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ABSTRACT  

Homeodomain-interacting protein kinase 2 (HIPK2) is a potential tumor suppressor that 

plays a crucial role in the DNA damage response (DDR) by regulating cell cycle 

checkpoint activation and apoptosis. However, it is unclear whether HIPK2 exerts 

distinct roles in DNA damage repair. The aim of this study was to identify novel target 

molecule(s) of HIPK2, which mediates HIPK2-dependent DNA damage repair. 

HIPK2-knockdown human colon cancer cells (HCT116) or hipk1/hipk2 double-deficient 

mouse embryonic fibroblasts could not remove histone H2A.X phosphorylated at Ser139 

(γH2A.X) after irradiation with a sublethal dose (10 J/m2) of ultraviolet (UV)-C, 

resulting in apoptosis. Knockdown of HIPK2 in p53-null HCT116 cells similarly 

promoted the UV-C-induced γH2A.X accumulation and apoptosis. Proteomic analysis of 

HIPK2-associated proteins using liquid chromatography-tandem mass spectrometry 

identified heterochromatin protein 1γ (HP1γ) as a novel target for HIPK2. 

Immunoprecipitation experiments with HCT116 cells expressing FLAG-tagged HIPK2 

and one of the HA-tagged HP1 family members demonstrated that HIPK2 specifically 

associated with HP1γ, but not with HP1α or HP1β, through its chromo-shadow domain. 

Mutation of the HP1box motif (883-PTVSV-887) within HIPK2 abolished the association. 

HP1γ knockdown also enhanced accumulation of γH2A.X and apoptosis after sublethal 

UV-C irradiation. In vitro kinase assay demonstrated an HP1γ-phosphorylating activity 

of HIPK2. Sublethal UV-C irradiation phosphorylated HP1γ. This phosphorylation was 

absent in endogenous HIPK2-silenced cells with HIPK2 3’UTR siRNA.  

Overexpression of FLAG-HIPK2, but not the HP1box-mutated or kinase-dead HIPK2 

mutant, in the HIPK2-silenced cells increased HP1γ binding to trimethylated (Lys9) 

histone H3 (H3K9me3), rescued the UV-C-induced phosphorylation of HP1γ, triggered 

release of HP1γ from histone H3K9me3, and suppressed γH2A.X accumulation. Our 
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results suggest that HIPK2-dependent phosphorylation of HP1γ may participate in the 

regulation of dynamic interaction between HP1γ and histone H3K9me3 to promote DNA 

damage repair. This HIPK2/HP1γ pathway may uncover a new functional aspect of 

HIPK2 as a tumor suppressor.  

 

KEYWORDS: DNA damage response; HIPK2; HP1γ; chromatin remodeling; DNA damage 

repair 
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INTRODUCTION 

Genome integrity is constantly threatened by environmental agents and by metabolic products 

that can cause DNA damage. To counteract these threats, eukaryotic cells rely on a 

coordinated series of events termed the DNA damage response (DDR), which allows DNA 

damage detection, cell-cycle checkpoint activation, and DNA damage repair.1 DDR provides a 

potent innate barrier against cellular transformation and tumorigenesis. 

Homeodomain-interacting protein kinase 2 (HIPK2) is a DNA damage-responsive kinase that 

phosphorylation-dependently activates the apoptotic program through interacting with diverse 

downstream targets including tumor suppressor p53 (ref. 2, 3). In unstressed cells, HIPK2 is 

constantly degraded by the ubiquitin-proteasome system.4 Genotoxic stress, such as 

ultraviolet (UV) light, drugs, or ionizing radiation (IR), stabilizes HIPK2 through dissociation 

of an E3 ubiquitin ligase Siah-1, Siah-2, WSB-1, or MDM2 (ref. 2, 3). At the same time, 

genotoxic stress activates HIPK2 through caspase-6-mediated cleavage of its C-terminal 

auto-inhibitory domain or by auto-phosphorylation at an activation loop in its kinase domain.5, 

6 It is also important to note that HIPK2 functions differently depending on the severity of 

DNA damage. Upon apoptosis-inducing, lethal DNA damage, HIPK2 phosphorylates p53 at 

Ser46 and induces apoptosis.7, 8 In addition, HIPK2 promotes p53-independent apoptosis 

through interacting with CtBP, Daxx, or Δp63α.9 In contrast, when DNA damage has less 

impact for cells, damaged DNA is repaired by the DNA repair system in association with cell 

cycle arrest needed for the repair. In this case, HIPK2 does not phosphorylate p53 at Ser46 

(ref. 4). Instead, HIPK2 mediates p53 recruitment onto the CDKN1A promoter through 

acetylation of p53 by p300/CBP-associated factor to induce cell cycle arrest.10 Thus, HIPK2 

plays an important role in DDR by regulating cell cycle arrest and apoptosis for prevention of 

mutations, genome instability, and carcinogenesis. Compared to these well-known functions 

in DDR, it is still unclear whether HIPK2 exerts distinct roles in DNA damage repair.  
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Recently, HIPK2 has been suggested to function as an epigenetic regulator of chromatin 

structure. HIPK2 interacts with methyl-CpG-binding protein MeCP2, methyl-binding 

transcription factor ZBTB4, chromosomal protein HMGA1, transcriptional corepressor CtBP, 

and polycomb protein Pc2 (ref. 9). Chromatin components and epigenetic factors regulate the 

integrated response of chromatin for promoting DNA damage signaling and repair.11, 12 It is 

possible to speculate that HIPK2 may regulate the organization of chromatin structure to 

control gene transcription or DNA repair. However, the contribution of HIPK2 to chromatin 

remodeling has not been fully documented.  

In this study, we identified heterochromatin protein 1γ (HP1γ) as a novel target for HIPK2. 

HP1γ is a member of the HP1 family that consists of HP1α, HP1β, and HP1γ.13 HP1 proteins 

are heterochromatin component factors that regulate chromatin structure.14 HP1 proteins bind 

to histone H3 dimethylated or trimethylated at Lys9 (histone H3K9me2 and histone 

H3K9me3, respectively) through its N-terminal chromo domain and interact with other HP1 

isoforms through its C-terminal chromo-shadow domain to facilitate heterochomatin 

formation for gene silencing.15 Moreover, HP1 interacts with a number of chromatin 

modifying proteins including transcription-associated proteins, DNA replication and repair 

proteins, and RNA-associated proteins through its chromo-shadow domain.16 Although HP1 

family proteins share several target proteins, individual HP1 proteins target different proteins 

and possess distinct functions.16 Recently, studies have focused on elucidating how HP1 

proteins participate in DDR.17-20 In several studies, HP1 proteins are released from histone 

H3K9me3 and promote recruitment of DDR factors to damaged sites for DNA repair.17 On the 

other hand, all HP1 proteins are recruited to DNA damage sites after being released from 

chromatin.19 These reports suggest that HP1 proteins may regulate chromatin structure 

through changing their affinity to chromatin in response to DNA damage and promote repair 

of damaged DNA.  
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The present study revealed that HIPK2 specifically bound to and phosphorylated HP1γ in 

response to sublethal UV-C irradiation in human colon cancer cells (HCT116), facilitating 

dissociation of HP1γ from histone H3K9me3. Moreover, HIPK2 knockdown impaired 

removal of damaged DNA byproducts or phosphorylated (Ser139) histone H2A.X (γH2A.X) 

and facilitated apoptotic cell death. Our results may disclose a novel HIPK2-mediated 

pathway for DDR through interacting with HP1γ.  
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RESULTS  

