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Background: �H2AX (H2AX S139P) is one of the most upstream and important components of the DDR.
Results: Intercellular contact increases H2AX by activating the �-catenin pathway.
Conclusion: Cellular microenvironment might determine cellular commitment to apoptosis.
Significance: Regulation of the DDR pathway by the cadherin-catenin complex is innovative.

Deregulation of the DNA damage response (DDR) pathway
could compromise genomic integrity in normal cells and reduce
cancer cell sensitivity to anticancer treatments. We found that
intercellular contact stabilizes histone H2AX and �H2AX
(H2AX phosphorylated on Ser-139) by up-regulating N/E-cad-
herin and �-catenin. �-catenin and its DNA-binding partner
LEF-1 indirectly increase levels of H2AX by suppressing the
promoter of the RNF8 ubiquitin ligase, which decreases levels of
H2AX protein under conditions of low intercellular contact.
Hyperphosphorylation of DDR proteins is induced by up-regu-
lated H2AX. Constitutive apoptosis is caused in confluent cells
but is not further induced by DNA damage. This is conceivably
due to insufficient p53 activation becauseChIP assay shows that
its DNA binding ability is not induced in those cells. Together,
our results illustrate a novel mechanism of the regulation of
DDR proteins by the cadherin-catenin pathway.

Accumulation of mutations in the genome causes cancer
development and progression. Genetic mutations can result in
the activation of oncogenes or inactivation of tumor suppres-
sors and also change the levels or functions of “modifier” pro-
teins that determine chemosensitivity or tumor progression,
thus potentially increasing an organism’s susceptibility to can-
cer and amyriad of other diseases (1, 2). To defend cells against
the deleterious effects ofDNAdouble strand breaks (DSBs),2 an
intricate DNAdamage response (DDR) pathway is employed to
detect DNA lesions, arrest the cell cycle until damaged DNA is
repaired, and induce cell death if cells receive overwhelming
DNA damage (3–5). Therefore, appropriate activation of the
DDR machinery after DNA damage is crucial in cellular

defenses against malignant transformation. In addition, anti-
cancer treatments, such as ionizing radiation and chemothera-
peutic reagents (e.g. neocarzinostatin (NCS) and doxorubicin),
induce DSBs and consequently activate DDR-induced cell
death. Thus, in addition to guarding against DNA damage-in-
duced malignant progression, the DDR machinery also deter-
mines cancer cells’ sensitivity to anticancer therapy.
One of the most important proteins in the DDR pathway is

histone H2AX (6–8). Results fromH2AX knock-out studies in
mice indicate that the loss of one or two alleles of the H2AX
gene compromises genomic integrity and DDR efficiency and
increases tumor formation in a p53-null background (3, 9, 11,
12). Furthermore, H2AX phosphorylation patterns have been
implicated to determinewhether cells repair the damagedDNA
to survive or undergo apoptosis (13). In response toDNADSBs,
ATMand/orDNA-PKphosphorylate histoneH2AXat Ser-139
to form the phospho-H2AX moieties known as �H2AX (14,
15). Formation of �H2AX foci on DSB sites is the earliest event
and the critical event in the DDR pathway (16, 17, 18). H2AX
not only serves to indicate the localization of DNA lesions (18);
its phosphorylation and subsequent ubiquitylation by theRNF8
ubiquitin ligase are required for DNA damage signal amplifica-
tion and the accumulation of numerous DDR proteins at the
sites of DSBs to form the so-called ionizing radiation-induced
foci (16, 19–23). A recent study showed that the generation of
DSBs results in potent transcriptional repression that was
dependent onATM, RNF8, and RNF168 (24), indicating that in
addition to its role in �H2AX ubiquitylation, RNF8 may also
regulate transcriptional silencing in response to DNA damage.
Adherens junctions are formed by complex and dynamic

interactions between two well characterized families of pro-
teins: cadherins and catenins. Classical types of adherens com-
plexes involve E (epithelial)-, N (neural)-, P (placental)-, VE
(vascular endothelial)-, R (retinal)-, and K (kidney)-cadherins,
as well as �-, �-, and �-catenin (plakoglobin) (25–31).
�-Catenin is highly homologous to�-catenin (26, 27, 30). Upon
stimulation, �- or �-catenin accumulates in the nuclei, com-
plexing with LEF-1/TCF transcription factors and transactivat-
ing LEF-T-cell factor target genes (25, 32, 33, 34). The roles of
cadherins and catenins in regulating cell adhesion and Wnt
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signaling have been thoroughly characterized (29, 30). How-
ever, the functions of these families of proteins in regulating cell
stress pathways are largely unknown.
In this study, we describe a novel mechanism of regulating

