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    Introduction 
 DNA double strand breaks (DSB) resulting from exposure to 

ionizing radiation (IR), various chemical agents, or even from 

normal DNA replication are the most lethal type of DNA lesion 

because the damage to both DNA strands prevents use of the 

complimentary DNA strand as a template for DNA repair. There-

fore, the proper removal of DSB requires the coordinated action 

of diverse signaling pathways involved in cell cycle checkpoints 

and DNA repair ( van Gent et al., 2001 ). Ineffi cient or inaccurate 

repair of DSB can cause genomic instability and enhance carcino-

genesis ( van Gent et al., 2001 ). 

 Although the precise sequence of events that occurs in the 

process of repairing DSB is not clear, changes in chromatin 

structure are believed to play an important role in this process 

( Downs et al., 2007 ). Thus, phosphorylation of a histone variant, 

H2AX, is one of the earliest events after DSB ( Rogakou et al., 

1998 ). Within seconds after exposure to IR, H2AX is phosphor-

ylated at a highly conserved Serine 139 residue in the C-terminal 

tail of this histone. This phosphorylated protein is called  � -H2AX. 

The  � -H2AX protein forms distinctive foci in the nucleus that are 

observable by immunofl uorescent staining ( Rogakou et al., 1999 ). 

 � -H2AX provides a scaffold for other checkpoint signaling 

and DNA repair proteins to accumulate in the vicinity of DSB, 

forming IR-induced foci (IRIF;  Paull et al., 2000 ). Because 

DNA is wrapped around histone octamers and packaged further 

into higher order structures, during the subsequent process of 

DNA repair, chromatin remodeling activity is required to relax 

this tight packaging and allow access of repair proteins to the 

damaged sites in DNA. After DNA repair is complete, chroma-

tin remodeling complexes also play an important role in restor-

ing normal cell cycle progression ( Papamichos-Chronakis et al., 

2006 ). Therefore, chromatin remodeling functions in all stages 

of DNA damage responses (DDR) in eukaryotic cells. 

 DDR also involve activation of checkpoints that delay 

progression of the cell cycle, and thus allow time for DNA re-

pair. Activation of the ATM protein is also one of the earliest 

cellular responses to DSB ( Bakkenist and Kastan, 2003 ). In un-

damaged cells, ATM resides as a catalytically inactive dimer or 

multimer. Upon DNA damage, it is fi rst acetylated by a specifi c 

histone acetyltransferase called TIP60 ( Sun et al., 2005 ). This is 

followed by autophosphorylation at Ser1981, which causes 

the activation of ATM kinase activity ( Bakkenist and Kastan, 

2003 ;  Sun et al., 2005 ). The active ATM monomers activate 
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 � -H2AX staining for up to 24 h ( Fig. 1 C ). We further examined 

whether the prolonged  � -H2AX foci colocalize with the MRN 

repair complex. Double fl uorescent staining was performed with 

 � -H2AX and Rad50 antibodies, and DAPI was used as a coun-

terstain of the nucleus. In the  Hint1  +/+ cells, Rad50 foci colocal-

ized with  � -H2AX foci at 1 h after IR, and both foci diminished 

at 24 h after IR ( Fig. 1 D ). However, in the  Hint1   � / �  cells, 

even at 24 – 48 h after IR, Rad50 foci were observable and these 

foci colocalized with  � -H2AX ( Fig. 1 D ). Because Rad50 is a 

component of the MRN complex, which is recruited to  � -H2AX 

foci in response to DNA DSB ( Maser et al., 1997 ;  Paull and 

Lee, 2005 ), prolonged Rad50 foci further indicate that there are 

defects of  � -H2AX dynamics in HINT1-defi cient cells. The sig-

nifi cant differences of  � -H2AX and Rad50 foci removal between 

wild-type and HINT1-defi cient MEFs suggest that HINT1 is re-

quired for the normal removal of IRIF that occurs within a few 

hours after IR. 

 The precise mechanisms by which  � -H2AX foci are re-

moved are not known.  � -H2AX may be dephosphorylated in 

chromatin by protein phosphatases acting in situ or it may be 

fi rst replaced by unmodifi ed H2AX, and then dephosphorylated 

in the nucleoplasm. Current data supports the latter mechanism 

because thus far direct dephosphorylation of  � -H2AX has been 

seen only in vitro ( Nazarov et al., 2003 ;  Chowdhury et al., 2005 ; 

 Keogh et al., 2006 ). Moreover, it was recently discovered that 

during DNA repair in  Drosophila melanogaster  the removal of 

phospho-H2Av, the  Drosophila  homologue of human  � -H2AX, 

requires the histone acetylase activity of the TIP60 protein com-

plex ( Kusch et al., 2004 ), and in HeLa cells TIP60 also acetylates 

H2AX in response to IR ( Ikura et al., 2007 ). There is increasing 

evidence that the TIP60 complex plays an important role in the 

regulation of DDR because it is recruited to the chromatin sur-

rounding DSB and contributes to the dynamics of DNA repair 

through a series of chromatin modifi cations ( Bird et al., 2002 ; 

 Downs et al., 2004 ;  Kusch et al., 2004 ;  Murr et al., 2006 ). 

 A recent paper showed that the HINT1 protein associates 

with the TIP60 complex in SW480 human colon cancer cells 

( Weiske and Huber, 2006 ). This fi nding prompted us to examine 

whether the persistence of  � -H2AX foci in HINT1-defi cient MEFs 

is caused by impaired acetylation of  � -H2AX because of ab-

sence of HINT1 from the TIP60 complex. To examine whether 

 � -H2AX is acetylated in response to IR, we immunoprecipitated 

the  � -H2AX protein from lysates of  Hint1  MEFs at 0, 30 min, 1 h, 

or 3 h after a 4-Gy dose of  �  radiation, using conditions that dis-

sociate histones from nucleosomes in the preparation procedure 

(see Materials and methods). Using an anti –  � -H2AX antibody in 

an immunoblot analysis of these immunoprecipitates, we found 

that even in unirradiated  Hint1  +/+ cells, there was a basal level 

of  � -H2AX, and that this level increased at 30 min, and then de-

clined at 3 h after IR ( Fig. 1 E ). The levels of  � -H2AX in the 

 Hint1  +/ �  and  � / �  cells at time 0 and at 3 h were greater than 

that in the +/+ cells. These results are consistent with those de-

scribed in  Fig. 1 C . We then used an antibody to acetyllysine 

in immunoblots to examine whether in these cells  � -H2AX is 

acetylated in response to IR, as is the case with its  Drosophila  

orthologue ( Kusch et al., 2004 ). There was a low level of acety-

lation of  � -H2AX in the untreated  Hint1  +/+ cells. This increased 

via phosphorylation several downstream effectors including Chk1, 

Chk2, and p53, all of which are involved in cell cycle check-

points or apoptosis. 