Reduction of HIPK2 induces apoptosis after sublethal UV-C irradiation  

To confirm an important role of HIPK2 in protection against DNA damage, HCT116 cells 

were transfected with two different small-interfering (si) RNAs (#1 and #2) targeting HIPK2 

(ref.21) for 48 h and then exposed to irradiation with 10 J/m2 UV-C. The two independent 

siRNAs efficiently reduced HIPK2 mRNA (Supplementary Figure S1a). However, as noted 

by others,22 we could not detect endogenous HIPK2 protein using any commercially available 

antibodies. We therefore transfected with pCMV-3FLAG-tagged HIPK2 (FLAG-HIPK2) and 

confirmed that HIPK2 siRNAs efficiently knocked down FLAG-HIPK2 (Supplementary 

Figure S1b). As previously reported,4 exposure of HCT116 cells to 10 J/m2 UV-C irradiation 

did not induce phosphorylation of p53 at Ser46 and did not activate caspase-3 (Supplementary 

Figure S2); this dose was thus considered to be sublethal. In HCT116 cells treated with 

HIPK2 siRNA#1 or #2, 10 J/m2 UV-C increased the numbers of terminal 

deoxynucleotidyltransferase-mediated UTP end labeling (TUNEL)-positive cells (Figure 1a) 

in association with processing of caspase-9 and caspase-3 (Figure 1b). Consequently, the 

irradiation significantly decreased viability of HIPK2-knockdown cells (Figure 1c). In 

contrast, none of these cellular events occurred in control siRNA-treated cells (Figure 1a-c). 

These results suggested an important role of HIPK2 in protection against damage caused by 

sublethal UV-C irradiation. We used HIPK2 siRNA#1 to reduce HIPK2 in the following 

experiments. 

 

Reduction of HIPK2 impairs DNA damage repair  

UV light forms three major classes of DNA lesions; (6-4) photoproducts (6-4PPs), 

cyclobutane pyrimidine dimers, and their Dewar isomers, which are removed by the 

nucleotide excision repair system.23 HIPK2 or control siRNA-treated cells were exposed to 10 
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J/m2 UV-C, and time-dependent changes in 6-4PP levels were measured using an 

enzyme-linked immunosorbent assay (ELISA). As shown in Figure 2a, control siRNA-treated 

cells removed about 80% of the initial 6-4PPs within 3 h after finishing UV-C irradiation, 

while HIPK2-knockdown cells removed only 10% of 6-4PPs within 3 h after UV-C 

irradiation, and significantly higher levels of 6-4PPs remained to be accumulated. The 

remaining photoproducts induce double-strand breaks (DSBs), and surrounding histone 

H2A.X is phosphorylated at Ser139 (γH2A.X) to initiate recruitment of DNA repair factors to 

damaged DNA sites. γH2A.X is targeted for dephosphorylation following repair, and its 

removal is key for allowing restoration of the epigenome to the pre-damage status.24 Although 

γH2A.X is not a specific marker for DSBs, it can be used to measure the kinetics of DNA 

repair.25, 26 As shown in Figure 2b, HIPK2 knockdown significantly enhanced the 

UV-C-induced accumulation of γH2A.X, compared with that in control siRNA-treated cells. 

The HIPK family consists of three members (HIPK1, HIPK2, and HIPK3).27 The 

functional importance of HIPKs has mainly been studied using HIPK2. HIPK1 and HIPK2 

are suggested to have overlapping roles in mediating cell proliferation or apoptosis in 

response to morphogenetic and genotoxic signals.28 To test whether HIPK2 participates in the 

DNA damage repair response, we compared the time-dependent resolution of γH2A.X after 

irradiation with 5 J/m2 UV-C between wild-type and hipk1/hipk2 double-deficient mouse 

embryonic fibroblasts (hipk1-/-hipk2-/- MEFs) (kindly provided by Dr. Isono). 

γH2A.X-positive cells (> 10 γH2A.X foci in a cell) appeared within 1 h after the irradiation 

similarly in both wild-type and hipk1-/-hipk2-/- MEFs (Figure 2c). Although γH2A.X-positive 

cells deceased time-dependently in wild-type MEFs, hipk1-/-hipk2-/- MEFs could not remove 

γH2A.X, and numbers of γH2A.X-positive cells were rather increased 3 and 24 h after the 

UV-C irradiation (Figure 2c). 

We also examined whether p53 was needed for the HIPK2-mediated protection against 
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sublethal UV-C irradiation using p53-null (p53-/-) HCT116 cells (provided by De.Vogelstein). 

The absence of p53 did not cause accumulation of γH2A.X or activation of caspase-3 and did 

not change cell viability after irradiation with 10 J/m2 UV-C (Supplementary Figure S3a-c). 

Similarly observed in wild-type p53-expressing cells, silencing of HIPK2 in p53-/- cells 

promoted the UV-C-induced γH2A.X accumulation and caspase-3 activation. Consequently, 

apoptosis was induced even in the absence of p53 (Supplementary Figure S3a-c). 

 

HIPK2 associates with HP1γ  

HIPK2 interacts with numerous target proteins in a variety of biological processes.29 We next 

attempted to identify new HIPK2 target proteins that might be involved in DNA repair 

responses. HCT116 cells were transfected with a vector encoding FLAG-HIPK2 or an empty 

vector (FLAG-mock) for 48 h. Nuclear proteins were immunoprecipitated with an anti-FLAG 

antibody, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE), and subjected to silver staining. A number of HIPK2-associated proteins were 

immunoprecipitated (Figure 3a). We surveyed HIPK2 targets reported and focused on the 22 

kDa protein band, since any interacting partner with a molecular mass of 22 kDa has not been 

reported. Analysis of the 22-kDa protein band using liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) identified HP1γ as a possible downstream effector of HIPK2. 

To confirm the specific association between HIPK2 and HP1γ, we first examined the 

interaction between HIPK2 and three HP1 family members using HCT116 cells 

overexpressing FLAG-HIPK2. FLAG-HIPK2 associated with endogenous HP1γ, but not with 

HP1α or HP1β (Figure 3b). Next, FLAG-HIPK2 and one of the pcDNA3.1(-)-C-terminal 

HA-tagged HP1 family members (HA-HP1α, HA-HP1β, or HA-HP1γ) were overexpressed in 

HCT116 cells, and prepared nuclear proteins were subjected to immunoprecipitation with an 

anti-HA antibody. As shown in Figure 3c, FLAG-HIPK2 was detected only in 



Akaike et al    10 
 

immunoprecipitates prepared from HA-HP1γ-expressing cells. The association between 

HIPK2 and HP1γ was also found in p53-/- HCT116 and human embryonic kidney cells 

(HEK293T) (Figure 3d and e). 