H2AX protein levels through a pathway involving RNF8, N/E-
cadherin, �-catenin, and LEF-1.We found that increased inter-
cellular contact reduces proteasomal degradation of histone
H2AX and its phosphorylated form (�H2AX). We also show
that the RNF8 ubiquitin ligase down-regulates H2AX under
conditions of low intercellular contact. Furthermore, we show
that intercellular contact stabilizesH2AXby suppressing RNF8
expression through the N/E-cadherin��-catenin�LEF-1 path-
way.We provide evidence that through stabilizedH2AX, inter-
cellular contact creates a state of DDR hyperphosphorylation,
increases basal cell death, and increases cellular resistance to
DSB-induced cell death. We demonstrate that the reduction in
DSB-induced cell death occurs not through a reduction inDSBs
but through a reduction in p53-mediated gene expressionwhen
confluent cell culture is exposed to DNA damage stimuli. Our
results suggest that intercellular contact might induce malig-
nant transformation or resistance to anticancer treatments by
promoting H2AX-mediated deregulation of the DDR pathway
and the accumulation of cells with abrogation in p53-mediated
apoptosis.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—U2OS, HBL100, HeLa, and
HCT116, BJ cells, andmouse embryonic fibroblasts weremain-
tained in Dulbecco’s modified Eagle’s medium (Invitrogen),
supplementedwith 10% fetal bovine serum (Invitrogen) orCos-
mic calf serum (HyClone). HCC-1937 and SNU-251 cells were
maintained in RPMI (Invitrogen) supplemented with 10% Cos-
mic calf serum. To induce DSBs, cells were treated with 0.4–1
�g/ml neocarzinostatin (Kayaku, Tokyo, Japan) or 8.5 �M

doxorubicin (Sigma). 2–20 �g/ml cycloheximide (Sigma) was
used to inhibit protein synthesis, whereas 0.01–0.5 �MMG132
(Calbiochem) was used to inhibit proteasome-mediated
degradation.
Analysis of Intercellular Contact—To analyze intercellular

contact, cells were seeded at low and high density and cultured
for 72 h (the optimal culture time to observe confluence-in-
duced H2AX up-regulation). Confluent samples were 70–90%
confluent 24 h postseeding andwere 100% confluent at the time
of harvest (72 h postseeding) (Fig. 1A, right). Sparse samples
were 10–20% confluent 24 h postseeding and were 40–60%
confluent at the time of harvest (72 h postseeding) (Fig. 1A, left).
Cell culture medium was changed everyday to eliminate the
effect of nutritional depletion and pH.
Plasmids and Transfection—Plasmids expressing shRNA for

RNF8, N-cadherin, and �-catenin were purchased from Sigma.
pcDNA3-RNF8 was generated by PCR cloning from pOTB7-
RNF8 (Invitrogen) into the EcoRI/XhoI sites of pcDNA3.
pcDNA3-N-cadherin was obtained from Dr. Rachel Hazan
(Mount Sinai School of Medicine). pSingle-tTs-shRNA vector
(Clontech) was used to generate plasmids expressing tetracy-
cline-inducible H2AX shRNA with the target sequence
5�-CTGGAATTCTGCAGCTAAC-3� or 5�-CAACAAGAA-
GACGCGAATC-3� according to the manufacturer’s instruc-

tions. Briefly, shRNA-encoding oligonucleotides were synthe-
sized, annealed, and cloned into XhoI/HindIII sites of the
vector. To construct the luciferase reporter gene plasmids con-
taining the full-length promoter region of theH2AX and RNF8
genes, PCR was performed using human genomic DNA from
HCT116 cells as template, LA-Taq polymerase (Takara), and
the following primers: 5�-TTCTCGAGGAATTACTCTTG-
CTTTCTTTTCTTT-3� (H2AX forward), 5�-TTAAGCTTC-
ATGCTAGCGAGGTAGACCGGTGAA-3� (H2AX reverse),
5�-TTCTCGAGTTTTTTTTTTTTGTAGATACGGTGT-
3� (RNF8 forward), and 5�-TTAAGCTTTGCATCCCCTCAG-
CTTCCATATCTA-3� (RNF8 reverse). PCR products were gel-
purified and cloned into pGEM-T Easy vector (Promega). After
screening of colonies by restriction digest analysis and sequenc-
ing,H2AX and RNF8 promoters were subcloned into the XhoI/
HindIII sites of the luciferase reporter vector pGL3 (Promega).
Transfections were performed with Fugene-6 or Fugene-HD
(Roche Applied Science) according to the manufacturer’s
instructions.
Generation of Stable Cell Lines and Inducible Knockdown—