 In this study we examined the role of a novel tumor sup-

pressor gene,  Hint1 , in DDR elicited by DSB. The HINT1 protein 

belongs to the histidine triad superfamily of nucleotide-binding 

proteins and is evolutionarily highly conserved ( Lima et al., 

1996 ). In previous studies we demonstrated that  Hint1  defi -

ciency in mice resulted in increased susceptibility to both spon-

taneous and carcinogen-induced tumor formation ( Su et al., 

2003 ;  Li et al., 2006 ). We also discovered that  Hint1   � / �  mouse 

embryonic fi broblasts (MEFs) are more resistant to the cytotox-

icity of IR than  Hint1  +/+ MEFs ( Su et al., 2003 ). These fi nd-

ings suggested that the HINT1 protein might play a role in 

cellular responses to DNA damage. Because of the importance 

of  � -H2AX in the chromatin remodeling pathway and ATM in 

the checkpoint and apoptosis pathway in maintaining genome 

integrity, we investigated the role of HINT1 in these two path-

ways of DDR after treating control or HINT1-defi cient cells 

with IR or the radiomimetic drug bleomycin. 

 Results 
 HINT1-defi cient cells display prolonged 
 � -H2AX foci and impaired acetylation 
of  � -H2AX after  �  radiation 
 To study the role of HINT1 in DDR, we used MEFs derived 

from the  Hint1  +/+, +/ � , and  � / �  mice, which were previously 

generated in our laboratory ( Su et al., 2003 ;  Li et al., 2006 ). We 

fi rst examined the expression of HINT1 in these cells by real-

time RT-PCR and immunoblot analysis. We found that the mRNA 

level in  Hint1  +/ �  cells is  � 50% of the wild-type cells and un-

detectable in  Hint1   � / �  cells ( Fig. 1 A ). The expression of 

HINT1 protein is also high in the  Hint1  +/+ MEFs, decreased 

by half in the +/ �  MEFs, and undetectable in the  � / �  cells 

( Fig. 1 B ). Because of the importance of the formation of 

 � -H2AX foci in response to DSB, we compared the kinetics 

of  � -H2AX foci formation and removal in the three different 

genotypes of  Hint1  MEFs after exposing the cells to 4 Gy of 

 �  radiation. Colocalization of  � -H2AX foci with p-ATM foci was 

observed in these cells (unpublished data). Cells were counted 

as positive if they contained fi ve or more  � -H2AX foci per nu-

cleus. In untreated  Hint1  +/+ MEFs,  < 10% of the cells were 

positive for  � -H2AX foci. However, in untreated  Hint1  +/ �  or 

 � / �  MEFs, 30 – 40% of the cells were  � -H2AX positive, and 

this increase was statistically signifi cant ( Fig. 1 C ). This sug-

gests that HINT1-defi cient cells accumulate spontaneous DNA 

damage at a higher rate than the corresponding wild-type cells. 

After  �  radiation, the cells in all three genotypes showed in-

creases in  � -H2AX foci, suggesting that HINT1 is not required 

for the formation of IR-induced  � -H2AX foci. The percentage 

of cells positive for  � -H2AX foci as a function of postirradia-

tion time is shown also in  Fig. 1 C .  � -H2AX – positive cells gradu-

ally declined at 3 h after IR treatment in  Hint1  +/+ cells, and 

by 24 h the percentage of  � -H2AX – positive cells observed 

was similar to sham-treated control. However, 90% of the 

 Hint1   � / �  and  � 75% of the  Hint1  +/ �  cells remained positive for 
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edly, and then declined at 1 h. However, no evidence of acetyla-

tion of K5 was detected in the  � -H2AX protein in  Hint1  +/ �  or 

 � / �  cells, before and after IR ( Fig. 1 E ). These fi ndings suggest 

that HINT1 is haploinsuffi cient with respect to its role in medi-

ating the acetylation of  � -H2AX because this acetylation is im-

paired in  Hint1  +/ �  MEFs. The acetylation of  � -H2AX appears to 

be associated with the capability of removing  � -H2AX foci in 

the later stages of DDR because only the  Hint1  +/+ MEFs, in which 

 � -H2AX is acetylated in response to IR, are able to remove 

at 30 min, and then declined at 1 h after IR. However, in both 

 Hint1  +/ �  and  � / �  MEFs, the acetylation of  � -H2AX was 

completely abolished, with or without IR ( Fig. 1 E ). We also 

used the ac-H2A(K5) antibody to examine whether this acety-

lated  � -H2AX protein is specifi cally acetylated at the conserved 

lysine site because several other lysines are also reported to be 

acetylated after IR ( Yamamoto and Horikoshi, 1997 ). In the 

 Hint1  +/+ MEFs there was a basal level of acetylation of 

 � -H2AX at K5, and at 30 min after IR this level increased mark-

 Figure 1.    HINT1-defi cient MEFs display 
prolonged  � -H2AX staining and impaired 
acetylation of  � -H2AX.  (A) Real-time RT-PCR 
quantifi cation of mRNA levels in exponential 
growing  Hint1  MEFs.  † , P  <  0.0001 compared 
with  Hint1  +/+ MEFs. (B) Immunoblot analysis 
of HINT1 expression in exponential growing 
 Hint1  MEFs. Densitometry analysis was per-
formed on four independent blots. (C)  Hint1  
MEFs were untreated (0 min) or treated with 
4 Gy of IR, and were then fi xed after the in-
dicated times. Cells were stained with an 
anti –  � -H2AX antibody and counterstained for 
the nucleus with DAPI. Cells with fi ve or more 
 � -H2AX foci were considered positive. The 
percentage of positive cells was determined in 
500 cells per slide and plotted against the time 
after treatment. Three repeat experiments were 
performed and mean and standard deviations 
were determined. *, P  <  0.05 compared with 
 Hint1  +/+ MEFs; **, P  <  0.05 compared with 
both  Hint1  +/+ and +/ �  MEFs. (D)  Hint1  MEFs 
were untreated (control) or treated with 4 Gy 
of IR, and were fi xed after the indicated times. 
Cells were stained with Rad50 (green) and 
 � -H2AX antibody (red), and counterstained 
for the nucleus with DAPI (blue). Images were 
merged using the ImageJ software. Represen-
tative micrographs of  Hint1  MEFs are shown. 
Bars, 10  μ m. (E)  Hint1  MEFs were untreated 
(0) or treated with 4 Gy of IR, and whole cell 
lysates were collected after the indicated times. 
Immunoprecipitates were obtained using a 
 � -H2AX antibody or mock mouse IgG (lane M) 
and resolved by SDS-PAGE. Immunoblots were 
then performed using a  � -H2AX antibody, an 
acetyllysine antibody, or an ac-H2A(K5) anti-
body. Error bars represent the standard devia-
tion of data from triplicate experiments. Repeat 
studies gave similar results.   
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with specifi c antibodies to the FLAG tag or  � -H2AX. We found 

that in untreated cells, HINT1 is localized predominantly in the 

cytoplasm, although diffuse staining of HINT1 was also observed 

in the nucleus ( Fig. 2 A ). The cytoplasmic patterns of FLAG-

Hint1 staining did not change in response to IR. However, we 

observed remarkable changes of FLAG-Hint1 localization in 

the nucleus in response to IR. There were very few foci in un-

treated cells, and these foci did not colocalize with  � -H2AX. At 

30 min after IR, HINT1 formed distinct nuclear foci that co-

localized with  � -H2AX foci ( Fig. 2 A ). These foci remained de-

tectable at 3 h and disappeared at 18 h after IR. Interestingly, the 

kinetics of HINT1 IRIF formation correlates well with that of 

 � -H2AX foci ( Fig. 2 B ). The fact that HINT1 is recruited to 

IRIF provides strong evidence that HINT1 plays an important 

role in DDR. 

