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UV irradiation induces histone variant H2AX phosphorylated on
serine 139 (yH2AX) foci and high levels of pan-nuclear yH2AX staining
without foci, but the significance of this finding is still uncertain. We
examined the formation of yYH2AX and 53BP1 that coincide at sites of
double-strand breaks (DSBs) after ionizing radiation. We compared
UV irradiation and treatment with etoposide, an agent that causes
DSBs during DNA replication. We found that during DNA replication,
UV irradiation induced at least three classes of YH2AX response: a
minority of YH2AX foci colocalizing with 53BP1 foci that represent
DSBs at replication sites, a majority of YH2AX foci that did not coloc-
alize with 53BP1 foci, and cells with high levels of pan-nuclear yH2AX
without foci of either yH2AX or 53BP1. Ataxia-telangiectasia mutated
kinase and JNK mediated the UV-induced pan-nuclear yH2Ax, which
preceded and paralleled UV-induced S phase apoptosis. These high
levels of pan-nuclear YH2AX were further increased by loss of the
bypass polymerase Pol n and inhibition of ataxia-telangiectasia and
Rad3-related, but the levels required the presence of the damage-
binding proteins of excision repair xeroderma pigmentosum comple-
mentation group A and C proteins. DSBs, therefore, represent a small
variable fraction of UV-induced yH2AX foci dependent on repair
capacity, and they are not detected within high levels of pan-nuclear
vH2AX, a preapoptotic signal associated with ATM- and JNK-depend-
ent apoptosis during replication. The formation of yH2AX foci after
treatment with DNA-damaging agents cannot, therefore, be usedasa
direct measure of DSBs without independent corroborating evidence.

DNA damage response | replication | UV irradiation | apoptosis | 53BP1

To maintain the integrity of genomic information under threat
of DNA damage, cells employ a range of responses including
DNA repair, replication bypass, recombination, cell-cycle check-
points, and senescence or apoptosis (1, 2). These responses are
described by the all-embracing concept of the DNA damage
response (DDR) (1). DNA double-strand breaks (DSBs) are
important but not the only starting lesion for the DDR.

In eukaryotic cells, the DDR is rapidly initiated by the PI3K
kinases ataxia-telangiectasia and Rad3-related (ATR) and ataxia-
telangiectasia mutated kinase (ATM) (3, 4). ATR is recruited to
single-stranded DNA regions at stalled replication forks in response
to replication stress (5-8); ATM is activated primarily in response to
DSBs (3, 9-11). ATR and ATM phosphorylate serine threonine
protein kinase and CHK?2, respectively, which activate cell-cycle
checkpoints and p53, leading to a p53-dependent apoptotic pathway
(12). This kinase cascade phosphorylates serine 139 and tyrosine
142 of the histone variant H2AX. After ionizing radiation accu-
mulates in foci, phosphorylated H2AX (yH2AX) serine threonine
protein kinase colocalizes with other markers of DSBs (53BP1,
pNBS1, MDC1, and Brcal) in immunofluorescent microscopy (IF)
(13-16). yH2AX foci are frequently adopted as quantitative mark-
ers for DSBs in IF (17, 18). However, the exact correspondence
between YH2AX and DSBs remains uncertain (19, 20), especially
after UV irradiation. Whereas DSBs are made directly by ionizing
radiation and some carcinogenic chemicals, they arise only indi-
rectly as a result of the action of repair or degradation of arrested
replication forks after UV irradiation (21, 22). Moreover, UV
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irradiation induces yH2AX distributions ranging from foci to high-
level uniform pan-nuclear staining depending on stages of the cell
cycle (20-22). The UV-induced yH2AX response is, therefore,
complex, and the extent to which DSBs are involved is uncertain.
Instead, YH2AX may represent different branches of the DDR,
involving nucleotide excision repair (NER), the bypass polymerase
Pol n, DNA replication arrest, recombination, or apoptosis (15, 19,
20, 22-25).