To generate stable cell lines, cells were first transfected with plas-
mids expressing the desired cDNAor shRNA and a puromycin or
neomycin resistance gene. 48–72 h after transfection, cells were
reseeded at low density, and stable transfectants were positively
selected using the appropriate drug. Neomycin (1000 �g/ml for
U2OS, 500 �g/ml for HCT116, and 1500 �g/ml for HBL100) was
used to generate cells stably expressing pSingle-tTs-H2AX-
shRNA, pcDNA3-FLAG-H2AX, pcDNA3-RNF8, and pcDNA3-
N-cadherin. Puromycin (3 �g/ml for HCT-116, 1 �g/ml for
U2OS andHBL100)was used to generate cells stably expressing
shRNAs of RNF8, N-cadherin, and �-catenin. Stable transfec-
tants were cultured in neomycin- or puromycin-containing
medium until colonies become visible (after �1–2 weeks in
culture); medium (and neomycin) was changed and refreshed
every 72 h. Colonies were trypsinized and transferred to 96- or
48-well plates when they became visible, and both colonies and
“pools” of stable transfectants (a pool of the colonies that were
not picked) were cultured for an additional 1–2 weeks. Stable
transfectants were subsequently screened for H2AX overex-
pression and knockdown through Western blot. Inducible
H2AX knockdown was performed by culturing cells stably
expressing pSingle-tTS-H2AX-shRNA inmediumcontaining 2
�g/ml doxycycline (Sigma) for 24–48 h.
Immunoblot Analysis and Densitometry—The following pri-

mary antibodies were purchased for immunoblot analysis: for
H2AX protein (77635, Genetex; NB 100-638, Novus), H2AX
S139P (2577, Cell Signaling), ATM (2C1, Genetex), ATM
S1981P (4526, Cell Signaling), �-actin (C-11, Santa Cruz Bio-
technology, Inc.), RNF-8 (N-13, Santa Cruz Biotechnology,
Inc.), DNA-PK (Ab-1, Calbiochem), DNA-PK S2056P (18192,
Abcam), N-cadherin (610920, BD Transduction Laboratories),
E-cadherin (610181, BDTransduction Laboratories), �-catenin
(610253, BD Transduction Laboratories), �-tubulin (5286,
Santa Cruz Biotechnology, Inc.), HA (Y11, Santa Cruz Biotech-
nology, Inc.), p21/WAF (C-19, Santa Cruz Biotechnology, Inc.).
Cell extracts were prepared in EBC buffer (50 mm HEPES, pH
7.6, 250mMNaCl, 0.1%Nonidet P-40, 5mMEDTA, pH8.0, with
mixed protease inhibitor; Sigma). The secondary antibodies
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(Jackson ImmunoResearch) were peroxidase-conjugated anti-
mouse IgG (H�L), anti-rabbit IgG (H�L), or anti-goat IgG
(H�L). Film was developed by ECL. Densitometry analysis was
performed with the ImageJ software (National Institutes of
Health) using standard procedures.
Cell Death Assays—Apoptotic cell death was quantified

using the Annexin-V-FITC apoptosis detection kit (Calbi-
ochem) and a FACSCalibur flow cytometer (BD Biosciences)
according to the manufacturers’ instructions.
Luciferase Assay—293T and U2OS cells were transiently

transfected with pGL3 luciferase reporter plasmids containing
full-length H2AX, RNF8 promoters, or TopFlash LEF-1-re-
sponsive reporter vector (a gift from Dr. T. Akagi, Osaka Bio-
science Institute (Osaka, Japan)) plus an empty vector or plas-
mids expressing �-catenin or LEF-1 using Fugene HD
transfection reagent (Roche Applied Science). In all cases,
pRL-TK vector (Renilla luciferase, Promega) was cotransfected
to normalize the transfection efficiency. 24 h after transfection,
cells were washedwith PBS and treated with passive lysis buffer
(Promega). The promoter activities of H2AX, RNF8, and Top-
Flash reporter with or without �-catenin or LEF-1 co-expres-
sion weremeasured by a Dual-Luciferase reporter assay using a
GloMax 20/20 luminometer (Promega) according to the man-
ufacturer’s procedure.
Immunofluorescence—Immunofluorescence analysis of

�H2AX was performed using standard procedures. Briefly,
U2OS cells were seeded in Lab-tekII sterile 8-chamber slides
(Nalge Nunc International), fixed in ice-cold methanol, per-
meabilized with 0.1% Triton X-100, PBS, and blocked with 1%
BSA, 0.5% FBS, 0.5% NHS. The primary antibody for �H2AX
was purchased from Millipore (catalog no. 07-164). The sec-
ondary antibody was Rabbit anti-goat IgG-FITC from Santa
Cruz Biotechnology, Inc. (catalog no. 2777). Nuclear staining
was performed using TO-PRO-3 iodide (T3605, Invitrogen)
according to the manufacturer’s instructions. Cells were image
using a Leica SP-2 confocal microscope.
Chromatin Immunoprecipitation—The ChIP assay was per-

formed based on previous results (10). Briefly, one confluent
10-cm plate or 3–4 subconfluent (50–70%) 10-cm plates of
U2OS cells were used to prepare samples for ChIP analysis.
After medium was removed, cells were rinsed with PBS and
fixed in 1% formaldehyde for 10 min at room temperature.
After formaldehyde was quenched with 0.125 M glycine for 5
min at room temperature, cells were rinsed with PBS, scraped
in PBS, and pelleted in test tubes. Cells were lysed in cold lysis
buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, pH 8.0, 400 mM