 To examine whether HINT1 binds to  � -H2AX, we immuno-

precipitated the HINT1 protein from lysates of FLAG-Hint1 –

 expressing MEFs using a FLAG antibody with or without prior 

radiation of these cells. We found that after, but not before, radia-

tion,  � -H2AX coprecipitated with HINT1 ( Fig. 2 C ). Although 

the  � -H2AX band was weak this result was reproducible. 

 � -H2AX foci at 3 h. The  Hint1  +/ �  and  � / �  MEFs, which are 

impaired in  � -H2AX acetylation, fail to remove  � -H2AX 

foci even 24 h after IR. As a result, these cells display prolonged 

 � -H2AX nuclear foci staining ( Figs. 1 C ). These fi ndings are 

consistent with previous studies on the role of  � -H2AX acetyla-

tion in the removal of  � -H2AX foci in  Drosophila  cells ( Kusch 

et al., 2004 ). 

 HINT1 is recruited to IRIF in response 
to  �  radiation and interacts with  � -H2AX 
 The results described in the previous section clearly demon-

strate that HINT1 plays a role in DDR and is involved in the 

chromatin remodeling pathway after IR. Because IR triggers 

the recruitment to discrete nuclear foci of several proteins that 

play a role in signaling DNA damage and repair ( Paull et al., 

2000 ), it was of interest to determine whether the HINT1 pro-

tein also forms IRIF. For this purpose a FLAG-tagged Hint1 ex-

pression plasmid was constructed and transiently expressed in 

 Hint1   � / �  MEFs. These cells were either untreated or treated 

with a 4-Gy dose of  �  radiation and fi xed at the indicated times. 

IRIF formation was analyzed by immunofl uorescent staining 

 Figure 2.    The HINT1 protein is recruited to 
IRIF and associates with  � -H2AX.  (A)  Hint1  
 � / �  MEFs were transiently transfected with 
FLAG-Hint1, grown on coverslips, and treated 
with 4 Gy of IR. Cells were then fi xed after 
the indicated times and stained with an anti-
FLAG antibody (green) together with an anti –
  � -H2AX antibody (red) and counterstained for 
the nucleus with DAPI. Adjacent cells not ex-
pressing FLAG-Hint1 were used as an internal 
negative control. Repeat studies gave similar 
results. (B) The kinetics of HINT1 and  � -H2AX 
nuclear foci formation before and after IR treat-
ment. For each genotype and time point, the 
number of foci per cell was analyzed in 20 
images (error bars represent standard devia-
tion). (C)  Hint1   � / �  MEFs were transiently 
transfected with FLAG-Hint1 or the control vec-
tor (p3xFLAG). 48 h later cells were treated 
with or without 4 Gy of IR, and whole cell ly-
sates were prepared for immunoprecipitation 
using the FLAG antibody. Immunoblots were 
performed using either a FLAG antibody, a 
 � -H2AX antibody, or an ATM antibody. Repeat 
studies gave similar results. *, P  <  0.05 com-
pared with untreated cells.   
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 HINT1 is required for the acetylation 
of ATM and activation of the ATM 
checkpoint pathway 
 Our previous study showed that  Hint1   � / �  MEFs are more re-

sistant to the cytotoxic effects of high doses of IR ( Su et al., 

2003 ). Because cells with extensive DNA damage are normally 

eliminated by apoptosis ( van Gent et al., 2001 ), this resistance 

to IR-induced cytotoxicity of  Hint1   � / �  cells suggests that 

these cells are defective in this response. Therefore, the ATM 

checkpoint pathway of DDR was examined in HINT1-defi cient 

cells. Because ATM is recruited to IRIF ( Bakkenist and Kastan, 

2003 ;  Carson et al., 2003 ), we fi rst examined whether HINT1 is 

associated with ATM. We immunoprecipitated the HINT1 pro-

tein from lysates of FLAG-Hint1 – expressing MEFs, with or 

without prior radiation of these cells. We found that HINT1 is 

associated with ATM even before radiation, and after radiation 

this association is increased ( Fig. 2 C ). The impaired acetyla-

tion of  � -H2AX in HINT1-defi cient cells prompted us to further 

examine whether HINT1 is also required for ATM acetylation. 

For this purpose the ATM protein was immunoprecipitated from 

cell lysates of  Hint1  MEFs before and after treating the cells 

with 4 Gy of  �  radiation, and then an acetyllysine antibody was 

used in immunoblots to detect acetylation of ATM. We found that 

IR caused a marked increase in ATM acetylation in the  Hint1  +/+ 

cells. However, in  Hint1  +/ �  MEFs the acetylation of ATM was 

reduced, and in the  Hint1   � / �  MEFs there was no detectable 

acetylation of ATM ( Fig. 3 A ). Therefore, HINT1 is required 

for the acetylation of ATM induced by IR. 

 One of the major roles of ATM in DDR is the phosphory-

lation of downstream targets that mediate activation of cell cycle 

checkpoints and apoptosis ( Kitagawa and Kastan, 2005 ). There-

fore, activation of this pathway was investigated in  Hint1  +/+, 

+/ � , and  � / �  MEFs after treatment with 4 Gy of  �  radiation. 

Cell extracts were prepared and immunoblots were performed 

using a p-ATM-S1981 antibody to detect the active form of 

ATM. We found by immunoblots that ATM is activated in  Hint1  

+/+ MEFs at 10 – 30 min after IR; however, this activation was 

markedly reduced in both the  Hint1  +/ �  and  � / �  cells ( Fig. 3 B ). 

