAP1 at Tyr-
458 and Tyr-517 are most frequently shown in SW480 cells,
Jurkat T cells, K562 cells, etc., and the phosphorylation site at
Tyr-449 is also listed. As indicated in the PhosphoSitePlus data-
base, we detected that the two tyrosine residues Tyr-458 and
Tyr-517 on KAP1 are the major phosphorylation sites and that
Tyr-449 is heavily phosphorylated as well (Fig. 2, F and G).
We therefore conclude that the three tyrosine residues Tyr-
449, Tyr-458, and Tyr-517 are the major tyrosine phosphoryl-
ation sites of KAP1 (Fig. 2).

NLS-Lyn induced tyrosine phosphorylation of KAP1 much
more strongly than intact Lyn (Fig. 1, F-J), suggesting that
nuclear localization is important to induce tyrosine phos-
phorylation of KAP1. Recently, we reported that Lyn mutants
lacking the lipid modification sites are accumulated in the
nucleus, compared with Lyn-wt (9). At present, myristoylation
and palmitoylation are known as the major forms of lipid mod-
ification of tyrosine kinases (58). c-Src and Brk are not palmi-
toylated, whereas Lyn and Fyn are palmitoylated (11, 59).
Intriguingly, c-Src and Brk induced high levels of tyrosine phos-
phorylation of KAP1, compared with Lyn and Fyn (Fig. 1, J-L).
Immunostaining showed that c-Src but not Fyn induces tyro-
sine phosphorylation in the nucleus (Fig. 4, D and E). It is pos-
sible that palmitoylation negatively regulates nuclear localiza-
tion of SFK and tyrosine phosphorylation of KAPI.
Alternatively, it is conceivable that the levels of tyrosine phos-
phorylation of KAP1 are determined by the substrate specific-
ity, because unlike NLS-Src and NLS-Lyn, NLS-Fyn did not
phosphorylate KAP1 (Fig. 1H).

KAP1 is a component of chromatin structure (43). We found
that tyrosine phosphorylation of KAP1 decreases its association
with heterochromatin (Fig. 3, B and E-L), leading to an intrigu-
ing hypothesis that tyrosine phosphorylation of KAP1 takes
place in highly compacted heterochromatin (the insoluble frac-
tion), and tyrosine-phosphorylated KAP1 can be released from
the insoluble fraction into the high salt soluble fraction. Previ-
ous studies showed that KAP1 directly associates with HP1«
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and plays important roles in chromatin binding of HP1a (43,
60). KAP1 knockdown affects the level of histone H3 Lys-9
methylation that is required for chromatin binding of HP1«
(61) and compromises recruitment of HP1a to DNA damage
sites (62). Although our results showed that the levels of
H3K9me3 are not drastically changed, we substantiated that
KAP1 knockdown decreases the amounts of chromatin-bound
HPla (Figs. 3A and 5A). When the histone demethylase
JMJD2a is expressed, the levels of H3K9me3 and the amounts of
chromatin-bound HP1« are drastically decreased (Fig. 5, B and
C), consistent with previous studies (63). We revealed that
JMJD2a expression also decreases the amounts of chromatin-
bound KAP1 as well as those of HP1« (Fig. 5D), suggesting that
the association of KAP1 and HP1« with chromatin is regulated
by chromatin structure. However, the interaction of KAP1 and
HP1 was not affected by chromatin structure (Fig. 5E). There-
fore, KAP1 could strengthen the association of HPla with
heterochromatin.

The association of HP1a with heterochromatin is evidently
decreased through phosphorylation of KAP1 at Tyr-449, Tyr-
458, and Tyr-517 (Fig. 4, B-D). Previous studies showed that
KAP1 associates with HP1a through the HP1-binding motif
(PXVXL, amino acids 486 —490), and the mutation of this motif
to PEESL (amino acids 486 —490) abolishes the interaction of
KAP1 with HP1 (44, 60). The tyrosine phosphorylation sites of
KAP1 identified in this study are located close to the HP1-bind-
ing motif (Fig. 2E), leading to the hypothesis that tyrosine phos-
phorylation of KAP1 affects HP1 binding to KAP1 (see also Fig.
3L). Although the association of KAP1 with HP1« is disturbed
also by phosphorylation of KAP1 at Ser-473 (53), the level of
KAP1-Ser(P)-473 was not increased by tyrosine phosphoryla-
tion of KAP1 without ADR treatment (Fig. 4G). These results
suggest that the inhibitory effect of tyrosine phosphorylation of
KAP1 on the association of KAP1 with heterochromatin was
not due to the induction of Ser(P)-473.

Upon ADR treatment, the levels of Ser(P)-824 and Ser(P)-
473 of KAP1-3YF were lower than those of KAP1-wt (Fig. 4F).
Given that the levels of Ser(P)-824 and Ser(P)-473 of KAP1 with
mutation in the HP1-binding motif are higher than those of
wild-type KAP1 (64), we can speculate that an increase of the
association of KAP1-3YF with heterochromatin and HPla
may cause a decrease in the levels of Ser(P)-824 and Ser(P)-473
on KAP1-3YF, which leads to repression of p21 (Fig. 4H).

Although Jak2 tyrosine kinase phosphorylates histone H3 at
Tyr-41 and excludes HP1 from chromatin (65), we are able to
present another type of evidence for HP1 exclusion from chroma-
tin. It is known that KAP1 is a critical regulator of development
and differentiation through gene silencing and heterochromatin
formation (43). KAP1 knock-out embryos are arrested in their
development at the early egg cylinder stage (66). KAP1 is therefore
required for epigenetic stability during the mouse oocyte-to-em-
bryo transition (67). Furthermore, association of KAP1 with HP1,
which is also important for heterochromatin formation and gene
silencing (46), is required for corepressor functions of KAP1 (68).
Taken together, tyrosine phosphorylation of KAP1 at Tyr-449,
Tyr-458, and Tyr-517 may be related to development and differ-
entiation. Generation of KAP1-3YF knock-in mice might enable
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us to investigate a role of tyrosine phosphorylation of KAP1 in
development and differentiation.

In conclusion, we show that Tyr-449, Tyr-458, and Tyr-517
on KAP1 are the major tyrosine phosphorylation sites for vari-
ous tyrosine kinases, including SFKs. Moreover, tyrosine phos-
phorylation of KAP1 has inhibitory roles in its association with
heterochromatin. Further studies will help us to understand the
relationship between nuclear tyrosine phosphorylation and
chromatin structure.
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