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Efficient DNA double-strand break (DSB) repair is critical for the maintenance of genome stability. Unrepaired or misrepaired
DSBs cause chromosomal rearrangements that can result in severe consequences, such as tumorigenesis. RAD6 is an E2 ubiqui-
tin-conjugating enzyme that plays a pivotal role in repairing UV-induced DNA damage. Here, we present evidence that RAD6 is
also required for DNA DSB repair via homologous recombination (HR) by specifically regulating the degradation of heterochro-
matin protein 1� (HP1�). Our study indicates that RAD6 physically interacts with HP1� and ubiquitinates HP1� at residue
K154, thereby promoting HP1� degradation through the autophagy pathway and eventually leading to an open chromatin
structure that facilitates efficient HR DSB repair. Furthermore, bioinformatics studies have indicated that the expression of
RAD6 and HP1� exhibits an inverse relationship and correlates with the survival rate of patients.

Double-strand breaks (DSBs) in DNA are considered the most
deleterious types of DNA damage and pose a great threat to

the integrity of the genome. Two pathways, homologous recom-
bination (HR) and nonhomologous end joining (NHEJ), have
evolved in mammals to repair the broken ends that characterize
DSBs (1). The HR pathway is a precise repair pathway, wherein
missing and damaged sequence information is copied from sister
chromatids to catalyze the repair (2, 3). In contrast, the repair of
DNA DSBs by NHEJ is more error prone and often leads to inser-
tions, deletions, or other types of chromosomal rearrangements.
The accumulation of DNA mutations, due to either unrepaired
broken ends or improper repair, is thought to increase the inci-
dence rate of cancer and other types of diseases (4, 5).

Mounting evidence indicates that the ubiquitination of DSB
repair proteins plays an important role in regulating DSB repair in
mammals (6–8). Ubiquitination is classified into two types,
monoubiquitination and polyubiquitination, depending on the
number of ubiquitin molecules that become posttranslationally
attached to target proteins. Monoubiquitinated proteins have
been shown to participate in nonproteolytic pathways such as re-
ceptor trafficking, signal transduction, gene transcription, and
DNA repair, while the polyubiquitination of substrates often leads
to protein degradation either through the 26S proteasome path-
way or through the autophagy pathway (9–12).

Ubiquitination is catalyzed by a series of enzymes that includes
the ubiquitin activation enzyme (E1), the ubiquitin-conjugating
enzyme (E2), and the ubiquitin ligase (E3) (13). RAD6 is an E2
ubiquitin-conjugating enzyme with a well-described role in
stimulating the repair of UV-induced DNA damage (7, 14). In
budding yeast, RAD6 interacts with RAD18 to catalyze the
monoubiquitination of proliferating cell nuclear antigen (PCNA)
on lysine 164, thereby promoting the error-prone DNA damage
repair pathway by recruiting low-fidelity polymerases. Interest-
ingly, the interaction between the RAD6-RAD18 complex and the
Ubc13-MMS2-Rad5 complex facilitates the polyubiquitination of
PCNA on the same site, eventually activating the error-free repair
pathway (15, 16). In addition, several reports indicate that RAD6

regulates protein degradation by cooperating with different E3
ligases (17–20). For instance, our previous studies have shown
that the RAD6-MDM2 complex targets p53 for degradation both
in Drosophila melanogaster and mammals (21, 22). Additionally, a
previous report indicated that in response to ionizing radiation
(IR)-induced DNA DSBs, mammalian RAD6 forms a complex
with RNF168 that is rapidly recruited to DSBs (23). However, the
exact mechanism by which RAD6 participates in the repair of
DNA DSBs remains to be elucidated.

The regulation of chromatin structure is a highly dynamic pro-
cess. The assembly and disassembly of chromatin frequently occur
during DNA replication, gene transcription, DNA damage re-
sponse, and DNA repair (24–26). Heterochromatin is character-
ized as a relatively condensed chromatin configuration, which of-
ten results in reduced transcriptional activities of euchromatic
genes inserted into the region. The evolutionarily conserved het-
erochromatin protein 1 (HP1) family proteins are well known for
their roles in heterochromatin formation and regulation in gene
transcription in various species (27–32). Increasing evidence in-
dicates that HP1 family proteins also participate in DNA damage
response and repair (33–36). Recent work showed that the repair
of double-strand breaks in heterochromatin requires moving out-
side HP1� domains to complete the recombination (37), and
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HP1� can inhibit Rad51 recruitment and strand invasion by co-
operating with the Smc5-Smc6 complex in heterochromatin. In
response to DNA DSBs, the local disassembly of HP1� at DSB sites
is essential for the formation of Rad51 nucleoprotein filaments
and thus the successful completion of HR repair (37).

Here, we show that RAD6 promotes HR-directed DNA DSB
repair by regulating autophagy-mediated HP1� degradation and
subsequent changes in chromatin structure. We observed an en-
hanced interaction between RAD6 and HP1� in response to X-ray
irradiation. This interaction leads to the ubiquitination of HP1�
at residue K154 by RAD6, which results in the autophagy-medi-
ated degradation of HP1� and, subsequently, a loosened chroma-
tin structure that is more permissive for the catalysis of HR. Ad-
ditional bioinformatics analyses of the relationship between these
two proteins indicate that RAD6 expression is negatively corre-
lated with HP1� both in terms of expression level and survival rate
in patients with lung cancer, supporting a role of RAD6 and HP1�
in tumorigenesis.