At the same time, neither HINT1 defi ciency nor IR altered 

the protein levels of ATM ( Fig. 3 B ). We also used an immuno-

fl uorescent staining method to examine the activation of ATM 

in intact cells, and the results were consistent with immuno-

blot results. Thus, treatment with 4 Gy of  �  radiation caused a 

marked increase in the levels of p-ATM-S1981 at 30 min after 

IR in the  Hint1  +/+ cells. The p-ATM protein formed distinct 

foci in these cells ( Fig. 3 C ). In the  Hint1  +/+ cells there was a 

decrease in p-ATM at 1 h after IR, and at this time point the 

 Hint1   � / �  MEFs exhibited a further signifi cant decrease in the 

 Figure 3.    Loss of HINT1 impairs the acetylation and activation of ATM.  
(A)  Hint1  MEFs were untreated or treated with 4 Gy of IR, and whole cell 
lysates were collected after 10 min. Immunoprecipitates were obtained us-
ing an anti-ATM antibody and resolved on SDS-PAGE. Immunoblots were 
then performed using either an ATM antibody or an acetyllysine antibody. 
(B)  Hint1  +/+, +/ � , and  � / �  MEFs were untreated (0) or treated with 
4 Gy of IR. After the indicted times, cell lysates were collected and immuno-
blot analyses done for the levels of p-ATM-S1981 and ATM. Actin was 

used as an internal loading control. (C)  Hint1  +/+, +/ � , and  � / �  MEFs 
were untreated or treated with 4 Gy of IR and fi xed after the indicated 
times. Cells were then stained with an antibody to p-ATM-S1981 (red) and 
counterstained for the nucleus with DAPI (blue). Bar, 10  μ m. (D and E) Cell 
lysates from  Hint1  MEFs untreated (0) or treated with 4 Gy of IR (D) or 100 nM 
bleomycin (E) were collected at the indicated times, and immunoblot analyses 
were done for the levels of p-Chk1-S317, p-Chk2-T68, and p-p53-S15. 
A repeated experiment yielded similar results.   
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MEFs in response to IR (unpublished data). These genes include 

p21 WAF1/CIP1 , GADD45 � , GADD153, and p53-inducible protein 1 

(TP53inp1). To confi rm these results, the mRNA levels of these 

genes were measured by real-time RT-PCR, using GAPDH as an 

internal control. We found that when compared with the  Hint1  +/+ 

cells, there was a statistically signifi cant (P  <  0.05) decrease 

in activation of all four genes in  Hint1   � / �  MEFs at 48 h after 

treatment with 4 Gy of  �  radiation ( Fig. 4 A ). In  Hint1  +/ �  

MEFs, there was also a signifi cant decrease in induction of the 

expression of p21, GADD45 � , and GADD153, but not TP53inp1 

( Fig. 4 A ). We also confi rmed the real-time RT-PCR results on 

p21 by immunoblots of protein levels of p21 in untreated and 

4-Gy  �  radiation – treated  Hint1  MEFs. The expression levels of 

p21 were similar in the three genotypes of untreated cells. 48 h 

after IR there was a marked increase in the protein level of 

p21 in  Hint1  +/+ MEFs. However, induction of the p21 protein 

was reduced in  Hint1  +/ �  cells and further reduced in  Hint1   � / �  

cells ( Fig. 4 B ). 

 Because defi cient expression of HINT1 causes decreased 

induction of the stress-inducible genes described in  Fig. 4 A , it 

was of interest to determine whether HINT1-defi cient cells are 

also impaired in induction of apoptosis. However, we were not 

able to detect a signifi cant increase of apoptosis even in the 

 Hint1  +/+ MEFs after treatment with 4 Gy of  �  radiation (un-

published data). Therefore, we developed stable derivatives of 

SW480 colon cancer cells in which HINT1 is suppressed by 

transfection with a Hint1 – short hairpin RNA (shRNA) vector 

 Figure 4.    Loss of HINT1 is associated with reduced activa-
tion of IR-inducible genes.  (A)  Hint1  MEFs were untreated or 
treated with 4 Gy of IR, and total RNA was collected after the 
indicated time points. The mRNA levels of p21, GADD45 � , 
GADD153, and TP53inp1 were determined by real-time RT-
PCR. (B) Whole cell lysates of control or IR (4 Gy)-treated 
 Hint1  MEFs were collected for immunoblot analysis of the 
level of the p21 protein. Actin was used as a loading control. 
Error bars represent standard deviation from triplicate ex-
periments. *, P  <  0.05 when compared with  Hint1  +/+ 
MEFs at each time point;  § , P  <  0.05 when compared with 
 Hint1  +/ �  MEFs.   

level of p-ATM. At 1 h after IR, the level of p-ATM was also 

decreased in the irradiated  Hint1  +/ �  MEFs when compared 

with the  Hint1  +/+ cells, but this decrease was not statistically 

signifi cant. This may be because of the increased signal/noise 

ratio at low fl uorescence intensity. 

 We next examined whether the reduced activation of ATM 

also affects the activation of its downstream targets such as 

Chk1, Chk2, and p53. For this purpose phosphospecifi c anti-

bodies against Chk1, Chk2, and p53 were used in immunoblots. 

As expected, the levels of p-Chk1-Ser317, p-Chk2-Thr68, and 

p-p53-Ser15 were markedly increased at 10 min after exposure 

of the cells to 4 Gy of IR. The levels of all three phosphoproteins 

were reduced in HINT1-defi cient cells at this time point and 

also at 30 min after IR, when compared with the  Hint1  +/+ cells 

( Fig. 3 D ). This decrease was greater in the  Hint1   � / �  than the 

 Hint1  +/ �  cells ( Fig. 3 D ). Similar effects were observed in a 

parallel study using 100 nM of the radiomimetic agent bleomy-

cin as the DNA-damaging agent ( Fig. 3 E ). 

 The activation of p53 and other 
downstream effectors of ATM is reduced 
in HINT1-defi cient MEFs 
 To identify genes that are differentially regulated in response to 

DSB in  Hint1  MEFs we used Affymetrix GeneChip technology 

to analyze the gene expression profi les of these cells after IR. 

We found that the up-regulation of several DNA damage-induc-

ible genes in response to IR was reduced in  Hint1  +/ �  and  � / �  
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joining repair of DSB ( Kurimasa et al., 1999a ). We found that 

wild-type MEFs are able to repair most DNA DSB within 1 h, 

whereas both  Hint1   � / �  and  DNA-PKcs   � / �  MEFs were not 

able to repair DNA DSB at 1 or 2 h after radiation ( Fig. 6 C ). 