HP1 partners possess a conserved PxVxL/M/V pentapeptide motif called HP1box, which is 

necessary and sufficient for their interaction with HP1.30 HP1γ possesses two HP1box motifs 

(525-PFVTM-529 and 883-PTVSV-887) (Figure 3f). Mutation of the 883-PTVSV-887 

(HIPK2mt2), but not the 525-PFVTM-529 (HIPK2mt1), blocked the interaction between 

HIPK2 and HP1γ (Figure 3f). Thus, HP1γ was likely to be one of the important downstream 

effectors of HIPK2. Using HCT116 cells co-transfected with the FLAG-HIPK2-encoding 

vector and the vector encoding either HA-HP1γ, HA-HP1γ lacking the chromo domain 

(HA-ΔCD), or HA-HP1γ lacking the chromo-shadow domain (HA-ΔCSD) (Supplementary 

Figure S4a), we confirmed that the chromo-shadow domain of HP1γ was responsible for the 

association between HIPK2 and HP1γ (Supplementary Figure S4b). 

 

HIPK2 phosphorylates HP1γ 

HIPK2 exerts its functions through phosphorylating target proteins.29 HP1γ also undergoes 

extensive phosphorylation, but distinct kinase-mediated phosphorylation events and their 

specific roles are poorly understood.31 HIPK2 phosphorylates target proteins having serine or 

threonine just before or after proline (S/T-P or P-S/T).32 On the other hand, HIPK2 

phosphorylates β-catenin and histone H2B, which do not have these canonical 

phosphorylation sites.33, 34 HP1γ also does not have either of the canonical phosphorylation 

sites (Supplementary Figure S5a). 

To test the possibility that HIPK2 might mediate the phosphorylation of HP1γ, first we 

employed in vitro kinase assays. After transfection with the vector encoding either 

FLAG-HIPK2 or FLAG-tagged kinase-dead HIPK2 mutant (FLAG-HIPK2-KD), or an empty 
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vector, FLAG-HIPK2 and FLAG-HIPK2-KD were immunopurified and incubated with 

recombinant HP1γ in the presence of γ32P-ATP. As shown in Figure 4a, wild-type 

FLAG-HIPK2, but not FLAG-HIPK2-KD, was able to phosphorylate HP1γ and HIPK2 itself.  

Phos-tag SDS-PAGE demonstrated that sublethal UV-C irradiation phosphorylated HP1γ 

(Supplementary Figure S5b). We examined whether HIPK2 participated in this UV-C-induced 

phosphorylation. First, we confirmed that the reduction of endogenous HIPK2 with a siRNA 

targeting HIPK2 3’UTR (HIPK2 3’U siRNA, Supplementary Figure S1a and c) inhibited the 

UV-C-induced phosphorylation of HP1γ in mock-transfected control cells (Figure 4b and c). 

Next, we examined whether overexpressed FLAG-HIPK2 could rescue the phosphorylation 

activity, and found that FLAG-HIPK2 phosphorylated HP1γ in response to UV-C in HIPK2 

3’U siRNA-treated cells (Figure 4b and c). In contrast, FLAG-HIPK2-KD-overexpressing 

cells could not fully phosphorylate HP1γ after UV-C irradiation (Figure 4b and c). These 

results suggest that HIPK2 may participate in the UV-C-induced phosphorylation of HP1γ. 

Moreover, we found that the overexpression of FLAG-HIPK2, but not FLAG-HIPK2-KD, 

significantly suppressed the UV-C-induced accumulation of γH2A.X in the HIPK2-silenced 

cells (Figure 4d).  

Using cells overexpressing HA-HP1γ or truncated HA-HP1γ lacking the chromo domain or 

the chromo-shadow domain, we showed that the chromo-shadow domain was likely to 

possess the phosphorylation sites. We also confirmed that overexpression of 

FLAG-HIPK2mt2, which could not bind to HP1γ, did not stimulate the UV-C-induced 

phosphorylation of HP1γ (Supplementary Figure S5d). HP1γ at Ser83 was already identified 

as the phosphorylation site of protein kinase A and Aurora kinase A,35, 36 while sublethal 

UV-C irradiation did not phosphorylate HP1γ at Ser83 (Supplementary Figure S5e). 

 

HIPK2 regulates association between HP1γ and histone H3K9me3  
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HIPK2 reduces protein levels of the epigenetics-associated proteins, CtBP and ZBTB4 (ref. 

32, 37), through stimulating the ubiquitin-proteasome system. In the case of HP1γ, neither 

reduction nor overexpression of HIPK2 changed HP1γ protein levels (Supplementary Figure 

S6a and b). We also confirmed a crucial role of HP1γ in DNA damage repair response; HP1γ 

knockdown (Figure 5a) augmented γH2A.X accumulation (Figure 5b) and activated caspase-3 

(Figure 5c) in response to 10 J/m2 UV-C.  

We next examined whether HIPK2 regulated the binding of HP1γ to histone H3K9me3 and 

chromatin. After endogenous HIPK2 was silenced with HIPK2 3’U siRNA, we examined how 

FLAG-HIPK2, -HIPK2mt2 or -HIPK2-KD affected the binding of HP1γ to histone H3K9me3 

before and after exposure to UV-C. Immunoprecipitation experiments with an anti-histone 

H3K9me3 showed that HA-HP1γ did not significantly associate with histone H3K9me3 

before and after UV-C exposure when endogenous HIPK2 was reduced with HIPK2 3’U 

siRNA (Figure 6a). It should be noted that overexpression of FLAG-HIPK2 increased 

HA-HP1γ binding to histone H3K9me3, and that UV-C triggered the release of HA-HP1γ 

from histone H3K9me3 (Figure 6a). Overexpression of the HP1box mutant 

(FLAG-HIPK2mt2) did not trigger the interaction between HA-HP1γ and histone H3K9me3 

(Figure 6a). Overexpression of the kinase-dead mutant of HIPK2 (FLAG-HIPK2-KD) also 

impaired the association of HA-HP1γ with histone H3K9me3 and failed to release of 

HA-HP1γ from histone H3K9me3 after UV-C irradiation (Figure 6a).  

The chromatin fractionation assay was also performed after HCT116 cells were 

transfection with the vector encoding FLAG-HIPK2, FLAG-HIPK2mt2, or 

FLAG-HIPK2-KD. Although HP1γ mainly associated with chromatin, overexpressed 

FLAG-HIPK2 significantly increased the distribution of HP1γ in soluble fractions in response 

to UV-C (Figure 6b). This UV-C-induced response of HP1γ was not observed in 

FLAG-HIPK2mt2- or FLAG-HIPK2-KD-expressing cells (Figure 6b). As also shown in 
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Figure 6b, significant HIPK2-dependent changes in the distribution of HP1α and HP1β were 

not observed before and after exposure to UV-C. We also confirmed that UV-C irradiation did 

not modify the interaction between HIPK2 and HP1γ (Supplementary Fig. S6c). 
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DISCUSSION  

HIPK2 is a potential tumor suppressor that plays a fundamental role in apoptosis induction 

upon severe DNA damage by phosphorylating p53 at Ser46 and CtBP at Ser422 (ref. 2, 3). 