NaCl, 10% glycerol, 1% Nonidet P-40) on ice for 5 min and
centrifuged at 12,000 rpm for 5 min, and the pellet was resus-
pended in lysis buffer. Sonication was performed using a Bran-
son sonicator at 42% output for 8 min (pulsed, 30 s on/off).
Sonicated samples were centrifuged at 12,000 rpm for 10 min,
and the supernatant was diluted 1:1 in dilution buffer (10 mM

Tris-HCl, pH 7.5, 1 mM EDTA, pH 8.0, 10% glycerol). A small
fraction of chromatin supernatant was saved as “input,” and the
rest was incubated with p53 antibodies (DO-1 � Ab-1 � Ab-3)
overnight at 4 °C. p53-bound chromatin was pulled down using
proteinA-Sepharose (Sigma) for 2 h at 4 °C. Beads were washed
4 times in 1:1 lysis buffer/dilution buffer. p53-bound chromatin

was eluted by incubating beads with elution buffer (50mMTris,
pH 8.0, 1% SDS, 10 mM EDTA, pH 8.0) at 65 °C (2 � 75-�l
elutions). Pooled eluates and input were reverse-cross-linked at
65 °C for 4 h, and DNAwas purified using the PCR purification
kit fromQiagen. ChIP samples were analyzed using PCR under
standard conditions with primers flanking the p53 response
elements on the p21 promoter with the following sequences:
5�-CTGGACTGGCACTCTTGTC-3� (forward) and 5�-CTC-
CTACCATCCCCTTCCTC-3� (reverse).

RESULTS

Intercellular Contact Up-regulates both Protein Levels and
Phosphorylation of Histone H2AX—We initiated studies of
whether intercellular contact regulates the DDR pathway by
analyzing protein levels and phosphorylation of histone H2AX,
which has been implicated in the DDR pathway (6–8, 16–18,
23). Conditions of low and high intercellular contact were gen-
erated by culturing cells under “sparse” or “confluent” condi-
tions for 72 h. To generate the sparse condition, cell lines are
seeded at a low density, so that they will not become confluent
within 72 h. On the other hand, to generate the confluent con-
dition, cell lines are seeded at a higher density (see “Experimen-
tal Procedures” and Fig. 1A), so that they become 90% confluent
within 24 h of seeding and continue to growunder conditions of
high intercellular contact for 72 h
Five different human cell lines (HCT116 human colorectal

cancer, U2OS human osteosarcoma, HBL100 human mam-
mary epithelial cells, HeLa human cervical cancer, and BJ
human normal fibroblasts) were cultured under sparse and
confluent conditions for 72 h. Immunoblot analysis revealed
that levels of H2AX protein and the Ser-139-phosphorylated
formofH2AX (�H2AX)were significantly increasedwhen cells
were cultured under confluent conditions for 72 h (Fig. 1B),
indicating that intercellular contact regulates the levels and
phosphorylation of histone H2AX.
To determine whether the up-regulation of H2AX and

�H2AX by intercellular contact occurs by increased protein
synthesis, confluent cells were treated with a protein synthesis
inhibitor, cycloheximide, at two different concentrations at
24 h postseeding and harvested at 72 h postseeding. Immuno-
blot and densitometric analysis (Fig. 1C and supplemental Fig.
1) demonstrated that cycloheximide rather slightly increased
levels of H2AX in four different cell lines, indicating that the
elevated levels of H2AX in confluent cells are not due to
increased protein synthesis.
We next studied whether lower levels of H2AX in sparse

conditions are due to increased protein degradation. When
cells maintained at sparse density were treated with a protea-
some inhibitor (MG132), levels of H2AX and �H2AX were
increased at 0.5 �M MG132 (Fig. 1D and supplemental Fig. 2).
These results indicate that the lower levels of H2AX in sparse
cell cultures are due to increased proteasome-dependent pro-
tein degradation and suggest that intercellular contact
increases levels of H2AX by reducing its turnover.
Intercellular Contact Stabilizes H2AX by Inhibiting RNF8-

mediated H2AX Turnover—We studied whether RNF8 is
involved in regulating levels of H2AX in the context of intercel-
lular contact. In all of the seven cell lines examined, levels of
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RNF8 were decreased when cells were confluent (Fig. 2A).
When endogenous RNF8 was knocked down by shRNA in
sparse cell cultures, levels ofH2AXwere increased (Fig. 2B). On
the other hand, when RNF8 was exogenously expressed in con-
fluent cells, endogenous H2AX was decreased (Fig. 2C). These
results strongly suggest that the decreased levels of RNF8 in
confluent cells cause the increase in H2AX levels. Interestingly,
levels of RNF8 were decreased when FLAG-H2AX was stably
expressed in HBL100 and U2OS cells (Fig. 2D) (data not
shown), suggesting that the two proteins regulate each other
through a negative feedback loop. Taken together with the pre-
vious results, it is suggested that the level of H2AX is regulated
by RNF8, whose expression is negatively regulated by intercel-
lular contact.
Intercellular Contact Stabilizes Histone H2AX through