Surprisingly, both the  Hint1   � / �  and  DNA-PKcs   � / �  MEFs 

rejoined most of their DNA DSB at late time points such as 48 h 

after radiation ( Fig. 6 C ). It is possible that in  DNA-PKcs   � / �  

MEFs a back-up DNA repair pathway is involved in rejoining 

DNA DSB at a slower rate than DNA-PK – dependent nonhomol-

ogous end joining ( Wu et al., 2008 ). Our results do not exclude 

the possibility that a low level of DSB is still present in both the 

( Weiske and Huber, 2005 ). For comparison we also developed a 

control SW480 derivative that had been transfected with a con-

trol shRNA vector. Expression of the HINT1 protein was nearly 

undetectable in Hint1-shRNA SW480 cells. Both cell lines dis-

played similar growth rate. These cells also exhibited reduced 

activation of ATM and downstream targets such as Chk1 and 

Chk2 in response to IR ( Fig. 5 A ). The level of the p21 protein 

was also reduced ( Fig. 5 B ). After treatment with 4 Gy of  �  ra-

diation, the level of p21 was induced in the control shRNA-

transfected cells, whereas the induction of p21 was markedly 

reduced in the Hint1-shRNA – transfected cells ( Fig. 5 B ). Both 

the control and HINT1-defi cient SW480 cells displayed activa-

tion of  � -H2AX with or without IR, perhaps refl ecting the com-

bined effects of loss of HINT1 expression and their transformed 

state (unpublished data). Using FACS fl ow cytometry we quan-

titated the sub-G1 population as an index of apoptosis. Without 

IR the percentage of apoptosis in both cell types was  � 5%. At 

48 h after IR this rose to  � 25% in the control cells, but only to 

 � 15% in the Hint1-shRNA knockdown cells ( Fig. 5 C ). There-

fore, decreased expression of HINT1 signifi cantly impairs the 

induction of apoptosis by IR. 

 HINT1-defi cient MEFs also display 
retarded DNA rejoining after  �  radiation, 
chromosome aberrations, and genomic 
instability 
 To further address whether the spontaneous and prolonged 

 � -H2AX foci staining in the HINT1-defi cient MEFs was caused 

by an inability to remove H2AX after DNA breaks had been re-

paired or by the presence of unrepaired DNA breaks, we com-

pared DNA-rejoining capabilities of  Hint1  +/+ and  � / �  MEFs. 

We fi rst performed alkaline comet assays because this method 

is sensitive enough to detect low levels of DNA breaks.  Hint1  

MEFs were either mock treated or irradiated with a 4-Gy dose 

of  �  radiation on ice, and then allowed to recover at 37 ° C for 

0 min, 1 h, or 8 h. The tail moment was analyzed in 100 randomly 

chosen comets of the three genotypes of cells. Consistent with 

the spontaneous  � -H2AX foci staining, the unirradiated  Hint1  

 � / �  MEFs exhibited an increased tail moment compared with 

the  Hint1  +/+ MEFs ( Fig. 6, A and B ). The  Hint1  +/+ MEFs 

rejoined most of the DNA breaks after 1 h. However, the DNA 

breaks in the  Hint1   � / �  MEFs remained unrepaired at 8 h after 

exposure to IR ( Fig. 6, A and B ). Therefore, HINT1 defi ciency 

also causes retarded DNA repair of spontaneous and IR-induced 

DNA strand breaks. 

 To further address whether the HINT1-defi cient cells ex-

hibit defects specifi cally in rejoining DNA DSB, pulse-fi eld gel 

electrophoresis (PFGE) – based DNA repair assays were per-

formed to examine the DNA-rejoining ability of MEFs after ex-

posure to IR.  Hint1  MEFs were either mock treated or irradiated 

with a 40-Gy dose of  �  radiation on ice, and then allowed to re-

cover at 37 ° C for 0, 1 , 2, or 48 h. Chromosomal DNA was pre-

pared for PFGE and unrepaired DNA DSB was determined 

following the procedure described previously ( Block et al., 2004 ). 

For comparison, we also included DNA-dependent protein ki-

nase catalytic subunit (DNA-PKcs) – defi cient MEFs as a negative 

control because these cells are defective in nonhomologous end 

 Figure 5.    Loss of HINT1 causes resistance to IR-induced apoptosis.  
SW480 cells were transfected with control shRNA or Hint1-shRNA and 
selected with G418, and then stable clones were pooled. (A) Whole cell 
lysates collected at the indicated times from untreated or IR (4 Gy)-treated 
pools were used for immunoblot analysis of HINT1, p-ATM-S1981, p-Chk1-
S317, and p-Chk2-T68. Actin was used as a loading control. (B) Whole 
cell lysates of control or IR (4 Gy)-treated pools were collected for immuno-
blot analysis of the level of the p21 protein. Actin was used as a loading 
control. (C) Control SW480 pools and SW480 pools in which HINT1 
was stably knocked down by shRNA were either untreated (0 h) or treated 
with 4 Gy of IR. Apoptotic cells were analyzed by sub-G1 content using 
a fl ow cytometry method. A repeat experiment yielded similar results. 
Error bars represent the standard deviation from triplicate experiments. 
*, P  <  0.05 when compared with the control shRNA-transfected cells at 
each time point.   
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or multinucleation were observed in the +/+ cells; however, these 

abnormalities were observed in both the +/ �  and  � / �  cells 

( Fig. 7 C ). After treatment of these cells with 4 Gy of IR, there 

was a signifi cant increase in the frequency of micronuclei forma-

tion in all three genotypes ( Fig. 7 B ). A substantial increase in 

micronuclei number per binucleated cell was also observed after 

IR treatment in the HINT1-defi cient cells ( Fig. 7 B ). 

 We next determined whether HINT1 defi ciency is associ-

ated with chromosomal abnormalities. For this purpose, meta-

phase chromosomes of the three genotypes of MEFs were subject 

to telomere fl uorescence in situ hybridization. A fl uorescent Cy3-

labeled peptide nucleic acid probe that is specifi c for telomeric 

sequences was used to localize telomeres (T-FISH). In addition, 

the chromosomes were counterstained with DAPI, which binds 

with high affi nity to ataxia telangiectasia – rich centromeric het-

erochromatin regions of mouse chromosomes. A remarkable 

 Hint1   � / �  and  DNA-PKcs   � / �  MEFs at late time points, which 

cannot be detected by PFGE. In addition, PFGE cannot distinguish 

correctly rejoined DSB from misrejoined DSB. Nevertheless, 

the markedly slower repair of DNA DSB after IR in  Hint1   � / �  

MEFs correlates with the persistent  � -H2AX foci, which refl ect, 

at least in part, the persistence of DNA DSB, and not simply im-

mobilized H2AX, at the repaired sites. 