MATERIALS AND METHODS
Cell culture and transfection. The HL-7702 human normal liver cell line,
the HeLa human cervical carcinoma cell line, and the HEK293 human
embryonic kidney cell line were all cultured at 37°C in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Gibco catalog no. 11960-044) supple-
mented with 10% fetal bovine serum and 1% penicillin and streptomycin
(Gibco product no. 15070-063) in a 5% CO2 incubator. The transfection
of constructs into cells was performed with Lipofectamine 2000 reagent
(Invitrogen catalog no. 11668-019) according to the manufacturer’s stan-
dard protocol.

The two reporter cell lines used for analyzing NHEJ and HR, HCA2-
I9a and HCA2-H15C, were grown in DMEM (Gibco catalog no. 11960-
044) supplemented with 10% fetal bovine serum, 1� nonessential amino
acids (Gibco catalog no. 11140-050), and 1% penicillin and streptomycin
(Gibco catalog no. 15070-063) in a Hera240i incubator with 5% CO2 and
3% O2 at 37°C. The cells were transfected with different plasmids or small
interfering RNAs (siRNAs) with a Lonza 4D electroporator using the DT-
130 program.

Plasmid constructs. pCMV-Myc, pCMV-HA, and pEGFP-N1 (Clon-
tech catalog no. 635689, 635690, and 6085-1) plasmids expressing RAD6A
and RAD6B were constructed by cloning the RAD6A and RAD6B PCR
products into the pCMV-Myc, pCMV-HA, and pEGFP-N1 vectors. A
pDsRed2-N1 (Clontech catalog no. 632406) plasmid expressing HP1�
was constructed by cloning HP1� cDNA into the pDsRed2-N1 vector.
pET-42b(�) (Novagen catalog no. 70562-3) plasmids expressing RAD6A,
RAD6B, and HP1� were constructed by cloning RAD6A, RAD6B, and
HP1� cDNAs into the pET-42b(�) vector. The HP1� K154 mutant plas-
mids were generated using a site-directed mutagenesis kit (Agilent catalog
no. 200519) according to the manufacturer’s standard protocol.

RNA interference (RNAi) knockdown of RAD6A, RAD6B, and
HP1� in cultured human cell lines. siRNAs against RAD6A and HP1�
were designed and synthesized by the GenePharm Company (Shanghai,
China). RAD6B siRNA was purchased from Santa Cruz Biotechnology
Company (catalog no. sc-106915). The introduction of siRNAs into cul-
tured HL-7702, HeLa, or HEK293 cells was achieved using Lipofectamine
2000 reagent (Invitrogen catalog no. 11668-019) according to the manu-
facturer’s protocol. For the HCA2 cell lines, 5 �l of 20 �M siRNA was
electroporated into 1 � 106 cells twice with a 2-day interval. On day 2 after
the second transfection, cells were harvested to analyze the knockdown
efficiency or subjected to I-SceI transfection to analyze the repair effi-
ciency.

Coimmunoprecipitation. Cells were transfected with hemagglutinin
(HA)-RAD6A, RAD6B, or green fluorescent protein (GFP)-tagged LC3
using Lipofectamine 2000 reagent (Invitrogen catalog no. 11668-019).
After 48 h, the cells were harvested, washed with ice-cold phosphate-

buffered saline (PBS), resuspended in ATM lysis buffer (containing 100
mM Tris-Cl [pH 7.5], 150 mM NaCl, 0.2 mM EDTA, 20% glycerol, 0.4%
NP-40, 2% Tween 20, and 0.2 mM phenylmethylsulfonyl fluoride
[PMSF]) and sonicated on ice 10 times (3 s each), with a 20% efficiency.
The cell lysates were incubated with a normal mouse IgG (Santa Cruz
Biotechnology catalog no. sc-2025, as a negative control), anti-HA
(Zhongshan Golden Bridge), or anti-GFP (Zhongshan Golden Bridge)
antibody at 4°C overnight. Protein A/G-agarose beads (Santa Cruz Bio-
technology catalog no. sc-2003) were subsequently added, and the solu-
tion was incubated for another 3 h, followed by centrifugation to harvest
the agarose beads after they had been washed 5 times with lysis buffer. The
precipitated proteins were released by boiling in loading buffer and re-
solved via SDS-PAGE (15%). Immunoblot analyses were performed with
antibodies against HA, GFP, or HP1�.

Antibodies and Western blotting. Antibodies against HA, Myc, Red,
and GFP were purchased from Zhongshan Golden Bridge. An antibody
against RAD6 was purchased from Santa Cruz Biotechnology (catalog no.
sc-30078). Antibodies against HP1�, HP1�, and HP1� were purchased
from Cell Signaling Technology (catalog no. 2616, 2613, and 2619). An
antiubiquitin antibody was purchased from R&D (catalog no. MAB701).
All of the horseradish peroxidase (HRP)-conjugated secondary antibodies
were purchased from Zhongshan Golden Bridge.

Cells were lysed in ATM lysis buffer (containing 100 mM Tris-Cl [pH
7.5], 150 mM NaCl, 0.2 mM EDTA, 20% glycerol, 0.4% NP-40, 2% Tween
20, and 0.2 mM PMSF). The protein concentration in the supernatant was
measured with a bicinchoninic acid (BCA) assay kit (Novagen catalog no.
71285-3). Then, the samples were loaded into a 15% gel to resolve the
proteins. Different amounts of total protein were loaded in each experi-
ment to facilitate the detection of different target proteins. After electro-
phoresis, the proteins were transferred to polyvinylidene difluoride
(PVDF) membranes (Amersham catalog no. 10600021) and hybridized
with primary antibodies at a dilution of 1:2,000. The HRP-labeled second-
ary antibodies (Zhongshan Golden Bridge) were applied at a dilution of
1:4,000. An ECL detection system (Calbiochem catalog no. 345818) was
used to detect the signals on the membranes.