Cadherin�Catenin�LEF-1-mediated Suppression of RNF8 Gene
Expression—It has been well illustrated that the cadherin-
catenin pathway plays crucial roles in intercellular contact (16,
29). We explored whether this pathway regulates the levels of
H2AX and RNF8. The HCT116 human colorectal cancer cell
line does not express detectable levels of N-cadherin; however,
we found that levels of E-cadherin increase when these cells

become confluent. In HBL100 human mammary epithelial cell
line, we found that levels of N-cadherin increase when these
cells become confluent. Of note, we found that HBL100, HeLa,

FIGURE 1. Intercellular contact up-regulates levels of H2AX protein and �H2AX by reducing H2AX proteasomal degradation. A, images of sparse and
confluent HeLa and HCT116 cells 24 h postseeding and at the time of harvest (72 h postseeding). B, levels of H2AX and �H2AX are significantly up-regulated by
intercellular contact in the indicated cell lines. C, cycloheximide (2 or 20 �g/ml) does not abrogate the elevated levels of H2AX and �H2AX induced by
intercellular contact. D, MG132 (0.5 �M) significantly increases H2AX and �H2AX levels in sparse cell culture.

FIGURE 2. Intercellular contact stabilizes H2AX by inhibiting RNF8-medi-
ated H2AX turnover. A, levels of RNF8 are significantly down-regulated by
intercellular contact. HCT, HCT116 cells; HBL, HBL100 cells; BJ#1 and BJ#2,
subclones of BJ human fibroblasts; MEF, mouse embryonic fibroblasts. B, sta-
ble knockdown of RNF8 increases levels of H2AX in sparse U2OS cells. C, stable
overexpression of RNF8 decreases levels of H2AX in confluent HBL100 cells. D,
stable overexpression of FLAG-H2AX reduces RNF8 levels, indicating the
presence of a feedback loop. **, FLAG-H2AX; *, endogenous H2AX.
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U2OS, 293T (human embryonic kidney cell line), BJ (human
fibroblasts), and mouse embryonic fibroblasts express N-cad-
herin but not E-cadherin, which is increasedwhen cells become
confluent (data not shown) (Fig. 3B). �-Catenin, but not
�-catenin, is also increased by intercellular contact (Fig. 3, A
and B).
To test whether the up-regulation of N-cadherin and

�-catenin by cell contactmay function upstreamofH2AX, cells
were cultured under confluent conditions for 24, 48, and 72 h.
We found that levels of �-catenin and N-cadherin was
increased within 48 h of culture, whereas the increase in the
levels of H2AX did not become apparent until 72 h, suggesting
that N-cadherin and �-catenin may be upstream regulators of
H2AX.
Next, we further examined how increased levels of cadherin

or �-catenin regulate H2AX. Although levels of N-cadherin

were low in sparse HeLa cell culture, we found that the cells
transfected with N-cadherin expressed high levels of H2AX in
similar conditions (Fig. 3C). In line with these results, when
N-cadherin was stably reduced with shRNA in HBL100 cells,
levels of H2AX were concomitantly reduced (Fig. 3D).
Regulation of the levels of H2AX by �-catenin was studied by

shRNA-mediated knockdown or overexpression of �-catenin.
We found that knockdown of �-catenin by shRNA in confluent
HCT116 cells reduced the levels of H2AX (Fig. 3E), whereas
exogenous expression of FLAG-�-catenin increased the levels
of H2AX in sparse cells (Fig. 3F).

�-Catenin contains a transactivation domain, and it can bind
and enhance LEF-1-directed transcriptionwhen overexpressed
(33, 34). When U2OS cells were transfected with HA-LEF-1,
endogenous H2AX was increased (Fig. 3G). These results sug-
gest that increased �-catenin in confluent cells enhances LEF-

FIGURE 3. Intercellular contact stabilizes H2AX by suppressing RNF8 expression through the cadherin��-catenin�LEF-1 pathway. A, intercellular contact
up-regulates �-catenin and N/E-cadherin but does not significantly affect levels of �-catenin. B, N-cadherin and �-catenin are up-regulated as cells become
confluent. C, stable overexpression of N-cadherin increases levels of H2AX protein in sparse cells. D, stable knockdown of N-cadherin decreases levels of H2AX
protein. E, stable knockdown of �-catenin by shRNA decreases levels of H2AX protein in confluent cells. F and G, transient overexpression of FLAG-�-catenin (F)
or HA-LEF-1 (G) increases levels of H2AX protein. H and I, suppression of the RNF8 promoter by LEF-1 and �-catenin (H) and the H2AX promoter by RNF8 (I), as
determined by luciferase assay. S, sparse; C, confluent; HCT, HCT116 cells.
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1-dependent regulation of gene expression, resulting in ele-
vated levels of H2AX.
Recent studies indicated that RNF8 is involved in transcrip-