Therefore, we addressed the following questions. What fraction
of UV-induced yH2AX foci represents DSBs? Which kinases
mediate UV-induced high levels of pan-nuclear yH2AX? What
does this signal represent? To answer these questions, we exam-
ined YH2AX and 53BP1, which coincide at sites of DSBs after
ionizing radiation (13, 18, 26, 27), as a measure of DSBs after UV
irradiation. Cells were also treated with etoposide, which is a
topoisomerase II inhibitor that causes DSBs during S phase (28—
30). Etoposide was used as an independent measure for the
detection of S phase DSBs. We assessed the involvement of ATR,
ATM, and JNK in both yYH2AX formation and apoptosis during S
phase after UV irradiation. DSBs were found in less than one-half
of UV-induced YH2AX foci, and they were not detected within
high levels of pan-nuclear yYH2AX, which represents a pre-
apoptotic signal associated with ATM- and JNK-dependent
apoptosis during replication.

Results

UV Irradiation Induces yH2AX Foci During S Phase but Few Colocalize
with 53BP1. The presence of UV-induced DSBs was determined
by costaining for yH2AX (18) and 53BP1 (13, 16) after UV irra-
diation or etoposide (50 pM) using IF and flow cytometry. We used
human fibroblasts immortalized with human telomerase reverse
transcriptase or transformed with SV40 (Table S1). Cells were
harvested from 0 min to 20 h after a dose of 20 J/m?, two times the
dose required to saturate the number of yYH2AX foci (22) (Fig. 1).

After UV irradiation, we identified three main populations of
cells with foci that persisted for at least 20 h after exposure (Fig.
1A4): (i) cells displaying large YH2AX foci that colocalized with
large 53BP1 foci (Fig. 14, column D) similar to those observed
after treatment with etoposide or ionizing radiation (Fig. S1),
which indicates the site of DSBs, (i) cells displaying small yH2AX
foci in the absence of 53BP1 foci (Fig. 14, column B), and (jii ) rare
cells displaying 53BP1 foci that did not colocalize with yH2AX foci
(Fig. 14, column C). The relative percentages of these cell pop-
ulations (Fig. 14 and D and Tables 1 and 2) and the mean numbers
of foci per nucleus (Fig. 1 B and C) fluctuated over time.
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Fig. 1. Kinetics of yH2Ax and 53BP1 formation by IF after UV irradiation
with or without caffeine and treatment with etoposide in normal fibroblasts
GM5659T or SV40-transformed XPC cells. Cells were UV irradiated (20 J/m2)
and incubated with or without caffeine (1 mM) or treated with etoposide
(50 pM), and they were harvested between 0 and 20 h and stained for yH2Ax
and 53BP1. (A) Images of the cell populations scored. Column A, no foci;
column B, cell with multiple yH2Ax foci without 53BP1 foci; column C, very
rare cell displaying 53BP1 foci without yH2Ax foci; column D, cell displaying
both yH2Ax and 53BP1 foci; E, cell displaying high levels of pan-nucleus
yH2Ax without 53BP1 foci; column F, cell displaying high levels of pan-
nucleus yH2Ax with 53BP1 foci. (B) Mean and SEs (n = 2) of yH2Ax and 53BP1
foci per nucleus after UV irradiation with or without caffeine and treatment
with etoposide in normal (GM2659T) cells. (C) Mean and SEs (n = 2) of yH2Ax
and 53BP1 foci per nucleus after UV irradiation of XPC and XPC cells cor-
rected by XPC cDNA. (D) Time course for percent of labeled cells stained for
total yH2Ax, 53BP1, and coincident foci as a function of time after UV or
etoposide exposure.