RT-PCR assay. Cells were lysed to isolate total RNA using TRIzol
reagent (Invitrogen catalog no. 15596-026) according to the manufactur-
er’s instructions. Reverse transcription (RT) was performed with a reverse
transcription kit (TaKaRa catalog no. 2641A). Briefly, total RNA (5 �g)
was reverse transcribed to synthesize cDNA in a volume of 20 �l using
Moloney murine leukemia virus (MMLV) reverse transcriptase. In each
25-�l PCR mixture, 1 �l of cDNA was used, and the reaction was run for
20 to 25 cycles. The PCR products were loaded onto a 2% agarose gel,
stained with ethidium bromide, and imaged.

GST pulldown assay. Glutathione S-transferase (GST) fusion pro-
teins (GST-RAD6A/B and GST-HP1�) were purified from Escherichia
coli, quantified, and stored at �80°C. A 1-�g sample of each GST fusion
protein was incubated overnight with HL-7702 whole-cell extracts. Sep-
harose 4B beads (GE Healthcare catalog no. 17-0756-01) were washed
extensively with ATM lysis buffer and then added to the solutions, fol-
lowed by incubation for another 3 h. The bound proteins were analyzed by
Western blotting with the indicated antibodies.

In vivo ubiquitination assay. HL-7702 cells were transfected with
RAD6A/B plasmids or empty control plasmids. At 48 h posttransfection,
an in vivo ubiquitination assay was performed under denaturing condi-
tions. The cells were lysed with 100 �l of SDS lysis buffer containing 1%
SDS, and the lysate was then boiled for 15 min. The resulting lysate was
centrifuged for 15 min at 12,000 rpm at 4°C. The supernatant was diluted
to 0.1% SDS with 900 �l of ATM lysis buffer. The lysate was subsequently
incubated with a normal mouse IgG antibody (Santa Cruz Biotechnology
catalog no. sc-2025) or anti-HP1� antibody (Cell Signaling Technology
catalog no. 2616) at 4°C overnight. Protein A/G-agarose beads were then
added to precipitate the bound proteins. The ubiquitination levels of
HP1� were detected in Western blotting assays with antibodies against
HP1� or ubiquitin (R&D catalog no. MAB701).
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Autophagy analysis. To induce cell starvation, cells were washed three
times with PBS and incubated for 4 to 6 h in Hanks’ balanced salt solution
(HBSS; Invitrogen catalog no. 14025-076). To stimulate rapamycin-in-
duced autophagy, cells were treated with complete medium containing 2
�M rapamycin at 37°C for 10 h. Autophagy was assessed based on LC3
cleavage. To inhibit starvation-mediated autophagy, cells were treated
with HBSS containing 10 mM 3-methyladenine (3-MA; Sigma catalog no.
M9281).

ChIP assay. Chromatin immunoprecipitation (ChIP) was performed
according to the published protocols from Upstate and our previous work
(2, 3, 38, 39).

Bioinformatic analyses. To assess the clinical relevance of RAD6 and
HP1�, we performed two clinically based bioinformatic analyses by using
the Oncomine (www.oncomine.org) and KM plotter online services to
determine the correlations between expressional levels and patient sur-
vival (Kaplan-Meier plot) for cancer patients.

RESULTS
RAD6 interacts with heterochromatin protein HP1�. Our pre-
vious yeast two-hybrid screen identified multiple RAD6-interact-
ing proteins, including p53, and we showed that RAD6 regulates
the degradation of p53 in both Drosophila and mammalian cells
(21, 22). HP1�, an important regulator of heterochromatin for-
mation and transcriptional gene silencing, was also found to be
one of the interacting partners of RAD6 in our yeast two-hybrid
screen (data not shown). Since both RAD6 and HP1� are known
to play pivotal roles in DNA damage repair (33–35, 37), we won-
dered whether the interaction between RAD6 and HP1� is func-
tionally linked in the DNA damage repair process.

To confirm the interaction between RAD6 and HP1�, we first
studied the cytological colocalization of the two proteins in HL-
7702 cells transfected with GFP-tagged RAD6 and DsRed-tagged
HP1� plasmids. Consistent with our yeast two-hybrid screen re-
sult, we observed that RAD6 colocalized with HP1�, supporting
the potential interaction between these two proteins (Fig. 1A). We
then performed coimmunoprecipitation (Co-IP) experiments to
validate this interaction. HL-7702 cells transfected with Myc-
tagged RAD6 plasmids were lysed and subjected to Co-IP with an
anti-Myc antibody. Western blotting revealed that RAD6 specifi-
cally interacts with HP1� but not with HP1� or HP1� (Fig. 1B,
top). In addition, a reverse Co-IP was performed using an anti-
HP1� antibody in HL-7702 cells transfected with HA-tagged
RAD6 plasmids. We observed that RAD6 was also precipitated by
HP1� (Fig. 1B, bottom). We next performed endogenous Co-IP
experiments using antibodies against either RAD6 or HP1�, and
the interaction between these two factors was also confirmed (data
not shown). Moreover, in vitro GST pulldown experiments using
bacterially expressed GST-RAD6 and GST-HP1� also confirmed
the interaction between the two proteins (data not shown).