 Collectively, our fi ndings suggest that HINT1-defi cient 

cells display defects in both DNA repair and ATM checkpoint 

pathways. To examine whether this is associated with genomic 

instability, micronuclei formation and chromosomal abnormal-

ities were analyzed in the three genotypes of  Hint1  MEFs. We fi rst 

examined the frequency of abnormalities in unirradiated cells and 

found that the frequencies of micronuclei, unequal nuclear divi-

sion, and nuclear blebbing were signifi cantly higher in +/ �  and 

 � / �  cells than in +/+ cells ( Fig. 7, A – C ). No chromatin bridges 

 Figure 6.    HINT1-defi cient MEFs display retarded DNA rejoining.  (A and B) Analysis of time course kinetics of DNA rejoining by alkaline comet assay. 
 Hint1  MEFs were irradiated with 4 Gy of  �  radiation on ice and postincubated for the indicated recovery times. Comet slides were prepared, lysed in an 
alkaline buffer, and electrophoresed. Comet images were captured using a fl uorescent microscope, and the tail moment was analyzed in 100 randomly 
chosen comets using comet analysis software. Representative comet images and the histogram of cell number versus tail moment (A) and the mean of tail 
moments observed at different times are shown (B). *, P  <  0.005 compared with  Hint1  +/+ MEFs (nonparametric Mann-Whitney test). A repeat experiment 
gave similar results. (C) PFGE analysis of DNA DSB repair in  Hint1  MEFs.  Hint1  MEFs were irradiated with 40 Gy of  �  radiation on ice and postincubated 
for the indicated recovery times. Agarose plugs were prepared, cells were lysed by proteinase K, and genomic DNA was electrophoresed. The percent-
age of DSB unrepaired were calculated and DNA-PKcs  � / �  MEFs were used for comparison. Error bars represent the standard deviation from triplicate 
experiments. *, P  <  0.05 compared with  Hint1  +/+ MEFs (Student ’ s  t  test).   
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exchange type aberrations. The types and frequencies of spon-

taneous chromosomal aberrations observed per cell using T-FISH 

are presented in  Fig. 7 E . The frequency of chromosome breaks 

per cell detected in  Hint1   � / �  cells was fourfold higher than in 

 Hint1  +/+ MEFs (1.63 per metaphase for  Hint1   � / �  cells vs. 

0.41 per metaphase for  Hint1  +/+ cells). No exchange type ab-

errations were detected in  Hint1  +/+ MEFs, but chromosomal 

exchanges and an increase in centromere fragments were ob-

served in  Hint1   � / �  MEFs ( Fig. 7 E ). These results suggest 

that HINT1 defi ciency causes a marked increase in spontaneous 

chromosomal abnormalities, presumably as a consequence of the 

impairments in DDR described in  Fig. 7 . 

feature of the  Hint1   � / �  MEF metaphases was the increased fre-

quency of spontaneous chromatid/chromosome breaks ( Fig. 7, D 

and E, CB ), as well as increased centromeric instability mani-

fested as centromere fragments ( Fig. 7, D and E, CF ). Representa-

tive metaphase spreads obtained from  Hint1  +/+ and  � / �  MEFs 

hybridized with the telomere-specifi c probe are shown ( Fig. 7 D ). 

Two prominent telomeric signals were observed in both arms of 

all of the chromosomes, and the centromeric fragments observed 

in  Hint1   � / �  cells frequently showed the telomeric signal. 

 Different types of spontaneous chromosomal anomalies 

were observed in  Hint1   � / �  MEFs, including breaks (chromo-

some and chromatid types), fragments (centric and acentric), and 

 Figure 7.    HINT1-defi cient cells display increased chromosome aberrations.   Hint1  MEFS were treated with or without a 4-Gy dose of IR and 18 h later were 
treated with cytochalasin B for 22 h. Cells were then fi xed and stained with Acridine orange for the analysis of chromosomal abnormalities. (A) Represen-
tative images showing normal binuclear morphology of untreated  Hint1  +/+ MEF and chromosome aberrations in untreated  Hint1   � / �  MEFs, including 
micronuclei (top right), unequal division (middle left), nuclear blebbing (middle right), chromatin bridge (bottom left), and multinucleation (bottom right). 
(B) Micronuclei frequency per binucleated cell was compared in  Hint1  MEFs untreated or treated with 4 Gy of IR. (C) Chromosomal abnormality frequen-
cies of the indicated type per binucleated cell were compared in  Hint1  MEFs untreated or treated with 4 Gy of IR. (D) Telomere labeling of  Hint1  +/+ and 
 � / �  MEFs. CF, centromeric fragment; CB, chromosome break; arrows, chromatid breaks. (E) Chromosomal analysis of  Hint1  +/+ and  � / �  MEFs. 
*, P  <  0.05 when compared with the +/+ MEFs (Fisher ’ s exact test).   
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that ATM selectively regulates the p53-dependent cell cycle 

checkpoint and apoptotic pathways. Another study has demon-

strated the requirement for both ATM and Bax gene products 

in IR-induced apoptosis ( Chong et al., 2000 ). It has been re-

cently found that inactivation of ATM reduces apoptosis in Myc-

transgenic mice ( Pusapati et al., 2006 ), and ATM loss impairs 

Myc apoptotic responses ( Maclean et al., 2007 ). Cells with re-

duced apoptotic potential may be able to survive with a consid-

erable amount of genomic instability. In a clonogenic survival 

assay, decreased sensitivity to increasing doses of  �  radiation was 

found in  Hint1   � / �  MEFs ( Su et al., 2003 ). Because this assay 

is based on the number of surviving colonies, the  “ decreased ra-

diation sensitivity ”  observed with  Hint1   � / �  cells ( Su et al., 

2003 ) does not indicate that HINT1-defi cient cells are also de-

void of genomic instability. Because  Hint1  +/ �  and  � / �  MEFs 

display a substantial amount of spontaneous and IR-induced ge-

nomic instability associated with micronuclei and nucleoplas-

mic bridges ( Fig. 7 ), these fi ndings are consistent with the 

observation that the apoptotic potential is impaired in HINT1-

defi cient cells. HINT1 may also directly affect targets down-

stream of ATM, including p53 and p21, thereby directly affecting 

the process of apoptosis. Indeed, overexpression of HINT1 

induces PARP cleavage, activates caspase-3, and enhances 

expression of p53 ( Weiske and Huber, 2006 ). Therefore, the 

combined effects of loss of HINT1 expression on cellular re-

sponses to DNA DSB could be complex, including transient re-

sponses such as reduced activation of ATM and downstream 

responses such as reduced apoptosis. The method used to assess 

the effects of HINT1 defi ciency on sensitivity to the cytotoxic 

effects of IR (colony formation assay at 2 – 3 wk) in MEFs ( Su et al., 

2003 ) involves complex cellular processes, including clonal 

selection of resistant cells, and therefore may not directly ad-

dress the sensitivity of HINT1-defi cient cells to DNA DSB. 

 Although ATM acetylation is markedly decreased in 

 Hint1   � / �  cells, ATM activation (phosphorylation of downstream 

targets) is not completely inhibited ( Fig. 3 ), perhaps because 

ATM can be activated by mechanisms other than acetylation but 

at a lower effi ciency. Furthermore, p-ATM foci still colocalize 

with  � -H2AX in  Hint1   � / �  cells (unpublished data), and this 

may be suffi cient for activating  � -H2AX because in HINT1-

defi cient MEFs the reduced activation of ATM does not affect 

the phosphorylation of H2AX ( Fig. 1 ). Thus, the function of ATM 

may not be completely lost in these cells. Alternatively, activa-

tion of  � -H2AX in HINT1-defi cient cells may be mediated by 

the DNA-PKcs because DNA-PKcs and ATM function redun-

dantly in the phosphorylation of H2AX in response to IR, and 

 � -H2AX foci are formed even in ATM  � / �  cells ( Stiff et al., 

2004 ). Whether defi ciency of DNA DSB repair in  Hint1   � / �  

MEFs was caused by insuffi cient activation of ATM is not clear, 

and it will be of interest to study whether in  Hint1   � / �  MEFs 

the retarded DNA DSB repair is caused by ineffi cient non-

homologous end joining or compromised mechanism of other 

repair pathways. 