HIPK2 is also stabilized in response to sublethal DNA damage, when p53 Ser46 

phosphorylation, CtBP degradation, and apoptosis induction are absent. This suggests an 

additional, non-apoptotic role of HIPK2. In this study, we have identified HP1γ as a novel 

target for HIPK2 and suggest that the interaction between HIPK2 and HP1γ may constitute a 

part of an integrated response to promote the DNA damage repair in response to sublethal 

DNA damage. Knockdown of HIPK2 as well as HP1γ impaired the removal of accumulated 

6-4PPs and γH2A.X after exposure to sublethal UV-C irradiation, leading to apoptotic cell 

death. We also showed that hipk1-/-hipk2-/- MEFs could not remove UV-C-induced γH2A.X, 

but time-dependently increased γH2A.X foci. Our results may uncover a new 

HIPK2-dependent pathway for the DNA damage repair and possibly for chromatin 

remodeling. This pathway may play an important role in HIPK2-mediated prevention of 

mutations, genome instability, and carcinogenesis.  

HIPK2 up-regulates the expression of a p53-inducible DNA repair factor p53R2 after 

sublethal UV irradiation or Adriamycin treatment.38 p53R2 is required for maintenance of 

mitochondrial DNA and for optimal DNA repair after UV damage,39 suggesting a possible 

role of HIPK2 in DNA repair responses. However, the RRM2B gene encoding p53R2 is 

inactivated due to a point mutation in HCT116 cells.40 Furthermore, using p53-/- HCT116 cells, 

we demonstrated that the absence of p53 did not cancel the HIPK2-dependent protection 

against damage after sublethal UV-C irradiation. We also found that HIPK2 could associate 

with HP1γ even in the p53-null cells. Recently, it has been shown that HIPK2 constitutively 

phosphorylates WIP1 (wild-type p53-induced phosphatase 1) and facilitates the proteasomal 

degradation of WIP1 in unstressed cells.41 This HIPK2-mediated down-regulation of WIP1 
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levels is crucial for the initiation of the DSB repair signaling pathway; reduction of HIPK2 

inhibits IR-induced γH2A.X foci formation, cell-cycle checkpoint activation, and DNA repair 

signaling.41 In our experiments, however, HIPK2-knockdown cells failed to remove 

UV-C-induced 6-4PPs and rather enhanced γH2A.X foci formation, leading to 

p53-independent apoptosis. Besides the p53R2- or WIP1-mediated regulation, our results 

suggest the presence of another HIPK2-dependent, p53-independent pathway for DDR 

through interacting with HP1γ.  

Sublethal UV-C irradiation phosphorylated HP1γ. This UV-C-induced phosphorylation did 

not occur after reduction of endogenous HIPK2 with HIPK2 3’UTR siRNA, and 

overexpressed HIPK2, but not kinase-dead HIPK2, fully rescued the phosphorylation activity. 

Moreover, HIPK2 contains two conserved pentapeptide motifs (525-PFVTM-529 and 

883-PTVSV-887) called HP1box, which is necessary and sufficient for their interaction with 

HP1.30 Mutation of the 883-PTVSV-887 to the 883-PTASV-887 impaired not only the 

association between HIPK2 and HP1γ, but also inhibited the UV-C-induced phosphorylation 

of HP1γ. These results suggest that HP1γ is an important downstream effector of HIPK2 in 

the response to UVC. 

In response to DNA damage, chromatin becomes remodeled to facilitate access of the DDR 

machinery to the sites of damage.1, 12 However, the chromatin rearrangements taking place in 

response to DNA damage are not fully understood. It is also unknown whether and how 

HIPK2 affects chromatin remodeling, although several epigenetics-related proteins have been 

identified as HIPK2-interacting partners.9 Recently, several lines of evidence have revealed 

that HP1 proteins dynamically associate and dissociate with chromatin to play an active role 

in DNA damage repair processes.17, 19, 20, 42 In addition, HP1 proteins co-localize with γH2A.X 

or DDR factors, such as DDB2, XPA, and PCNA.19, 43 However, the spatial and temporal 

regulation of the association and dissociation of HP1 proteins with chromatin in response to 
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DNA damage is not fully understood. Moreover, the specific contributions of each HP1 

subtype to the DDR signaling and DSB repair pathways are not clearly understood. HP1α is 

recruited to damaged sites depending on the large subunit of chromatin assembly factor-1 

(p150CAF-1) and leads to accumulation of p53 foci at DNA damage sites, where it promotes 

homologous recombination repair.42 More recently, Lee et al. have shown that HP1-mediated 

recruitment of BRCA1 (breast cancer susceptibility gene 1) is crucial for the 

BRCA1-dependent homologous recombination repair and the arrest of cell cycle at the G2/M 

checkpoint.18 Although all three subtypes of the HP1 family seemed to be equally important 

for the DDR signaling and DSB repair pathway, Lee et al. suggested non-redundant roles of 

three HP1 subtypes in DDR pathway; silencing of HP1γ more prominently caused IR-induced 

apoptosis, compared with silencing of the other subtypes.18 We show here that HIPK2 

associates specifically with HP1γ, but not with HP1α or HP1β. Among the HP1 family 

members, only HP1γ associates with both heterochromatin and euchromatin.44 Euchromatic 

regions are thought to be more susceptible to DNA damage. Several studies indicate that 

γH2A.X foci preferentially assemble in euchromatin or are predominantly located at the 

boundary of heterochromatin,45-47 and the actual DSB repair is carried out within 

euchromatin.48, 49 Considering those findings, HIPK2/HP1γ may be one of the crucial 

pathways for DNA repair reactions. Along with this line, our results suggest that HIPK2 may 

regulate the dynamic interaction between HP1γ and histone H3K9me3. 

Phosphorylation of HP1 proteins regulates their binding to chromatin in response to DNA 

damage.50 Casein kinase 2-mediated phosphorylation of HP1β at Thr51 causes release of this 

protein from histone H3K9me3 (ref. 17). Phosphorylation of HP1α at Ser11-14 rather 

increases the affinity of HP1α for histone H3K9me.51 Although HP1γ does not have any 

canonical phosphorylation sites for HIPK2, in vitro kinase assays demonstrated the 

HP1γ-phosphorylating ability of HIPK2. Overexpression of FLAG-HIPK2 in HIPK2-silenced 
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cells with HIPK2 3’UTR siRNA increased HP1γ binding to histone H3K9me3. Overexpressed 

FLAG-HIPK2 not only rescued the ability to phosphorylate HP1γ, but also triggered release 

of HP1γ from histone H3K9me3, when exposed to UV-C. Overexpression of the HP1box 

mutant (883-PTASV-887) or kinase-dead mutant of HIPK2 in the HIPK2-silenced cells 

impaired the HP1γ binding to histone H3K9me3 and did not initiate the release of HP1γ from 

histone H3K9me3 in response to UV-C. Consequently, UV-C-induced release of HP1γ from 

chromatin after UV-C irradiation could be detected in cells overexpressing FLAG-HIPK2, but 

not the HP1box mutant or the kinase-dead mutant. These results suggest that 

HIPK2-dependent phosphorylation of HP1γ may at least in part regulate the dynamic 

interaction between HP1γ and histone H3K9me3 for DNA damage repair. To definitively 

prove that HP1γ is an important downstream effector of HIPK2 in the response to UV-C, the 

specific sites by which HIPK2 phosphorylates HP1γ should be identified. The 

chromo-shadow domain seems to possess the phosphorylation site(s). Further studies are 

needed to identify the site(s). 
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MATERIALS AND METHODS 

Cell culture and siRNA experiments  

HCT116, HEK293T, and MEF cells were cultured in recommended media supplemented with 

5% or 10% (v/v) FCS. Wild-type and hipk1-/-hipk2-/- MEFs were kindly provided by Dr. 