The interaction between RAD6 and HP1� is enhanced in ir-
radiated cells. Because both RAD6 and HP1� are well known for
their roles in DNA damage repair (7, 14–16, 23, 33–35, 37), we
next wondered whether the interaction between these two pro-
teins was modulated in response to DNA DSB damage signals
induced by X-ray irradiation. RAD6 was therefore immunopre-
cipitated from the protein extracts of irradiated HEK293 cells with

FIG 1 Interactions between RAD6 and HP1�. (A) HL-7702 cells transfected with RAD6A/B-GFP plasmids and the HP1�-Red plasmid were stained with
4=,6-diamidino-2-phenylindole (DAPI) for fluorescence microscopy analysis. (B) RAD6 interacts with HP1�. HL-7702 cells transfected with Myc-RAD6A/B
plasmids were lysed to perform a Co-IP assay with an anti-Myc antibody. Western blotting against the indicated proteins was performed. A reverse Co-IP was
conducted in HA-RAD6A/B-overexpressing HL-7702 cells, followed by Western blotting. (C) HEK293 cells were irradiated at 80 kV for 5 min in an X-ray
irradiator, and the cells were then harvested at the indicated times postirradiation and lysed for Co-IP with an anti-RAD6 antibody, followed by Western blotting.
(D and E) Diagram of the KillerRed (KR) reporter system. A hydrozoan-derived fluorescent protein, KillerRed, was used to generate reactive oxygen species
(ROS)-induced DNA damage, including base damage and DNA single-strand and double-strand breaks, in defined genomic locations within living cells. KR was
fused to the tetracycline repressor (tetR) or transcription activator (TA) and expressed in the U2OS TRE cell line, in which a plasmid containing the tetracycline
response element (TRE) array was integrated into a specific genomic site in approximately 200 copies, to induce ROS DNA damage in heterochromatin or
euchromatin. Through a protein-DNA interaction involving TRE and tetR, KR is bound at the TRE-integrated site in the genome. mCherry serves as a control
to mark the integration site without DNA damage. The activation of KR in bulk cells was achieved by exposing cells to a 15-W Sylvania cool white fluorescent bulb
for 10 min in a stage UVP (Uvland, CA). In a 10-min light exposure, 9,000 J was delivered to the whole dish; the final power delivered to the KR (approximately
1 �m2) spot upon light exposure was approximately 9 mJ/�m2. Cells were placed under a water bottle (height to light is 15 cm) to prevent a temperature increase.
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subsequent Western blotting to analyze the interactions between
RAD6 and HP1�. Indeed, we observed an enhanced interaction
between these two proteins at 2 h and 8 h after irradiation com-
pared with that at 0 h after the induction of DNA DSBs (Fig. 1C),
indicating that the interplay between RAD6 and HP1� likely par-
ticipates in the regulation of DNA damage repair.

We also tested the dynamics of RAD6 using a microirradiation
method. In agreement with previous reports (23), we found that
RAD6 localized to DNA DSB sites after the induction of DNA
damage (data not shown). To further determine whether the re-
cruitment of RAD6 at DNA damage sites occurs in euchromatin
and/or heterochromatin, a well-defined KillerRed reporter system
(40) (Fig. 1D), which allowed us to introduce DNA damage spe-
cifically at euchromatin/euchromatin-like or heterochromatin/
heterochromatin-like sites, was employed. As shown in Fig. 1E, we
found that RAD6 was recruited to the DNA damage sites in both
euchromatin and heterochromatin regions, and HP1� localized
to the same DNA damage sites (Fig. 1E), supporting the conclu-
sion that both RAD6 and HP1� associate with DNA damage re-
pair in both types of chromatin. Collectively, these results further
indicate a functional link between RAD6 and HP1� in DNA dam-
age repair.

RAD6 and HP1� regulate HR-directed DNA DSB repair in
an opposite fashion. To examine the function of RAD6 in DNA
DSB repair, we next employed two well-defined reporter cell lines
to separately analyze the repair efficiency of HR and NHEJ (2)
(Fig. 2A). Briefly, the HR reporter contains two mutated GFP-
Pem1 copies. The first exon of GFP-Pem1 contains a 22-bp dele-
tion combined with the insertion of two I-SceI recognition sites in
inverted orientation for the induction of DSBs. The deletion en-
sures that GFP cannot be reconstituted by NHEJ. The two I-SceI
sites result in incompatible ends after I-SceI transfection. The sec-
ond copy of the GFP-Pem1 lacks a promoter, ATG, and the second
exon of GFP. The intact construct cannot express GFP. However,

upon induction of DSB by I-SceI transfection, the functional GFP
gene will be reconstituted by gene conversion between the two
mutated copies of the first GFP-Pem1 exon. The second copy of
the GFP gene lacks the first ATG and the second exon. Therefore,
crossover or single-strand annealing will not restore GFP activity.
This design allows the exclusive detection of gene conversion,
which is the predominant HR pathway in mammalian cells. The
reporter cassette for detecting NHEJ contains the GFP gene with
an artificially engineered 3-kb intron from the Pem1 gene. The
Pem1 intron contains an adenoviral exon flanked by I-SceI endo-
nuclease recognition sequences in inverted orientation. Digestion
with I-SceI generates DSBs with incompatible DNA ends. An un-
rearranged NHEJ cassette is GFP negative, because the adenoviral
exon disrupts the GFP open reading frame (ORF). Upon the in-
duction of DSBs by the expression of I-SceI, the adenoviral exon is
removed, NHEJ reconstitutes the functional GFP gene, and green
cells can be quantified by flow cytometry (2).

We first tested the effect of overexpressing RAD6 and found
that the overexpression of RAD6A or RAD6B stimulated HR and
NHEJ by approximately 6- to 7-fold and 2.5- to 3-fold, respec-
tively (Fig. 2B). Furthermore, knocking down RAD6 reduced the
efficiency of HR and NHEJ by approximately 63% and 37%, re-
spectively (Fig. 2C), suggesting that RAD6 is required for HR,
whereas it plays a minor role in NHEJ. Using the same strategy, we
found that the overexpression or knockdown of HP1� influenced
DNA DSB repair in an opposite manner to RAD6 (Fig. 2D and E).
These results therefore support a functional interaction between
Rad6 and HP1� in DSB repair.