 It was of interest that, despite the fact that the  Hint1    � / �   
MEFs have defects in the DSB repair pathway, including loss of 

ATM activation and the presence of unrepaired DSB,  Hint1  

  � / �   cells are more resistant to cytotoxicity by IR than  Hint  +/+ 

 Discussion 
 HINT1 is a highly conserved protein in almost all known living 

species and it is ubiquitously expressed in all mammalian tis-

sues ( Klein et al., 1998 ;  Li et al., 2006 ). Two proteins in the 

same HIT family as HINT1, namely FHIT ( Ishii et al., 2006 ) 

and aprataxin ( Ahel et al., 2006 ), have been implicated in DDR. 

The present study provides the fi rst direct evidence that the tu-

mor suppressor HINT1 plays an important role in modulating 

the appropriate responses of mammalian cells to DNA damage. 

Indeed, HINT1-defi cient MEFs display defects in both the 

 � -H2AX chromatin remodeling pathway involved in the repair 

of DNA strand breaks and the ATM checkpoint pathway that can 

arrest cell cycle progression and induce apoptosis in response to 

DNA damage. Thus, we found that in response to IR, the HINT1 

protein translocates to IRIF, where it associates with  � -H2AX 

foci ( Fig. 2 ). The formation of  � -H2AX foci is normally a very 

early and transient response of cells to DSB ( van Gent et al., 

2001 ). Spontaneous formation of  � -H2AX foci was seen in sev-

eral DNA repair – defi cient cells, such as cells derived from 

ataxia telangiectasia or Nijmegen breakage syndrome pa-

tients ( Kuhne et al., 2004 ). Interestingly, we found that HINT1-

defi cient MEFs also display  � -H2AX foci in the absence of 

irradiation ( Fig. 1 ), which suggests that these cells have increased 

levels of spontaneous DNA damage. We found that HINT1-

defi cient MEFs display a marked persistence of  � -H2AX foci 

after exposure to IR ( Fig. 1 ), which suggests that these cells are 

defective in DNA repair. Comet assay and PFGE-based DNA 

repair assays ( Fig. 6 ) further confi rmed the reduced DNA repair 

capability of HINT1-defi cient MEFs compared with wild-type 

cells. These fi ndings are of interest because another member of 

the HIT protein family, aprataxin, has recently been shown to 

play an important role in resolving abortive DNA ligation inter-

mediates and in DNA repair ( Ahel et al., 2006 ). 

 HINT1-defi cient cells are also defective in activation of 

ATM in response to IR. Thus, we found that both acetylation and 

activation of ATM are signifi cantly reduced in HINT1-defi cient 

MEFs and in Hint1-shRNA knockdown derivatives of SW480 

colon cancer cells, as manifested by decreased phosphorylation 

of the S1981 residue in ATM and decreased phosphorylation of 

its downstream effectors Chk1(S317), Chk2(T68), and p53(S15) 

( Fig. 3 and Fig. 5 A ). The induction by IR of several DNA 

damage – inducible genes, including p21, GADD45 � , GADD153, 

and TP53inp1, is also defective in HINT1-deficient MEFs 

( Fig. 4 A ). Cellular levels of the p21 protein are also decreased 

in HINT1-defi cient MEFs and in Hint1-shRNA SW480 cells 

( Fig. 4 B and Fig. 5 B ). Thus, it appears that HINT1 normally 

plays an important role in the ATM checkpoint pathway that is 

activated in response to DNA damage. Despite these fi ndings, 

HINT1-defi cient MEFs are more resistant to the cytotoxicity of 

IR ( Su et al., 2003 ) and HINT1-defi cient SW480 derivatives are 

more resistant to the induction of apoptosis after IR than control 

SW480 cells ( Fig. 5 C ). These results appear to be paradoxical 

because loss of ATM activity is often associated with increased 

cellular sensitivity to DNA damage. However, reduced activa-

tion of ATM-mediated signaling pathways may also result in re-

duced apoptotic potential.  Barlow et al. (1997)  have demonstrated 
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cancer cell lines ( Yuan et al., 2004 ;  Wang et al., 2007 ), and that 

this is associated with decreased expression of HINT1 RNA and 

protein. Because HINT1 plays an important role in DDR, this 

decreased expression of HINT1 may increase the likelihood of 

genome instability and thereby enhance tumor development. 

 Materials and methods 
 Cell lines 
  Hint1  +/ �  mice were mated to generate  Hint1  +/+, +/ � , and  � / �  em-
bryos and each genotyped as previously described ( Li et al., 2006 ). Prepa-
ration of MEFs was also described previously ( Su et al., 2003 ). For each 
experiment cells were pooled from at least four embryos. Repeat experi-
ments were performed using different pools. Passage 4 MEFs were used in 
all experiments, except where otherwise indicated. SW480 cells (Ameri-
can Type Culture Collection) were transfected with a plasmid encoding a 
control shRNA or a Hint1-shRNA, using the Lipofectin reagent (Invitrogen) 
following the manufacturer ’ s protocol, and selected under G418 treatment 
for 3 wk. Resistant clones were pooled and used for subsequent studies. 
 DNA-PKcs   � / �  MEFs (PK33N) were provided by D. Chen (The University 
of Texas Southwestern Medical Center at Dallas, Dallas, TX;  Kurimasa 
et al., 1999b ). 

 Chemicals and antibodies 
 Bleomycin, colchicine, and cytoclasin B were purchased from Sigma-
Aldrich. The HINT1 antibody was previously described ( Klein et al., 1998 ). 
The ATM and TIP60 antibodies were purchased from Santa Cruz Biotech-
nology, Inc.; histone H2A and  � -H2AX antibodies from Millipore; ac-
H2A(K5) antibody from Abcam; p-ATM-S1981, p-Chk1-S317, p-Chk2-T68, 
p-p53-S15, and p21 antibodies from Cell Signaling Technology; acetyl-
lysine and Rad50 antibodies from Millipore; actin, FLAG, and HA anti-
bodies from Sigma-Aldrich; HRP-conjugated anti – mouse IgG or anti – rabbit IgG 
secondary antibodies from GE Healthcare; and FITC-conjugated anti – rab-
bit IgG, Texas red – conjugated anti – rabbit IgG, and Texas red – conjugated 
anti – mouse IgG secondary antibodies from Vector Laboratories. Immuno-
blot analysis procedures were described previously ( Li et al., 2006 ). 