tional repression (33). We performed a reporter gene assay to
study the regulation of the RNF8 and H2AX promoters. About
800 bp of the human RNF8 promoter or �4 kb of the human
H2AX promoter was subcloned upstream of the luciferase gene
(supplemental Fig. 3). The reporter gene assay indicated that
the RNF8 promoter is suppressed by �-catenin and LEF-1 and
that theH2AX promoterwas suppressed by RNF8 (Fig. 3,H and
I). As a positive control, TopFlash reporter plasmid carrying
LEF-1-responsive elements upstream of the luciferase genewas
activated by LEF-1 in U2OS cells in a dose-dependent manner
(Fig. 3H).
Intercellular Contact Increases Basal and DNA Damage-in-

duced Phosphorylation of DDR Proteins—It has been well illus-
trated that �H2AX contributes to the assembly of various DDR

proteins at the sites of DNA lesions, which is essential for the
regulation of cell cycle checkpoints (6–8, 16, 20, 22, 23). We
studied whether intercellular contact also affects the phospho-
rylation of DDR proteins. Sparse or confluent cultures of
HCT116 and U2OS cells were treated with NCS (an ionizing
radiation mimetic) or doxorubicin (a DNA intercalator), and
the levels and phosphorylation of H2AX at Ser-139 (�H2AX),
p53 at Ser-15, ATMat Ser-1981, andDNA-PK catolytic subunit
at Ser-2056 were analyzed at 15, 30, 60, 90, 120, and 180 min
after treatment by immunoblot followed by densitometric
analysis.
We found that inHCT116 andU2OS cells, basal levels aswell

as NCS- and doxorubicin-induced levels of H2AX, �H2AX,
ATMS1981P, andDNA-PK S2056Pwere significantly elevated
in confluent cells (Fig. 4, A–C and supplemental Figs. 4–6). In
addition, we found that NCS- and doxorubicin-induced levels
of p53 S15P, but not its basal levels, were also increased in

FIGURE 4. Intercellular contact increases the basal and DNA damage-induced phosphorylation levels of DDR proteins through H2AX. A–C, intercellular
contact increases the basal and DNA damage-induced levels of H2AX, �H2AX, DNA-PK S2056P, and ATM S1981P and the NCS (0.5 �g/ml)-induced or
doxorubicin (8.5 �M)-induced levels of p53 S15P. D, phosphorylation of DNA-PK at Ser-2056 is reduced by NCS (0.5 �g/ml) when �-catenin knockdown HCT116
cells become confluent. E, phosphorylation of DNA-PK at Ser-2056 is weakly induced when sparse cultures of HBL100 cells expressing RNF8 are treated with
NCS (0.5 �g/ml). F, inducible knockdown of H2AX in sparse and confluent cells stably expressing tet-on-H2AX-shRNA decrease the levels of ATM S1981P and
DNA-PK S2056P. Doxocycline (dox) was added to the cell culture medium 24 h prior to the NCS (0.5 �g/ml) treatment.
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confluent cells (Fig. 4,A andB). These results suggest that inter-
cellular contact generates a state ofDDRhyperphosphorylation
in the presence or absence of DNA damage.
Finally, we tested if H2AX is involved in the hyperphospho-

rylation of DDR proteins induced by intercellular contact by
establishing U2OS cells expressing tetracycline-regulatable
shRNA of H2AX in which endogenous H2AX is knocked down
in the presence of doxycycline. We found that knockdown of
H2AX in sparse and confluent U2OS cells significantly reduced
NCS-induced levels of �H2AX, ATM S1981P, and DNA-PK
S2056P. These results strongly support the notion that the ele-
vated H2AX induced by intercellular contact is involved in the
increased phosphorylation of DDR proteins.
Because �-catenin positively regulates H2AX in our studies,

we next studied whether �-catenin is involved in the enhanced
phosphorylation of DDR proteins in confluent conditions. We
found that relative to control cells, the phosphorylation of
DNA-PK at Ser-2056 was significantly weakened in HCT116
cells stably expressing �-catenin shRNA cells (Fig. 4D). Because
levels of H2AX were decreased when RNF8 is exogenously
expressed, we studied whether phosphorylation of DNA-PK is
inhibited in cells expressing exogenous RNF8. We found that,
compared with the vector control cells, phosphorylation of
DNA-PKat Ser-2056 inRNF8-expressing cellswas significantly
reduced (Fig. 4E). The results from the �-catenin knockdown
and RNF8 overexpression experiments strengthen the notion
that H2AX is involved in the hyperphosphorylation of DDR
proteins induced by intercellular contact.
Apoptosis Constitutively Induced by Intercellular Contact Is

Not Further Enhanced by DNA Damage—We explored
whether the increased phosphorylation of DDR proteins medi-
ated by intercellular contact-induced H2AX results in
enhanced apoptosis when cells are under conditions of DNA
damage. To test this, we quantified apoptosis in sparse and
confluent cells usingAnnexin-V/propidium iodide staining fol-
lowedby FACS analysis.We found that apoptosiswas increased
�3-fold when sparse HBL100 cells were treated with NCS (Fig.