To rule out the possibility that the depletion of HP1� increases
the efficiency of I-SceI digestion, allowing the enzyme to induce
more breaks and thereby leading to an artificially high repair effi-
ciency, we performed real-time PCR to examine the cutting effi-
ciency in the absence of HP1�. We found that knocking down
HP1� resulted in a modest 20% increase in the I-SceI digestion of

FIG 2 RAD6 and HP1� regulate HR in an opposing manner. (A) Diagrams of the reporters used for detecting the repair efficiencies of HR and NHEJ. The
mechanisms of the reporters are described as previously reported (2). The reporter cassette for HR examination consists of two mutated copies of GFP-Pem1. In
the first copy of GFP-Pem1, the first GFP exon contains an insertion of two I-SceI recognition sites in inverted orientation and a deletion of 22 nucleotides (nt)
(	22), which ensures that GFP cannot be reconstituted by an NHEJ event. The second copy of GFP-Pem1 lacks a promoter, the first ATG, and the second exon
of GFP. Upon induction of DSBs by I-SceI transfection, gene conversion events reconstitute an active GFP gene. The reporter cassette for NHEJ examination
consists of a GFP gene under a cytomegalovirus (CMV) promoter with an engineered intron from the rat Pem1 gene. This intron is interrupted by an adenoviral
exon (AD). The adenoviral exon is flanked by I-SceI recognition sites in inverted orientation for the induction of DSBs. In this construct, the GFP gene is inactive.
However, the induction of a DSB and successful NHEJ will trigger the construct to be GFP�. (B and C) Roles of RAD6 in DNA DSB repair. The DNA DSB repair
efficiency was calculated as described elsewhere (2). (D and E) Roles of HP1� in DNA DSB repair. *, P 
 0.05; **, P 
 0.01 (two-tailed unpaired t test; n � 3).
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the reciprocal restriction site (data not shown), which could not
account for the 2.5-fold increase in HR observed in the absence of
HP1�. However, the increase in NHEJ induced by depleting
HP1� was approximately 30%, suggesting that HP1� plays a ma-
jor role in HR DNA repair.

RAD6 promotes HP1� degradation. RAD6 is known as an E2
ubiquitin-conjugating enzyme capable of facilitating the degrada-
tion of various substrates (17–22). We therefore proposed that
RAD6 potentially regulates HR by degrading HP1� through ubi-
quitination. To test this hypothesis, we first examined HP1� pro-
tein levels after overexpressing RAD6 in HL-7702 cells. In agree-
ment with our hypothesis, RAD6 overexpression significantly
downregulated HP1� protein levels, whereas no obvious changes
in either HP1� or HP1� protein levels were observed (Fig. 3A,
top), supporting a specific role for RAD6 in HP1� degradation. In
addition, RAD6 overexpression had no effect on HP1� mRNA
levels (Fig. 3A, bottom, RT-PCR), implying that the suppressive
effect on HP1� protein levels likely occurs through degradation at
a posttranslational level.

To determine the effect of RAD6 on the rate of HP1� degrada-
tion, we performed a chase assay. Empty control and HA-tagged
RAD6 (RAD6A and RAD6B)-overexpressing HL-7702 cells were
treated with 50 �g/ml cycloheximide (CHX), an inhibitor of eu-
karyotic translation, for the indicated times. We observed that the
HP1� protein was more stable under control conditions, with a
half-life of over 8 h, than in the presence of RAD6 overexpression,
where its half-life dropped to below 6 h (Fig. 3B), confirming that
RAD6 promotes the degradation of HP1�.

The degradation of HP1� by RAD6 is required for DNA DSB
repair by HR. To examine whether the degradation of HP1� by
RAD6 affects DNA DSB repair, we cooverexpressed RAD6 and
HP1� and then analyzed the efficiency of DNA DSB repair. Inter-
estingly, this analysis revealed that cooverexpressing RAD6 and
HP1� significantly inhibited the efficiency of HR in comparison
to merely overexpressing RAD6 (Fig. 3C, top), whereas the
cooverexpression of RAD6 and HP1� had no suppressive effect on
the efficiency of NHEJ (Fig. 3C, bottom). Cumulatively, this sug-
gests that the degradation of HP1� is a crucial step during the
repair of DSBs by HR.

To provide direct evidence that the RAD6-induced removal of
HP1� from chromatin is required for HR, we then analyzed the
abundance of HP1� and H3K9me3, which is an HP1-associated
heterochromatin marker (41), at DNA DSB sites in the presence
or absence of RAD6 overexpression using a ChIP assay (3). When
RAD6 was not overexpressed, HP1� and H3K9me3 rapidly accu-
mulated at damage sites in response to DNA DSBs (Fig. 3D), pos-
sibly resulting in a more condensed chromatin structure to sup-
press HR (Fig. 2G and H), whereas much less HP1� and
H3K9me3 accumulation appeared at broken ends upon RAD6
overexpression (Fig. 3D). Notably, the reduction in H3K9me3
seemed to be less dramatic than that of HP1�, indicating that the
dynamics of HP1� and H3K9me3 on chromatin under DNA
damage conditions are potentially varied. We also performed a
ChIP assay with HP1� antibody in RAD6-knockdown cells, and
an inverse relationship between RAD6 and HP1� was observed,
compared with RAD6-overexpressing cells (data not shown). The
results therefore support a direct role of RAD6 and HP1� in HR.