 Plasmids 
 To construct FLAG-Hint1 expression constructs, the full-length Hint1 cDNA 
was amplifi ed by PCR from pcDNA3-Hint1 ( Klein et al., 1998 ) and sub-
cloned into the p3xFLAG-CMV-7.1 vector (Sigma-Aldrich). The plasmids 
encoding a control shRNA or a Hint1-shRNA were provided by O. Huber 
(Institute of Clinical Chemistry and Pathobiochemistry, Berlin, Germany; 
 Weiske and Huber, 2005 ). 

 Immunofl uorescent microscopy 
 Cells were grown on coverslips and fi xed in acetone-methanol at a ratio of 
1:1, or in 4% paraformaldehyde, and prepermeabilized with 0.5% Triton 
X-100. Coverslips were blocked with 5% skim milk and incubated with the 
indicated primary antibodies for 1 h at 37 ° C, followed by incubation with 
a FITC-conjugated anti – rabbit IgG and/or a Texas red – conjugated anti – 
mouse IgG. Translocation of FLAG-Hint1 was detected by double staining 
using a polyclonal FLAG antibody and a monoclonal  � -H2AX antibody, af-
ter the  Hint1   � / �  MEFs were transfected with FLAG-Hint1 using PlasFect 
reagent (Bioline) following the manufacturer ’ s protocol, and treated with 4 Gy 
of  �  radiation. Images were analyzed using a fl uorescent microscope 
(Nikon) with a Nikon PlanFluor 40 ×  oil objective lens (NA 1.30). 

 Acid extraction of histones 
 Exponentially growing cells were treated as described and at indicated 
time points were collected in lysis buffer (10 mM Hepes, pH 7.9, 10 mM 
KCl, 1.5 mM MgCl 2 , 0.5 mM DTT, and 1.5 mM PMSF), and 1 N HCl was 
used to adjust fi nal concentration to 0.1 N. Samples were incubated on ice 
for 30 min and centrifuged for 10 min at 14,000  g  at 4 ° C. The superna-
tant was dialyzed at 4 ° C against 0.1 M acetate for 1 h twice and three 
times in ddH 2 O for 1 h, 3 h, and overnight, respectively. The dialyzed 
samples were then subject to immunoblot analysis. 

 Immunoprecipitation 
 For immunoprecipitation of ATM, whole cell lysates were prepared from 
 Hint1  MEFs after IR and incubated with an ATM antibody. For immunopre-
cipitation of H2AX, cells were lysed in modifi ed radioimmunoprecipitation 
assay buffer (10 mM Tris-HCl, pH 7.6, 150 mM NaCl, 2.5 mM MgCl 2 , 

cells ( Su et al., 2003 ). It is possible that in HINT1-defi cient cells 

the functions of ATM are fi ne tuned so that proapoptotic effects 

induced by IR are inhibited whereas prosurvival effects are not. 

It is also possible that HINT1 has other activities that are re-

quired for inducing apoptosis after IR. Nevertheless, genetic or 

epigenetic inactivation of HINT1 might contribute to the develop-

ment of radioresistant tumors, and, on the other hand, transient 

inactivation of HINT activity might be a strategy for developing 

compounds that protect normal cells from the cytotoxicity 

caused by IR. 

 There is increasing evidence that protein acetylation plays 

an important role in regulating DDR ( Squatrito et al., 2006 ). 

Perhaps the most novel aspect of the present study is our fi nding 

that HINT1-defi cient cells are impaired in the acetylation of 

both  � -H2AX and ATM in response to DNA damage ( Fig. 1 D 

and Fig, 3 A ) and that HINT1 associates with ATM and  � -H2AX 

( Fig. 2 C ). These fi ndings suggest that HINT1 may be important 

for mediating and coordinating the acetylation events necessary 

to induce both the early (ATM activation) and late (removal of 

 � -H2AX) steps of DDR. Additional studies are required to de-

termine the mechanism by which HINT1 infl uences the state of 

acetylation of ATM and  � -H2AX. HINT1 has intrinsic hydrolase 

activity for phosphoramidate and acyladenylate ( Bieganowski 

et al., 2002 ;  Chou et al., 2007 ), but further studies are required 

to determine if these activities are relevant to its functions in 

DDR pathways. 

 Collectively, the defects in the  � -H2AX chromatin remod-

eling pathway in HINT1-defi cient cells, combined with the 

defects in the ATM checkpoint pathway, may explain why 

HINT1-defi cient MEFs display an increase in various types of 

chromosomal abnormalities and genomic instability ( Fig. 7 ). 

These fi ndings confi rm the haploinsuffi cient function of HINT1 

at a mechanistic level. It was of interest that the biological and 

cellular effects caused by decreased levels of HINT1 are not en-

tirely dose dependent. Thus,  Hint1  +/ �  MEFs exhibit decreased 

acetylation of  � -H2AX to an extent similar to  Hint1   � / �  cells, 

and they also display prolonged activation of  � -H2AX similar 

to  Hint1   � / �  cells ( Fig. 1 ). In contrast, we did observe dose 

dependency for several other cellular functions of  HINT1 , such 

as decreased activation of ATM, p21, and other p53 target genes 

( Figs. 4 and 5 ). Recent studies indicate that the effects of gene 

dosage can be complex and cannot be linearly correlated to ex-

pression levels ( Kondrashov and Koonin, 2004 ). This is particu-

larly relevant to genes encoding subunits of protein complexes 

because stoichiometry imbalance can cause alterations of inter-

action with the target element, which leads to an abnormal pheno-

type ( Birchler et al., 2005 ). The HINT1 protein forms a stable 

homodimer ( Lima et al., 1996 ) and possibly functions in vari-

ous protein complexes ( Korsisaari and Makela, 2000 ;  Guang 

et al., 2004 ;  Weiske and Huber, 2006 ;  Ajit et al., 2007 ;  Wang 

et al., 2007 ) and, therefore, stoichiometry balance may be im-

portant for its functions. Because of the strong haploinsuffi cient 

phenotype of  Hint1  +/ �  cells, loss of heterozygosity in the 

 Hint1  gene or decreased HINT1 expression of human tissues may 

increase the risk of tumor development in these tissues. Recent 

promoter methylation studies indicate that the  Hint1  gene pro-

moter is partially methylated in several lung cancer and colon 
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the nonparametric Mann-Whitney test was used for statistical analysis. 
Fisher ’ s exact test was used in micronuclei analysis and metaphase analy-
sis by telomere labeling. The p-values are indicated in the text and/or fi g-
ures, and a difference between groups of P  <  0.05 was considered 
statistically signifi cant. 

 Online supplemental material 
 Table S1 shows the primer sequences used in real-time RT-PCR exper-
iments. Online supplemental material is available at http://www.jcb
.org/cgi/content/full/jcb.200711150/DC1. 
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