5A). In confluent conditions, constitutive apoptosis was
detected without NCS treatment (�13.6-fold), but it was not
further increased when cells were treated with NCS for 24 h.
We tested whether overexpression of H2AX on its own can

induce apoptosis without DNA damage in sparse conditions.
Treatment of 293T cells with NCS for 24 h induced apoptosis
about 5-fold. Transient expression of FLAG-H2AX induced
apoptosis about 5-fold comparedwith the vector control. How-
ever, when cells transfected with FLAG-H2AX cells were
treated with NCS for 24 h, only a slight increase in apoptosis
was detected (Fig. 5B).
These results suggest that cells expressing increased levels of

H2AX induced by intercellular contact undergo constitutive
apoptosis but are insensitive to DNA-damaging agents.
Intercellular Contact Results in Inhibition of p53-mediated

Gene Expression under Conditions of DNA Damage—Nuclear
dot signals of �H2AX are known to indicate the localization of
DNA lesions (18). We studied whether intercellular contact
generates endogenous DNA damage through �H2AX immu-
nostaining in confluent U2OS cell cultures. Interestingly, in
both sparse and confluent cells, �H2AX did not form dot pat-
terns without NCS treatment, suggesting that DNA lesions are
not induced by intercellular contact (Fig. 6A, top). In both
sparse and confluent cell cultures, dot patterns appearedwithin
40 min after NCS, indicating that the mechanism to detect
DNA lesions are similarly activated in sparse and confluent cells
(Fig. 6A, bottom).
Our results demonstrate that the basal and DNA damage-

induced protein and phosphorylation levels of DDR proteins
are higher in confluent cells than in sparse cells. However, DNA
damage-induced apoptosis is not further enhanced by DNA
damage in confluent cells. p53 is known to play a pivotal role in
regulating apoptosis (35, 36).We used two cell lines, U2OS and
HCT116, inwhich p53 iswild type, to study the activation of the
p53 pathway in confluent cell cultures. Levels of p21, a well
characterized target of p53, were induced after NCS or doxoru-
bicin treatment in both cell types, when cell density was sparse

FIGURE 5. Intercellular contact increases basal cell death and confers resistance to DNA damage-induced cell death through H2AX. A, confluent HBL100
cells have much higher rates of basal cell death compared with sparse cells but display resistance to NCS (1 �g/ml)-induced cell death. B, sparse 293T cells
expressing FLAG-H2AX have much higher rates of basal cell death compared with sparse control cells but display resistance to NCS (1 �g/ml)-induced cell
death. Apoptosis was determined by Annexin-V-FITC/propidium iodide staining followed by FACS analyses. The significance of differences in the mean values
was determined by the two-tailed unpaired Student’s t test. p values of �0.05 were considered to be statistically significant. Error bars, S.D.
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(Fig. 6B). However, in confluent U2OS andHCT116 cells, basal
levels of p21 were constitutively elevated but were not further
induced after NCS treatment, suggesting that the p53 response
to DNA damage is compromised by intercellular contact.
Of note, NCS-induced phosphorylation of p53 at Ser-15 is

much higher in confluent cells than in sparse cells (Fig. 4,A and
B). Therefore, we askedwhether p53 is functionally activated in
NCS-treated confluent cells. We performed ChIP assays to test
p53 binding to the p53-binding element of the p21 promoter in
sparse and confluent cells under conditions of DNA damage.
p53 binding to the p21 promoter is significantly induced by
NCS treatment in sparse but not in confluent conditions (Fig.
6C). These results are consistent with our p21 Western blot
results, which demonstrate that treatment of confluent cells
with NCS does not increase p21 expression. Taken together,
these results demonstrate that intercellular contact perturbs
the activation of theDNAdamage checkpoint byDDRproteins.

DISCUSSION

The DDR pathway plays crucial roles in cellular defense
against DSB-induced malignant transformation as well as the

induction of cell death by anticancer treatments. The impor-
tance of histone H2AX and its phosphorylated form �H2AX in
the DDR has been extensively studied. �H2AX proteins not
only serve as markers of DSBs (30); they are also needed for the
accumulation of repair proteins at DSB sites (8, 16, 20, 22, 23)
and for determining whether the damaged cells survive or die
(13). Although the regulation and significance of H2AX and
�H2AX under conditions of DNA damage have been investi-
gated, the roles of the protein under physiological conditions
remain to be elucidated.
Our results point to a novel mechanism of H2AX regulation

by which N/E-cadherin and �-catenin, which have been impli-
cated in intercellular contact, determine levels of H2AX. Previ-
ous studies have demonstrated that �-catenin and its homolog,
�-catenin, share dimerization partners and functions (25, 29,
33, 34, 37, 38). In particular, the ability of �- and �-catenin to
form a complex with the LEF-1/TCF family of transcription
factors (33, 34) suggests that the increased �-catenin in conflu-
ent cell cultures can directly or indirectly control levels of
H2AX. Several studies have suggested that transactivation of
the promoter by �-catenin is indirectly caused by an increase in
the levels of endogenous �-catenin (34, 39). However, a recent
study proposed an alternative mechanism and showed that
overexpression of �-catenin induces transactivation in a
�-catenin-null cell line (32). In our study, when cells became
confluent, �-catenin was up-regulated, whereas �-catenin was
not (Fig. 3A). Thus, we posit that �-catenin is directly involved
in regulating levels of H2AX in confluent cell cultures, rather
than activation of �-catenin. These results suggest that induc-
tion or repression of proteins under conditions of intercellular
contact is also mediated by active �-catenin�LEF-1 complex.