The percentage of cells displaying large YH2AX foci that colo-
calized with 53BP1 (Fig. 14, column D, and Fig. 1D Top) was
lower than the percentage of cells displaying small yYH2AX foci
in the absence of 53BP1 foci (Fig. 14, column B, and Fig. 1D).
Furthermore, analysis of the numbers of foci per nucleus after
UV irradiation (Fig. 1 B and C) showed that the mean numbers of

large YH2AX foci that colocalized with 53BP1 were lower than
the numbers of small yYH2AX foci that did not colocalize with
53BP1 (Fig. 1B). In fact, in each nucleus, only about 20% of
yH2AX foci colocalized with 53BP1 foci between 2 and 8 h after
UV irradiation (Table 1). Treatment with caffeine (31, 32) did not
increase the percentage of UV-induced YH2AX foci colocalizing
or not with 53BP1 foci (Fig. 1 B and D Middle and Table 2). Thus,
after UV irradiation, yH2AX foci that colocalized with 53BP1 foci
occurred at a lower number per nucleus and in fewer cells than
yH2AX foci that did not colocalize with 53BP1 foci. In compar-
ison, the majority (66%) of yH2AX foci colocalized with 53BP1
foci between 2 and 8 h after etoposide (Table 1).

We also observed very rare populations of cells displaying 53BP1
foci in the absence of YH2AX foci (Fig. 1.4, column C, and D). The
percentage of this cell population remained constant over time and
most likely corresponded to a background signal. In fact, the mean
numbers of 53BP1 foci per nucleus matched the mean numbers of
yH2AX foci that colocalized with 53BP1 foci (Fig. 1 B and D and
Table 1), indicating that most 53BP1 foci occurred in the presence
of yYH2AX foci at DSBs (13, 18, 26). In summary, UV irradiation
induced numerous YH2AX foci but less than one-half colocalized
with 53BP1. Thus, DSBs represented only a small fraction of the
total number of UV-induced YH2AX foci.

High Levels of Pan-Nuclear yH2AX Are Induced by UV Damage in the
Absence of 53BP1 Foci. After UV irradiation (20 J/m?), a sub-
population of cells displayed high levels of uniform pan-nuclear
yYH2AX staining without identifiable YH2AX foci (Fig. 1 A4, col-
umn E, and E and Figs. S1 and S2). Nuclei with pan-nuclear
yH2AX contained proliferating cell nuclear antigen (PCNA) (Fig.
S2), indicating that the cells were in S phase but did not contain
53BP1 foci (Fig. 14, column E and Figs. S1 and S2); 53BP1 foci
colocalized only with the large YH2AX foci induced by UV irra-
diation, ionizing radiation, or etoposide (Fig. 1 4, column D, B,
and D and Figs. S1 and S2). Therefore, high levels of pan-nuclear
yH2AX were induced by UV damage during replication in the
absence of detectable DSBs.

ATM and JNK Mediate UV-Induced High Levels of Pan-Nuclear yH2AX
During S phase. Flow cytometry analysis of YH2AX expression
during the cell cycle indicated increased levels of YH2AX in all
phases of the cell cycle of human fibroblasts (GM637 and GM056
59hTERT) 4 h after exposure to UV (20 J/m?) (Fig. 2 and Figs. S3).
Gl cells had 2- to 3-fold more YH2AX than did nonirradiated cells.
Cells in early and late S phase contained 5- to 6-fold more YH2AX
than did nonirradiated cells. Cells spread throughout S phase con-
tained at least 10-fold more YH2AX than nonirradiated cells, and
they represented 18% of S phase cells (Fig. 24). This signal persisted
for up to 20 h after UV (Fig. 1). Based on the intensity of signal, the
cells that displayed UV-induced high levels of YH2AX during
S phase by flow cytometry corresponded to the population of cells
that displayed UV-induced pan-nuclear YH2AX during S phase by
IF (Fig. 14, column E, and Figs. S1 and S2).