RAD6 overexpression leads to an altered chromatin struc-
ture. Because HP1� is known to maintain compacted heterochro-
matin structures (42, 43), we therefore speculated that the degra-

dation of HP1� by RAD6 leads to a more open chromatin
organization. To test this hypothesis, we examined the subcellular
distribution pattern of HP1� and the sensitivity of extracted chro-
matin to micrococcal nuclease (MNase). In HL-7702 cells overex-
pressing GFP-RAD6 and Red-HP1�, we observed a marked de-
crease in HP1� focus number, and the HP1� distribution in the
nucleus was notably dispersed, relative to that of control cells (Fig.
3E). Additionally, due to the forced change in chromatin structure
by RAD6 overexpression, an increased number of cells with ab-
normal nuclei was observed (data not shown). Furthermore,
RAD6 overexpression resulted in more digested nucleosomes
when treated by MNase, an enzyme preferentially digesting linker
DNA between nucleosomes of chromatin, confirming that the
presence of RAD6 leads to an open chromatin structure that is
more accessible to MNase (Fig. 3F).

The regulation of HP1� degradation by RAD6 occurs via the
autophagy-lysosome pathway. In eukaryotic cells, two major
pathways—the ubiquitin-proteasome and the lysosomal proteol-
ysis pathways— have been reported to be responsible for protein
degradation. To determine which pathway mediates the degrada-
tion of HP1� by RAD6, we blocked the lysosome pathway using
either leupeptin or chloroquine, which are lysosome inhibitors,
and checked the protein levels of HP1� upon RAD6 overexpres-
sion. We found that inhibiting the lysosome rescued the degrada-
tion of HP1� (Fig. 4A). However, blocking the ubiquitin-protea-
some pathway using MG132 did not restore HP1� protein levels
in RAD6-overexpressing cells (data not shown). To rule out the
possibility that the failure to observe HP1� restoration upon
MG132 treatment was due to MG132 losing effectiveness, we uti-
lized p53, which is known to be degraded through the proteasome
pathway, as a control to confirm the efficacy of MG132 treatment.
The elevated p53 level upon MG132 treatment indicates that
MG132 functioned normally (data not shown), suggesting that
the degradation of HP1� by RAD6 is mediated by lysosomal pro-
teolysis.

Because autophagy is involved in the lysosome-mediated pro-
tein degradation (44), we tested whether the observed HP1� deg-
radation by RAD6 occurs through the autophagy pathway. HL-
7702 cells were starved for 8 h or incubated with 2 �M rapamycin
for 10 h to activate autophagy. Cells were then lysed and subjected
to Western blotting. Indeed, activating autophagy downregulated
HP1� protein levels. Inhibiting autophagy with 3-methyladenine
(3-MA), a class III phosphoinositide 3-kinase inhibitor, rescued
the decline of HP1� levels under starvation conditions (Fig. 4B).
To further determine whether RAD6 affects autophagy-mediated
HP1� degradation, we examined the half-life of HP1� under star-
vation conditions in the presence or absence of RAD6 overexpres-
sion. We observed that RAD6 overexpression indeed shortened
the half-life of HP1� to less than 4 h under starvation conditions
(Fig. 4C), suggesting that RAD6 promotes autophagy-mediated
HP1� degradation.

LC3 is a marker of autophagosomes (10, 45), and we sought to
determine whether HP1� and LC3 colocalized during starvation
or rapamycin treatment. Immunofluorescence staining of cells
transfected with LC3-GFP and HP1�-DsRed revealed that the in-
duction of autophagy stimulated the colocalization of HP1� and
LC3 (Fig. 4D). Co-IP experiments further confirmed that auto-
phagy promoted the interaction between HP1� and LC3 (Fig. 4E),
supporting the conclusion that the degradation of HP1� is exe-
cuted through the autophagy pathway.
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Previous work has shown that p62 recognizes polyubiquiti-
nated proteins and binds to Atg8 on the autophagosome mem-
brane to target proteins to autophagosomes for degradation (46,
47). In agreement with these reports, autophagy induced by star-
vation and rapamycin treatment enhanced the colocalization be-
tween HP1�-DsRed and p62-GFP in HL-7702 cells (Fig. 4F),

suggesting that p62 participates in targeting HP1� to autophago-
somes for degradation. Intriguingly, in response to autophagy
triggered by rapamycin, HR declined by approximately 86%;
however, overexpressing RAD6A in the presence of rapamycin
stimulated HR by 20-fold, implying an essential role for RAD6A in
HR during autophagy (Fig. 4G).

FIG 3 RAD6 stimulates HR by suppressing the recruitment of HP1� to damaged sites and promoting chromatin flexibility through HP1� degradation. (A and
B) RAD6 promotes the degradation of HP1� at the posttranslational but not transcriptional level. (A) HA-RAD6A/B-transfected HL-7702 cells were lysed for
Western blotting with the indicated antibodies. Total RNA was extracted to examine the mRNA levels of HP1� and gapdh via RT-PCR. (B) The HA-RAD6A/B
plasmid-transfected HL-7702 cells were incubated with 50 �g/ml CHX and lysed. Western blotting was then conducted with the indicated antibodies. (C)
Cooverexpressing HP1� and RAD6A significantly impaired the stimulatory effect of RAD6 on HR. **, P 
 0.01 (two-tailed unpaired t test; n � 3). (D) Diagram
of the site for which ChIP primers were designed (arrows). At different time points posttransfection, NHEJ reporter cells were harvested and lysed for ChIP assays
with antibodies against HP1� and H3K9me3, followed by RT-PCR. (E) The abnormal HP1� distribution in RAD6-overexpressing cells. The number of HP1�
foci was quantified in RAD6-transfected or untransfected cells. (F) RAD6A/B overexpression sensitizes HL-7702 cells to MNase digestion. After transfection, cells
were digested with MNase, followed by the separation of different amounts of extracted genomic DNA (1�, 4�) on a 2% agarose gel. The results were quantified
using Quantity One software. N1, N2, and N3 indicate the length of the DNA wrapped around approximately 1, 2, and 3 nucleosomes.
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RAD6 regulates HP1� ubiquitination at lysine 154. Several
factors have been shown to be modified by RAD6, eventually lead-
ing to their degradation (18, 21, 22). Given that RAD6 promotes
HP1� degradation, we sought to determine whether RAD6 pro-

motes the ubiquitination of HP1�. We performed an in vivo
ubiquitination assay and found that the overexpression of RAD6
promoted the polyubiquitination of HP1� (Fig. 5A), whereas
knocking down endogenous RAD6 impaired the polyubiquitina-