Isono.28 We used siRNAs targeting HIPK2 (#1, 

5’-CGAAGCACUGUGAGCCUCCUUGAUA-3’; #2, 

5’-UCUCCAUACUAAACUACCCAUCUAC-3’),21 HIPK2 3’UTR 

(5’-AACAAUGUCUCUUCAAAUGGGAAGG-3’) (Invitrogen, Carlsbad, CA), or HP1γ 

(5’-AAGAGGCAGAGCCTGAAGAAT-3’) (Qiagen, Hilden, Germany). Stealth RNAi 

negative control (Invitrogen) was used as a control siRNA. Cells were treated with the 

indicated siRNAs at a final concentration of 10 nM using Lipofectamine RNAiMAX 

(Invitrogen) according to the manufacturer’s protocol.  

 

UV-C irradiation, measurements of 6-4PPs and apoptosis  

After cells were irradiated with UV-C using a UV crosslinker (UVP, Upland, CA), numbers of 

viable cells were counted using an automatic cell counter (Invitrogen). TUNEL analysis was 

employed to quantify apoptosis using the DeadEnd colorimetric TUNEL system (Promega, 

Madison, WI) according to the manufacturer’s protocol. Genomic DNAs were isolated from 

cells using Nucleospin tissue (Takara, Otsu, Japan), and 6-4PPs were quantified by an 

OxiSelect UV-Induced DNA Damage ELISA Kit (Cell Biolabs, San Diego, CA) according to 

the manufacturer’s protocols. 

 

Construction of plasmids  

pCMV-3FLAG-tagged HIPK2 vector was generated as previously described.21 

FLAG-HIPK2-KD, which contains a mutation in the ATP-binding site of the kinase domain 
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(Lys to Ala at position 228 [NP_073577.3]), was prepared from pCMV-3FLAG-tagged 

HIPK2 vector using the KOD-Plus-Mutagenesis Kit (TOYOBO, Osaka, Japan).27 Two 

HP1-binding PxVxL/M/V motifs in HIPK2 were mutated (Val527 to Ala and Val885 to Ala) 

and subcloned into pCMV-3FLAG-tagged vector (FLAG-HIPK2mt1 and FLAG-HIPK2mt2, 

respectively). A human cDNA library was generated from HCT116 cells, and HP1α, HP1β, 

and HP1γ cDNAs were amplified by PCR using the following primer sets; 

5’-AAAACTCGAGCACCATGGGAAAGAAAACCAAGCGGACAGCTGACAGTTCTTCT

TCAGAGGATGA-3’ (forward; Xhol site is underlined) and 

5’-AAAAGGATCCTTAAGCGTAATCCGGAACATCGTATGGGTACATGCTCTTTGCTGT

TTCTT-3’ (reverse; BamHI site is underlined) for HP1α, 

5’-AAAAGATATCATGGGGAAAAAACAAAACAAGAAGAAAGTGGAGGAGGTGCTA

GAAGAGGA-3’ (forward; EcoRV site is underlined) and 

5’-AAAAGGATCCTTAAGCGTAATCCGGAACATCGTATGGGTACATGTTCTTGTCATC

TTTTT-3’ (reverse; BamHI site is underlined) for HP1β, and 

5’-AAAAGATATCATGGCCTCCAACAAAACTACATTGCAAAAAATGGGAAAAAAAC

AGAATGG-3’ (forward; EcoRV site is underlined) and 

5’-AAAAGGATCCTTAAGCGTAATCCGGAACATCGTATGGGTACATTTGAGCTTCATC

TTCTG-3’ (reverse; BamHI site is underlined) for HP1γ. The amplified products were cloned 

into the mammalian expression vector pcDNA3.1 (-) (Invitrogen). HA was appended to 

C-termini of these insert sequences. HP1γ deletion mutants were generated by PCR using 

HA-tagged HP1γ as a template. Human HP1γ was amplified by PCR using the primers 

5’-AAAAGGATCCATGGCCTCCAACAAAACTAC-3’ (forward; BamHI site is underlined) 

and 5’-AAAACTCGAGTTATTGAGCTTCATCTTCTG-3’ (reverse; Xhol site is underlined), 

and cloned into the pGEX-6p-1 vector (GE Healthcare, Piscataway, NJ). All constructs were 

confirmed to have the expected sequence by DNA sequencing. Plasmids were then transfected 
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using Fugene HD (Promega) according to the manufacturer’s instructions.  

 

Quantitative real-time RT-PCR (qPCR)  

Total RNAs were extracted from cells using an RNAiso plus (Takara). One microgram of 

isolated RNA was reverse-transcribed using ReverTra Ace reverse transcriptase (TOYOBO). 

Target mRNA levels were measured using SYBR green master mix and an ABI 7500 

real-time system (Applied Biosystems, Foster City, CA). Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) mRNA was measured as an internal control for normalization. The 

data are presented as fold changes in gene expression relative to controls measured in control 

siRNA-treated cells. The following primer sets were used for HIPK2 (forward, 

5’-AGCAGCACCAGTCATCTGTG-3’and reverse, 5’-GGAGCTGATGGCCTGAGA-3’)21, 

for HP1γ (forward, 5’-TTGCCAGAGGTCTTGATCC-3’ and reverse, 

5’-TGCCTCATCTGAATCTTTCCAT-3’), and for GAPDH (forward, 

5’-AGCCACATCGCTCAGACAC-3’ and reverse, 5’-GCCCAATACGACCAAATCC-3’). 

 

Subcellular fractionation  

After washing with phosphate-buffered saline (PBS), cells were lysed in RIPA buffer (Cell 

Signaling Technology, Danvers, MA) containing a protease inhibitor cocktail (Promega) and a 

phosphatase inhibitor cocktail (Roche Applied Science, Indianapolis, IN). Whole-cell extracts 

were collected by centrifugation at 20,000 g for 15 min at 4°C. Nuclear fractionation was 

done as previously described.52 The chromatin fractionation assay was performed as described 

by Mund et al.53 with minor modifications. Soluble proteins were extracted with E1A buffer 

(50 mM HEPES, pH 8.0, containing 150 mM NaCl and 0.1% NP-40) for 25 min on ice and 

were then centrifuged at 16,100 g for 15 min at 4°C. Supernatants were collected as soluble 

protein fractions. After the pellets were washed with PBS, chromatin-bound proteins were 
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extracted from the pellets in a chromatin extraction buffer (50 mM HEPES, pH 8.0, 

containing 400 mM NaCl, 2.5 mM MgCl2, 1% Triton X-100, and 0.1% NP-40) for 25 min on 

ice. After the addition of 0.01 U/μl MNase (Sigma-Aldrich, St. Louis, MO) and 1 mM CaCl2, 

the mixtures were incubated for 5 min at 37°C. After 1 mM EGTA was added, the mixtures 

were centrifuged at 16,100 g for 15 min at 4°C. The resultant supernatants were collected as 

chromatin-bound protein fractions. 