Table 1. Relative frequencies of YH2Ax and 53BP1 foci per cell after exposure to UV (20 J/m?),
UV plus caffeine (20 J/m? and 1 mM caffeine), or etoposide (50 pM) in normal GM5659T cells

yH2Ax foci 53BP1 foci yH2Ax and 53BP1 foci (coincident) (yH2Ax + 53BP1)/yH2Ax

Control 36+72 38+50
uv 11.3+95 1.9+ 3.8
UV plus caffeine 11.4+95 25+4.6
Etoposide 213 +£8.7 15.0 + 8.1

26 +4.1 70.5%
1.7 +£35 15.2%
23+43 20.0%
142 +7.8 66.4%

Numbers were calculated from the mean numbers of foci per cell at 2, 4, and 8 h after exposure (Fig. 1B). The
frequencies of total yH2Ax foci (first column) were subjected to paired comparisons and were significantly
different (P < 0.0001) except for UV versus UV plus caffeine (P = 0.5712). The frequencies of coincident yH2Ax
and 53BP1 foci (third column) were subjected to paired comparisons and were not significantly different (P <
0.0001) except for control versus UV plus caffeine, which had a marginal difference (P = 0.0495).
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Table 2. Relative frequencies of YH2Ax and 53BP1 foci per cell after exposure to UV (20 J/m?) in
SV40-transformed XPC cells GM15983A and XPC cells corrected with XPC cDNA GM16247

yH2AXx foci* YH2Ax and 53BP1 foci (coincident)’ (yH2Ax + 53BP1)/yH2Ax
GM15983A 22.8 + 12,6 0.3+0.9 1.7%
GM16247 12.7 £ 9.9 9.4 +6.6 50.5%

L T

*P < 0.0001.
P < 0.0001.

/

1\

The high levels of pan-nuclear YH2AX did not represent the
aggregate signal of nuclear foci. After ionizing radiation (2 Gy),
yH2AX was uniformly increased by a factor of 2 in all phases of
the cell cycle, representing the aggregate signal of nuclear foci
(15, 33); however, no high levels of pan-nuclear YH2AX were
detected by flow cytometry or IF (Fig. 2E and Fig. S1).

Inhibition of ATM by KU55933 (50 pM) reduced pan-nuclear
YH2AX from 17.9% to 0.1% in GM637 cells (Fig. 24). In GM0O
5659hTERT cells, wortmannin, a less-specific inhibitor of ATM,
and KU55933 reduced pan-nuclear levels of yH2AX from 12.3% to

High levels
of YH2AX

A no irradiation UV irradiation C

no irradiation

UVirradiation

G1/S| G2

GM637 o2l
no treatment
10'

XP30RO [ o0

no treatment ‘ﬁ

0

XP30RO

GM637 .
Caffeine ©

Caffeine

BN AS  PNAS D)
3333 33 33 3
3 X T
o g
o
§$
%, of s
s NEE
R ,
N .
SN g1 o
g
SR "
= 1N ;;
o
e g
g

10% D o
103 10
emes7 | [0 1 el s AT oo Lah0:2
SP600125 :
10 M : 10! o' ‘.?ﬁé
i

s R 52

0] ses, s, ol 27, I e

2|
0 a0 4w w0 e 0w L A A A
A 2

no irradiation

ionizing irradiation

oMe37 o] [ 10.1 .1 [Jo.1 E

KU55933 ‘ i
10 “’;ﬁ ! izé:ﬂ' w
ol /|, < Gme37 .| [ ] 0.0 [l 0.0
T e w TR mm m o eatment ; -
B 10% 10t ! 5::
s AP appta T 5o w
omisoss o] 00 5%12-7 F
no treatment ”fﬂ G - ¥
107 10 y XPC-/-
10° = +XPC
w w oo ~.:_ cDNA
&
o, E x 1 2
3, 10°
GM16247 i []0.0 Xee . - &
10% il o beta actin P ——
no treatment w
1. D a
x 1500
L e s s snd B e s e rensreiod
= el
€
£
% DNA content (P) ———8M8M8M >

6872 | www.pnas.org/cgi/doi/10.1073/pnas.1002175107

Numbers were calculated from the mean numbers of foci per cell at 2, 4, and 8 h after exposure (Fig. 1D). All P
values were calculated from mean of number of yH2AX, 53BP1, and colocalized foci from three time points (2, 4,
and 8 h) using a Student t test with the assumption that there was unequal variance.