RNF8 has been shown to ubiquitinate �H2AX during the
DDR (20, 22); however, the modification and its physiological
roles remain to be detailed. We found that RNF8 induces diu-
biquitination of H2AX in sparse but not confluent cells (not
shown), although the importance of this diubiquitination in
regulating H2AX stability in sparse cell cultures remains to be
investigated. Recently, RNF8 was shown to be involved in tran-
scriptional repression (15). Consistently, our results indicate
that RNF8 can suppress the H2AX promoter in the absence of
DNA damage. We also found that the human RNF8 promoter
that we used for the luciferase assay contains at least 15 binding
sites for LEF-1 (supplemental Fig. 3), as predicted by the
TRANSFAC program, and that both �-catenin and LEF-1 sup-
pressed the activity of the RNF8 promoter. Together, the
results from our promoter studies suggest that intercellular
contact and �-catenin up-regulate H2AX by reducing RNF8
expression.
We show that DDR-associated proteins, such as H2AX,

ATM, andDNA-PK, are highly phosphorylated by intercellular
contact without DNA damage. Immunocytochemical analysis
revealed no appreciable dot pattern of �H2AX in confluent
cells without DNA damage (Fig. 6A), suggesting that although
intercellular contact induces hyperphosphorylation of DDR
proteins (Fig. 4,A–C), it does not generate DSBs. Bakkenist and
Kastan (39) have demonstrated that chromatin-modifying con-
ditions rapidly induce phosphorylated ATM that forms dif-
fused nuclear localization patterns rather than dot patterns.

FIGURE 6. Intercellular contact induces resistance to DNA damage-in-
duced cell death by attenuating p53-mediated gene expression. A,
�H2AX foci of sparse and confluent U2OS cells were studied by immunofluo-
rescence analysis with NCS treatment (0.5 �g/ml, 40 min). B, intercellular con-
tact increases basal levels of the p21 but abrogates DNA-damage-induced
p21 up-regulation. U2OS or HCT116 cells were treated with doxorubicin (8.5
nM) or NCS (1 �g/ml), and samples were analyzed at the indicated time points.
C, ChIP assay using the p21 promoter region containing the p53 response
element indicates that DNA damage (NCS, 1 �g/ml) induces p53 binding to
the p21 promoter in sparse but not in confluent U2OS cells. S, sparse cell
culture; C, confluent cell culture.
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Taken together with our results of diffused �H2AX localization
in undamaged confluent cells (Fig. 6A), we postulate that inter-
cellular contact may alter chromatin structure, leading to the
induction of ATM phosphorylation at Ser-1981, DNA-PK at
Ser-2056, and subsequently H2AX at Ser-139. Interestingly,
when confluent cells were DNA-damaged, �H2AX started to
form dot patterns, indicating that the mechanism to localize
H2AX to the sites of DNA lesions was intact and competent in
confluent cell cultures.
We show that, although DNA damage increases the phos-

phorylation of DDR proteins in confluent cultures, it does not
induce apoptosis. We found that although p53 is highly phos-
phorylated on Ser-15 in confluent cells in response to DNA
damage, its DNA binding ability is reduced, suggesting that the
resistance of confluent cells toDNAdamage-induced apoptosis
is at least in part due to insufficient activation of p53-dependent
apoptosis. Consistently, expression of p21, amajor target of p53
that iswidely used as a reporter of p53 transactivational activity,
is not induced by NCS or doxorubicin in confluent cells (Fig.
6B). Interestingly, basal levels of p21 in confluent cells aremuch
higher than in sparse cells (Fig. 6B, time 0). Because the DNA
binding ability of p53 is not increased in undamaged confluent
cells, we postulate that the increase in basal p21 levels occurs
through p53-independent pathways. The mechanism of how
intercellular contact suppresses p53 accessibility to its target
sequences remains unclear. However, it is possible that
increased intercellular contact generates a population of cells in
which p53-dependent apoptosis is compromised.
These findings point to a novel mechanism of H2AX regula-

tion by intercellular contact. The phosphorylated form of
H2AX, �H2AX, has been shown to play a crucial role in recruit-
ing DDR proteins to the sites of DNA lesions when cells are
exposed to DNA stress (7, 8, 16, 20, 22, 23). The results
describedhere show that intercellular contact activates the cad-
herin-catenin pathway, leading to a decrease in the levels of
RNF8 and a subsequent increase in the levels of H2AX and
�H2AX in the absence of DNA damage. Increased levels of
H2AX and �H2AX in turn create a state of constitutive DDR
hyperphosphorylation and apoptosis through an unknown
mechanism. Our data support the notion that the cell microen-
vironment may determine cellular commitment to apoptosis
when cells are exposed to chemotherapeutic agents.
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