 

Western blotting  

The extracted proteins were separated by SDS-PAGE and transferred to polyvinylidene 

difluoride membranes (BioRad, Hercules, CA). After blocking with 5% non-fat dry milk or 

bovine serum albumin, the membranes were incubated overnight at 4°C with the indicated 

antibodies (Supplementary Table S1). Following incubation with an appropriate secondary 

antibody, bound antibodies were detected with an ECL (Thermo Scientific Pierce Protein 

Biology Products, Rockford, IL) or ECL prime Western blotting detection system (GE 

Healthcare). For detection of the phosphorylated form of HP1γ, 100 µM of 

acrylamide-pendant phos-tag ligand (Wako, Osaka, Japan) and 0.1 mM of MnCl2 were added 

to the separating gel before polymerization. Phosphorylation of HP1γ was detected as shifted 

bands using an anti-HP1γ antibody or anti-HA antibody. 

 

Immunopricipitation 

HCT116 cells were transfected with the indicated plasmids for 24 or 48 h, and nuclear 

extracts were prepared as described above, mixed with an anti-HA antibody, anti-FLAG, or 

anti-histone H3K9me3, and rotated overnight at 4°C. After protein-A/G-agarose beads 

(Exalpha, Boston, MA) were added, the mixtures were further rotated for 2 h at 4°C. 

Immunoprecipitated proteins were collected by centrifugation, washed with PBS, and 
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analyzed by Western blotting. 

 

LC-MS/MS analysis of HIPK2-associating proteins  

For LC-MS/MS analysis of HIPK2-associating proteins, HCT116 cells were transfected with 

the FLAG-HIPK2-encoding vector or an empty vector for 48 h. Nuclear fractions were 

extracted, mixed with EZview red anti-FLAG M2 affinity gels (Sigma-Aldrich), and rotated 

overnight at 4°C. The beads were washed with Tris-buffered saline (TBS), and 

immunoprecipitated proteins were eluted by incubation in TBS containing 1 mg/ml 3 x FLAG 

peptide (Sigma-Aldrich) for 30 min on ice. The eluted proteins were separated by SDS-PAGE, 

visualized with a silver staining kit (Wako), and subjected to LC-MS/MS analysis. Data were 

analyzed with Mascot Search (Matrix Science, Boston, MA) and Scaffold software (Proteome 

Software, Inc., Portland, OR). MASCOT scores > 38 indicate identity or extensive homology 

(P < 0.05).  

 

Immunofluorescence 

Cells growing on glass bottom dishes (MatTek Corporation, Ashland, MA) were rinsed in 

PBS and fixed in 3% (w/v) paraformaldehyde in phosphate buffer at room temperature. Fixed 

cells were permeabilized in 0.1% Triton X-100. After blocking with 4% Block-Ace (DS 

Pharma Biomedical, Osaka, Japan) at room temperature, cells were incubated overnight with 

anti-phospho-histone H2A.X (Ser139) (Supplementary Table S1) at 4°C. After washing, cells 

were treated with Alexa Fluor 488-conjugated anti-mouse IgG (Invitrogen). Nuclei were 

stained with TO-PRO-3 (Molecular Probes, Eugene, OR). The specimens were mounted in 

Vectashield mounting medium (Vector Laboratories, Burlingame, CA) and examined by 

confocal laser-scanning microscopy (FluoView FV1000; Olympus, Tokyo, Japan).  
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In vitro kinase assay  

Escherichia coli DH5α were transformed with pGEX6p-1-HP1γ. To express GST-HP1γ

proteins, the transformed DH5α bacterial cells were incubated with 1 mM isopropyl 

β-D-1-thiogalactopyranoside for 3 h at 20°C. The bacteria were centrifuged, lysed with 1% 

TritonX-100 in PBS, and sonicated. After centrifugation, the supernatants were incubated 

with glutathione sepharose 4B beads (GE Healthcare) for 1 h at 4°C. Beads were washed with 

1% TritonX-100 in PBS and then with PreScission protease buffer (20 mM HEPES-NaOH, 

pH7.4, containing 150 mM NaCl, 1 mM EDTA, and 2 mM dithiothreitol). They were then 

incubated with PreScission protease buffer containing 15 U of PreScission protease (GE 

Healthcare) overnight at 4°C. The recombinant HP1γ protein (10 μg) was incubated with 5 

μCi γ32P-ATP and 20 μM ATP in the presence of immunoprecipitated FLAG-HIPK2 or 

FLAG-HIPK2-KD in 25 mM HEPES-NaOH, pH7.4, containing 10 mM MgCl2, 2 mM 

dithiothreitol for 20 min at 22°C. The reaction was terminated by boiling for 5 min after 

adding SDS-Laemmli buffer. After separation by SDS-PAGE, gels were fixed, dried, and 

quantified using an FLA9000 system (GE Healthcare).  
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FIGURE LEGENDS  

Figure 1. Effects of HIPK2 knockdown on apoptosis after sublethal UV-C irradiation. (a) 

HCT116 cells were treated with 10 nM control, HIPK2#1, or HIPK2#2 siRNAs for 48 h and 

then exposed to 10 J/m2 UV-C. After cultivation for the indicated times, apoptosis was 

analyzed using the DeadEnd Colorimetric TUNEL system. TUNEL-positive cells in each 

field were counted at least 10 fields for each sample, and data were expressed as percentages 

of apoptotic cells in three independent experiments. Bar, 100 μm.*Significantly different by 

unpaired Student’s t-test compared with control siRNA-treated cells (P < 0.01). (b) Control or 

HIPK2 siRNA-treated cells were irradiated with 10 J/m2 UV-C and cultured for 24 h. Levels 

of unprocessed or cleaved forms of caspase-9 and caspase-3 were measured by Western 

blotting using β-actin as a loading control. (c) After cells were treated with control or one of 

the HIPK2 siRNAs and then irradiated with 10 J/m2 UV-C as in (b), numbers of viable cells 

were counted. The data were normalized by numbers of untreated control cells and expressed 

as percentages in three independent experiments. *Significantly different by unpaired 

Student’s t-test compared with control siRNA-treated cells (P < 0.01).  

 

Figure 2. Effects of HIPK2 knockdown on UV-C-induced DNA damage. (a) HCT116 cells 

treated with control or HIPK2 siRNA#1 were irradiated with 10 J/m2 UV-C and incubated for 

the indicated times. Genomic DNA was purified and used for the determination of 6-4PP 

contents using ELISA. Each point represents the mean ± SD from three independent 

experiments. *Significantly different by unpaired Student’s t-test (P < 0.05). (b) HCT116 cells 

were treated as in (a). Amounts of γH2A.X were measured by Western blotting using β-actin 

as a loading control. γH2A.X signals were quantified by densitometry. Time-dependent 

changes in γH2A.X levels are expressed as fold changes (γH2A.X/β-actin) in three 

independent experiments. (c) Wild-type or hipk1-/-hipk2-/- MEFs were irradiated with 5 J/m2 
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UV-C and incubated for the indicated times. These cells were then stained with an 

anti-γH2A.X antibody (green), and nuclei were stained with TO-PRO-3 (blue). Bar, 100 μm. 