FIG 4 RAD6 regulates HP1� degradation through the autophagy-lysosome pathway. (A) Inhibiting lysosome activity rescued the RAD6-mediated decrease in
HP1� protein levels. HA-RAD6A/B plasmid-transfected HL-7702 cells were treated with leupeptin or chloroquine, and proteins were then extracted for
subsequent Western blotting. (B) Autophagy downregulates HP1� protein levels. HL-7702 cells were treated with rapamycin or cultured under starvation
conditions for 8 h in the presence or absence of 3-MA. The cells were lysed for Western blotting. (C) RAD6 accelerates autophagy-mediated HP1� protein
degradation. (D) Starvation and rapamycin promote the colocalization of HP1� and LC3. HL-7702 cells cotransfected with LC3-GFP and HP1�-Red were
starved or treated with rapamycin. The cells were then stained with DAPI and analyzed via confocal microscopy. (E) Enhanced interaction between LC3 and
HP1� in response to starvation. HL-7702 cells transfected with LC3-GFP were cultured under normal or starvation conditions and then lysed for Co-IP with
anti-GFP, followed by Western blotting. (F) Starvation and rapamycin promote the colocalization of HP1� and p62. HL-7702 cells cotransfected with p62-GFP
and HP1�-Red were starved or treated with rapamycin and stained with DAPI prior to analysis via confocal microscopy. (G) Effects of autophagy and RAD6 on
HR repair. The HR repair efficiency was calculated as described elsewhere (2).
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tion of HP1� (Fig. 5B), suggesting that RAD6 indeed promotes
the ubiquitination of HP1�.

PCNA is ubiquitinated at K164 by RAD6 (15). Based on a com-
parison of the protein sequences of HP1� and the PCNA sequence
surrounding K164 in conjunction with PhosphoSitePlus software
to predict potential ubiquitination sites, we hypothesized that
HP1� K154 is a candidate site for ubiquitination by RAD6. In-
deed, an HP1� K154R mutant could not be ubiquitinated by
RAD6 in vivo (Fig. 5C, top). In addition, overexpressing RAD6 did
not affect the HP1� K154R protein levels but greatly reduced the
HP1� wild-type (WT) expression levels in HEK293 cells (Fig. 5C,
bottom). We then compared the stability of HP1� K154R and
HP1� WT upon starvation, and we found that, as expected, the
mutant is more resistant to degradation (Fig. 5D).

The above-given results all indicated that RAD6 facilitates the deg-
radation of HP1� by ubiquitination at K154 through the

autophagy-lysosome pathway. We next examined whether the HP1�
K154R mutant retains a suppressive role in HR in the presence of
RAD6 overexpression. The results showed that the cooverexpression
of the HP1� K154R mutant and RAD6 significantly suppressed HR
in comparison to RAD6 overexpression alone (Fig. 5E).

RAD6 and HP1� are negatively correlated in cancer. DNA
DSB repair efficiency is essential for the maintenance of genome
integrity. We next examined the clinical relevance of RAD6 and
HP1� in tumorigenesis. Our analysis revealed that the expression
levels of RAD6 and HP1� were negatively correlated between nor-
mal lung tissues and lung cancer tissues. That is, RAD6 was down-
regulated in lung cancer tissues compared to that in normal lung
tissues, whereas HP1� was upregulated in lung cancer tissues (Fig.
6A). Moreover, RAD6 expression was negatively correlated with
poor patient survival in lung cancer patients, whereas HP1� ex-
pression was positively correlated with poor survival (Fig. 6B).

FIG 5 Ubiquitination of HP1� at K154 by RAD6 is essential for DNA repair via HR. (A) RAD6 overexpression promotes HP1� ubiquitination. HL-7702 cells
transfected with an empty control plasmid or HA-tagged RAD6 (RAD6A and RAD6B) were lysed and subjected to an in vivo ubiquitination assay (see Materials
and Methods). (B) Knockdown of RAD6 expression inhibits HP1� ubiquitination. Control or RAD6-specific siRNA-transfected HL-7702 cells were lysed and
subjected to an in vivo ubiquitination assay. (C) The HP1� K154R mutant inhibits HP1� ubiquitination by RAD6. Samples that had undergone Co-IP with
anti-Red were immunoblotted with antiubiquitin and anti-HP1� to detect the levels of ubiquitinated HP1�. (D) The K154 site of HP1� is essential for
autophagy-mediated HP1� degradation upon RAD6 overexpression. WT or K154R mutant HP1� plasmid-transfected HL-7702 cells were starved for the
indicated times. Cells were then harvested and subjected to Western blotting assays with the indicated antibodies. (E) Cooverexpressing RAD6A and HP1�
K154R significantly suppressed HR. The HR repair efficiency was calculated as described elsewhere (2). *, P 
 0.05 (two-tailed unpaired t test; n � 3).

RAD6 Promotes HR via Regulating HP1� Degradation

January 2015 Volume 35 Number 2 mcb.asm.org 413Molecular and Cellular Biology

http://mcb.asm.org


Taken together, our study suggests that RAD6-mediated HP1�
degradation is critical for DNA DSB repair through HR. RAD6
interacts physically with HP1�, ubiquitinates HP1� at K154, and
further degrades HP1� through the autophagy-lysosome path-
way. In response to DNA DSBs, the interaction between these two
factors is enhanced and the degradation of HP1� is accelerated,
resulting in a less compacted chromatin structure that facilitates
the recruitment of HR-associated factors and the repair of dam-
aged DNA (Fig. 6C).