Percentages of γH2A.X-positive cells (> 10 γH2A.X foci in a cell) in 10 different fields were 

calculated. Values are means ± SD from three independent experiments. *Significantly 

different by unpaired Student’s t-test (P < 0.01).  

 

Figure 3. Association between HIPK2 and HP1γ. (a) Nuclear proteins were extracted from 

HCT116 cells transfected with the FLAG-HIPK2-encoding vector or an empty vector for 48 h. 

After immunoprecipitation with an anti-FLAG antibody, the purified proteins were resolved 

by SDS-PAGE and visualized by silver staining. The indicated protein band with a molecular 

mass of 22 kDa was analyzed by LC-MS/MS. (b) HCT116 cells were transfected with the 

FLAG-HIPK2-encoding vector or an empty vector for 48 h. Amounts of FLAG-HIPK2, 

HP1α, HP1β, and HP1γ in nuclear extracts (input) and in immunoprecipitates (using an 

anti-FLAG antibody [FLAG-IP]) were measured by Western blotting using β-actin as a 

loading control. (c) HCT116 cells were co-transfected with the FLAG-HIPK2-encoding 

vector and the vector encoding HA-HP1α, HA-HP1β, or HA-HP1γ for 48 h. Amounts of 

FLAG-HIPK2 and HA-tagged HP1 proteins in nuclear proteins (input) and 

immunoprecipitates (using an anti-HA antibody [HA-IP]) were measured by Western blotting. 

(d) p53-/- HCT116 cells were co-transfected with the vectors encoding HA-HP1γ and 

FLAG-HIPK2 or an empty vector for 48 h. Amounts of FLAG-HIPK2 and HA-HP1γ in 

nuclear proteins (input) and immunoprecipitates (HA-IP) were measured by Western blotting. 

(e) HEK293T cells were treated as in (b). Amounts of FLAG-HIPK2 and HP1γ in nuclear 

proteins (input) and immunoprecipitates (FLAG-IP) were measured by Western blotting. (f) 

The scheme of the consensus HP1-binding motifs (525-PFVTM-529 and 883-PTVSV-887) 

within HIPK2. The critical residues (V527 and V885) were mutated into alanine within 
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HIPK2mt1 and HIPK2mt2, respectively. HCT116 cells were co-transfected with the 

HA-HP1γ-encoding vector and the vector encoding FLAG-HIPK2, FLAG-HIPK2mt1, or 

FLAG-HIPK2mt2 for 48 h. Amounts of FLAG-HIPK2 and HA-HP1γ in nuclear proteins 

(input) and immunoprecipitates with an anti-FLAG (FLAG-IP) or an anti-HA antibody 

(HA-IP) were measured by Western blotting. 

 

Figure 4. Phosphorylation of HP1γ by HIPK2. (a) HCT116 cells were transfected with the 

vector encoding FLAG-HIPK2 or FLAG-HIPK2-KD, or an empty vector for 48 h. Nuclear 

proteins prepared from these cells were immunoprecipitated using an anti-FLAG antibody and 

incubated with γ32P-ATP, unlabeled ATP, and recombinant HP1γ. They were separated by 

SDS-PAGE and visualized by autoradiography. Amounts of FLAG-HIPK2, 

FLAG-HIPK2-KD, and recombinant HP1γ were confirmed to be appropriate using Western 

blotting. (b) After HCT116 cells were treated with a siRNA targeting HIPK2 3’UTR (HIPK2 

3’U siRNA for 24 h, they were transfected with the vector encoding either FLAG-HIPK2 or 

FLAG-HIPK2-KD, or an empty vector and then irradiated with 10 J/m2 UV-C. After 

cultivation for 12 h, phosphorylation of HP1γ (phospho-HP1γ) in these cells was detected by 

phos-tag SDS-PAGE using an anti-HP1γ antibody. Amounts of HP1γ, FLAG-HIPK2, and 

β-actin were measured by Western blotting. (c) Levels of phospho-HP1γ and β-actin in (b) 

were quantified by densitometry, and time-dependent changes in phospho-HP1γ levels are 

expressed as fold changes (phospho-HP1γ/β-actin). Values are the means ± SD from three 

independent experiments. *Significantly different by unpaired Student’s t-test (P < 0.05). (d) 

After HCT116 cells were treated with control or HIPK2 3’U siRNA for 24 h, they were 

transfected with the vector encoding either FLAG-HIPK2 or FLAG-HIPK2-KD, or an empty 

vector for 24 h and then irradiated with 10 J/m2 UV-C. After incubation for 24 h, amounts of 

γH2A.X, FLAG-HIPK2, FLAG-HIPK2-KD and β-actin were measured by Western blotting. 
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Changes in γH2A.X levels are expressed as fold changes (γH2A.X/β-actin). Each value 

represents the mean ± SD from three independent experiments. *Significantly different by 

unpaired Student’s t-test (P < 0.05).  

 

Figure 5. Effect of HP1γ knockdown on UV-C-induced apoptosis. (a) HCT116 cells were 

treated with 10 nM control or HP1γ siRNA for 48 h, and HP1γ mRNA levels were measured 

by qPCR using GAPDH mRNA as an endogenous quantitative control. Values are the means 

± SD from three independent experiments. *Significantly different by unpaired Student’s t-test 

(P < 0.01). HP1γ protein levels measured by Western blotting are shown in the lower panel. 

(b) Control or HP1γ siRNA-treated HCT116 cells were irradiated with 10 J/m2 UV-C for the 

indicated times. Amounts of γH2A.X and HP1γ were measured by Western blotting. (c) 

Control or HP1γ siRNA-treated HCT116 cells were irradiated with 10 J/m2 UV-C and 

incubated for the indicated times. Levels of unprocessed or cleaved forms of caspase-3 and 

HP1γ were measured by Western blotting. 

 

Figure 6. HIPK2-dependent regulation of HP1γ binding to histone H3K9me3. (a) 

Endogenous HIPK2 in HCT116 cells was silenced with HIPK2 3’UTR-targeting siRNA. 

After these cells were treated with an empty vector (mock) or co-transfected with the 

HA-HP1γ-encoding vector and the vector encoding FLAG-HIPK2 (WT), FLAG- HIPK2mt2 

(mt2), or FLAG-HIPK2 KD (KD) for 48 h. After these cells were left untreated or exposed to 

10 J/m2 UV-C and incubated for 12 h, amounts of HA-HP1γ, histone H3, FLAG-HIPK2, and 

β-actin in cell lysates (input) prepared from these cells were measured by Western blotting. 

The cell lysates were immunoprecipitated with an anti-histone H3K9me3. Amounts of 

HA-HP1γ and histone H3K9me3 in the immunoprecipitates were measured by Western 
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blotting using anti-HA and anti-histone H3K9me3 antibodies, respectively. Levels of 

HA-HP1γ in immunoprecipitates and input were quantified by densitometry. Relative 

intensity of HA-HP1γ (histone H3K9me3-IP/input) was calculated and normalized for that 

measured in mock-transfected, untreated cells. Values are the means ± SD in three 

independent experiments. *Significantly different before and after UV-C exposure by unpaired 

Student’s t-test (P < 0.05). (b) FLAG-HIPK2 (WT), FLAG- HIPK2mt2 (mt2), or 

FLAG-HIPK2 KD (KD) was overexpressed in the HIPK2 knockdown cells with HIPK2 

3’UTR-targeting siRNA. Soluble and chromatin-bound protein fractions were prepared before 

and after exposure to 10 J/m2 UV-C. Amounts of HP1γ, HP1α, HP1β, histone H3, and β-actin 

were measured by Western blotting. Levels of HP1γ and β-actin in each fraction were 

quantified by densitometry. Relative intensity (HP1γ/β-actin) was normalized for that 

measured in mock-transfected, untreated cells. Values are the means ± SD in three 

independent experiments. *Significantly different before and after UV-C exposure by unpaired 

Student’s t-test (P < 0.05). 
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Supplementary Figure S1. The knockdown efficiency of HIPK2 siRNAs. (a) HCT116 cells were 

treated with control or HIPK2 siRNAs (HIPK2 siRNA#1, #2 or HIPK2 3’ UTR (HIPK2 3’U 

siRNA) for 48 h, and HIPK2 mRNA levels were measured by qPCR using GAPDH mRNA as an 

endogenous quantitative control. Values are the means  SD from three independent experiments. 

*Significantly different by unpaired Student’s t-test (P < 0.01). (b) HCT116 cells were co-

transfected with control,  HIPK2 siRNA#1 or #2 and the FLAG-HIPK2-encoding vector or an 

empty vector for 48 h. Amounts of FLAG-HIPK2 were measured by Western blotting using -

actin as a loading control. (c) HCT116 cells were co-transfected with control or HIPK2 3’ U 

siRNA and the FLAG-HIPK2-encoding vector or an empty vector for 48 h. Amounts of FLAG-

HIPK2 were measured by Western blotting using -actin as a loading control.

Supplementary Figure S1.  Akaike et al.
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Supplementary Figure S2. Effects of sublethal (10 J/m2) and lethal (50 J/m2) UV-C irradiation 

on HCT116 cells. HCT116 cells were irradiated with 10 or 50 J/m2 UV-C and incubated for the 

indicated times. Levels of unprocessed or cleaved forms of caspase-3, phosphorylated p53 at 

Ser46 (phospho-p53 Ser46), and p53 were measured by Western blotting using -actin as a 

loading control. 
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Supplementary Figure S3. Effects of HIPK2 knockdown in p53-null (p53-/-) HCT116 cells. (a) 

After p53-/- HCT116 cells (kindly provided by Dr. Vogelstein) were treated with control siRNA or 

HIPK2 siRNA#1, they were irradiated with 10 J/m2 UV-C and incubated for the indicated times. 

Amounts of H2A.X and p53 were measured by Western blotting using -actin as a loading 

control. (b) Control siRNA or HIPK2 siRNA#1-treated p53-/- HCT116 cells were irradiated with 

10 J/m2 UV-C and cultured for the indicated times. Levels of unprocessed or cleaved forms of 

caspase-3 and p53 were measured by Western blotting. (c) After p53-/- HCT116 cells were treated 

as in (b), numbers of viable cells were counted. The data were normalized by numbers of 

untreated control cells and expressed as percentages in three independent experiments. 

*Significantly different by unpaired Student’s t-test (P < 0.01). 
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Supplementary Figure S4. Specific association between HIPK2 and HP1. (a) The scheme of 

HA-tagged HP1 lacking the chromo domain (HA-CD) or the chromo-shadow domain (HA-

CSD). (b) HCT116 cells were co-transfected with the FLAG-HIPK2-encoding vector and the 

vector encoding HA-HP1, HA-CD, or HA-CSD for 48 h. Amounts of FLAG-HIPK2 and HA-

tagged truncated HP1 in nuclear proteins (input) and immunoprecipitates (FLAG-IP) were 

measured by Western blotting, with -actin as a loading control.

Supplementary Figure S4.  Akaike et al.
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Supplementary Figure S5. Phosphorylation of HP1 after 10 J/m2 UV-C irradiation. (a) The amino 

acid sequence of human HP1. Serine and threonine are indicated in bold with an underline. (b) 

HCT116 cells were irradiated with 10 J/m2 UV-C and incubated for the indicated times. Phosphorylation 

of HP1 was detected by phos-tag SDS-PAGE using an anti-HP1 antibody. (c) HCT116 cells were co-

transfected with the FLAG-HIPK2-encoding vector and the vector encoding HA-HP1, HA-CD, or 

HA-CSD for 48 h and then irradiated with 10 J/m2 UV-C. After these cells were cultivation for 12 

hours, phosphorylation of HA-HP1 was detected by phos-tag SDS-PAGE using an anti-HA antibody. 

(d) After HCT116 cells were treated with the vector encoding either FLAG-HIPK2 or FLAG-

HIPK2mt2, or an empty vector and then irradiated with 10 J/m2 UV-C. After cultivation for indicated 

times, phosphorylation of HP1 was detected by phos-tag SDS-PAGE using an anti-HP1 antibody. (e) 

HCT116 cells were treated as described in (b). Changes in the amounts of phosphorylated HP1 at 

Ser83 (phospho-HP1 Ser83) and HP1 after 10 J/m2 UV-C irradiation were measured by Western 

blotting using -actin as a loading control. 
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Supplementary Figure S6. HIPK2 did not affect expression of HP1 and UV-C-

triggered its binding to HP1 (a) After HCT116 cells were treated with control or HIPK2 

siRNA#1 for 48 h, HP1 levels were measured by Western blotting, with -actin as a 

loading control. (b) After HCT116 cells were transfected with the FLAG-HIPK2-

encoding vector or an empty vector for 48 h, amounts of HP1 and FLAG-HIPK2 levels 

were measured by Western blotting. (c) HCT116 cells were co-transfected with the 

FLAG-HIPK2-encoding vector and the vector encoding HA-HP1 for 48 h and then 

irradiated with 10 J/m2 UV-C. After these cells were cultivation for 12 h, amounts of 

HA-HP1 in nuclear proteins (input) and immunoprecipitates (FLAG-IP) were 

measured by Western blotting, with -actin as a loading control.
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Supplementary Table S1. Antibodies used in this study

target proteins commercial source product number

FLAG-M2 Sigma-Aldrich F3165

HA -probe (Y-11) Santa Cruz Biotechnology sc-805

HA -probe (F-7) Santa Cruz Biotechnology sc-7392

HP1 Cell Signaling Technology 2616

HP1 Abcam (Cambridge, UK) ab10478

HP1 Millipore (Billerica, MA) MAB3450

phospho-HP1 (Ser83) Cell Signaling Technology 2600

histone H3 Abcam ab1791

trimethyl-histone H3 (Lys9) Millipore 07-442

phospho-histone H2A.X (Ser139) Cell Signaling Technology 2577

phospho-histone H2A.X (Ser139) Millipore 05-636

p53 Cell Signaling Technology 2527

phospho-p53 (Ser46) Cell Signaling Technology 2521

cleaved caspase-3 Cell Signaling Technology 9664

caspase-3 Cell Signaling Technology 9662

cleaved caspase-9 Cell Signaling Technology 9501

caspase-9 Cell Signaling Technology 9502

-actin Abcam ab6276
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