DISCUSSION

How cells choose between NHEJ and HR to repair DNA DSBs has
been the subject of recent studies (1); however, the role of chro-
matin context in the choice between these two pathways remains
to be understood. The tightly regulated dynamics of higher-order
chromatin structure are thought to be essential to the DNA dam-
age response and repair, as most DNA damage is repaired in the
context of less compacted chromatin. Repair by NHEJ simply li-
gates the broken ends, which possibly does not require a relatively
decondensed chromatin structure to occur (2, 48). However, the
process of end resection, which produces single-stranded DNA to
facilitate the subsequent HR steps, is required for HR-mediated
repair (48). Understanding how higher-order chromatin struc-
tures are regulated in response to DNA DSB repair is essential to
answering this question.

Although previous work has indicated that HP1� may rapidly
arrive at broken ends, we found that the rapid recruitment of
HP1� upon the induction of DNA DSBs plays an inhibitory role in
HR. In normal fibroblasts with regular cell cycle checkpoints,
NHEJ repairs three quarters of DNA DSBs, whereas HR is respon-
sible for the remaining quarter (49). The biological significance of
suppressing HR while tipping repair toward NHEJ by HP1� is
most likely the avoidance of potential toxic recombination, be-
cause this may cause the large-scale loss of genetic information
given the abundance of repetitive sequences in mammalian ge-
nomes. However, when NHEJ fails to repair these breaks due to
various reasons, for instance a complex configuration formed at
broken DNA ends, HR may take over the repair process. At this
stage, the depletion of chromatin regulators, such as heterochro-
matin protein HP1�, thereby leading to an open chromatin struc-
ture, is likely a necessary step for ensuing repair by HR.

In this work, we found that RAD6, an E2 ubiquitin-conjugat-
ing enzyme that is required for histone H2B monoubiquitination,
H3K4me3, and H3K79me3 (19, 50–52), specifically interacted
with and caused the degradation of the HP1� protein. The inter-
action was enhanced in response to DNA DSBs at a late time point,
when HR, rather than NHEJ, occurs (Fig. 1C). This result was also
supported by our biochemical analysis, as well as a powerful sys-
tem with a fluorescence-based tetracycline repressor-tagged
KillerRed, a homolog of green fluorescent protein that functions

FIG 6 RAD6 and HP1� are negatively correlated with each other during carcinogenesis. (A and B) Correlation between RAD6A/B and HP1� in terms of
expression levels and survival rates in lung cancer patients. The clinical data were acquired online and subjected to bioinformatic analysis (see Materials and
Methods). (A) RAD6A/B expression is significantly lower in lung tumor tissues than that in normal tissues, whereas the expression of HP1� in tumor tissues is
significantly enhanced. (B) The survival rates of patients with lung tumors were positively correlated with the RAD6A/B expression level but negatively correlated
with the HP1� expression level. (C) The model of HR regulation by RAD6 through the degradation of HP1�.
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as a photosensitizer and generates natural reactive oxygen species
(ROS) upon light irradiation, to induce ROS DNA damage in
heterochromatic or euchromatic structures. We showed that both
RAD6 and HP1� accumulated to the DSB sites in response to the
induction of DSBs (Fig. 1D and E). Our ChIP assays further show
a degradative effect on HP1� in the presence of RAD6 on chro-
matin in response to DNA DSBs (Fig. 3D).

Notably, the RAD6-induced enrichment and reduction of
HP1� on chromatin does not fully overlap H3K9me3, a well-
defined binding partner of HP1� in heterochromatin (41, 53), at
early times during DNA damage (2 h after I-SceI transfection).
HP1� seemed to be more quickly recruited to DNA damage sites
than H3K9me3 (Fig. 3D). When overexpressing RAD6, the reduc-
tion in HP1� was also more dramatic than that of H3K9me3,
indicating that the dynamics of HP1� and H3K9me3 at the DNA
damage site were likely differentially regulated. This rapid recruit-
ment of HP1� to the damage sites at early time points postinduc-
tion of DNA DSBs is possibly mediated by DNA damage response
complexes, such as HP1/ORC-associated protein (HOAP) and
Mre11-Rad50-Nbs (MRN) proteins (54, 55). In fact, previous
studies also suggested that the presence of HP1 on chromatin does
not always depend on the presence of H3K9me3 in both mammals
and Drosophila (56, 57). Further studies are required to elucidate
the detailed mechanism.

Our finding that RAD6 specifically regulates the ubiquitina-
tion of HP1�, resulting in the degradation of HP1� through the
autophagy-mediated pathway, is also supported by recent work
showing that RAD6 is a critical regulator of parkin-mediated mi-
tophagy through its role as an E2 ubiquitin-conjugating enzyme
(58). In addition, our previous work also demonstrated that
RAD6/dRad6 is required for the degradation of p53, a tumor sup-
pressor, in both Drosophila and mammalian cells (21, 22), which
all support that the dosage of RAD6 is critical in tumorigenesis.
Why HP1� is specifically degraded in response to autophagy ac-
tivation remains to be determined. We suspect that in response to
autophagy, cells may have to degrade HP1� to maintain proper
genomic integrity, for example, by facilitating DNA DSB repair by
HR. Nonetheless, in addition to the crucial role of RAD6 in sens-
ing DNA DSBs (59, 60), our observations provide a novel link
between the RAD6-mediated HP1 ubiquitination and DNA DSB
repair.
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