5.1% and 1.7%, respectively (Fig. 2). The efficiency of KU55933 was
confirmed in Western blots (Fig. 3). Consistent with these findings,
UV irradiation of ataxia-telangectesia (A-T) cells, which are natu-
rally deficient in ATM, did not induce high levels of yH2Ax during S
phase (Fig. 2D). Similarly, inhibition of JNK by the chemical
inhibitor SP600125 (Fig. 3. 4A-C) reduced UV-induced high levels of
yH2AX during S phase from 17.9% to 5.3% (Fig. 24). These results
show that ATM and JNK mediate UV-induced high levels of
yH2AX during S phase. In contrast, treatment with caffeine (1 mM)
that inhibits the ATR-CHKI1 pathway (31, 32) increased the levels

Fig. 2. Mediation of high levels of UV-induced
YH2AX during S phase by ATM and JNK. Flow
cytometry profiles of hTERT- and SV40-trans-
formed fibroblasts stained for nuclear expression
of yH2Ax and propidium iodide (PI) to measure
DNA content and identify the G1, S, and G2 pha-
ses of the cell cycle (separated by vertical lines).
Cells were harvested 4 h after UV irradiation (20 J/
m?). The boldface box in S phase indicates the
gate for high levels of yH2Ax. Numbers represent
percentages of cells with high levels of yH2Ax in S
phase. Data are representative of at least three
independent experiments. (A) Levels of yH2Ax in
wild-type (GM637) cells in the presence of caf-
feine, the JNK inhibitor SP600125, and the ATM
inhibitor KU55933. (B) Levels of yH2Ax in XPC-
deficient (GM15983) and corrected (GM16247)
cells. (C) Levels of yH2Ax in xeroderma pigmen-
tosum variant (XP-V) cells (XP30RO) grown with or
without caffeine. (D) Levels of yH2Ax in hTERT-
transformed ATM-deficient cells. (E) Levels of
yH2Ax in normal cells after 2 Gy ionizing irradi-
ation. (F) Western blot or normal (WT:GM637),
XPC-deficient (GM15983), and two corrected cells
(1, GM16247; 2, GM16248); the low level of XPC
expression was sufficient to restore resistance to
uv.
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Fig. 3. Western blots showing specificity of pJNK and pATM inhibitors and loss
of XPC in cells irradiated with UV (20 J/m?) and harvested after 4 h. (4) Normal
cells exposed to the JNK inhibitor SP600125 showing reduction in pJNK. (B)
Normal cells exposed to the ATM inhibitor KU55933 showing inhibition of
PATM and a small reduction in yH2Ax. (C) Normal (GM637 and GM5659), XPC
(GM15983), and XPC-corrected (GM16247) cells showing lower levels of pJNK in
hTERT-transfected (GM5659) than SV40-transformed (GM637) normal cells. XPC-
deficient cells showed lower levels of pJNK with little increase after correction.
This is consistent with the low levels of XPC expression (Fig. 2F), although
the levels were sufficient to restore cell survival after UV.

of pan-nuclear yH2AX from 17.9% to 22.2% in GM637 cells (Fig.
2A4) and from 12.3% to 14.3% in GM5659hTERT cells (Fig. S3).

Role of Xeroderma Pigmentosum Complementation Group C Protein in
Generating UV-Induced High Levels of yH2Ax During S Phase. Xero-
derma pigmentosum complementation group C protein (XPC), the
main DNA damage-recognition protein for global NER, binds to
undamaged single-stranded DNA opposite lesions (34). In XPC
cells that lack this protein, the number of cells expressing UV-
induced high levels of yYH2AX during S phase was reduced from
17.9% to 12.7% in SV40 transformed cells (Fig. 24 and B) and from
12.3% to 1.1% in hTERT-transformed fibroblasts (Fig. S3). These
results were confirmed by complementation of XPC-deficient cells
with a cDNA coding for XPC (Fig. 2F and Fig. S3), which almost
completely restored the number of cells expressing UV-induced
high levels of yH2AX during S phase from 12.7% to 17% (Fig. 2B).
Similarly, in the absence of xeroderma pigmentosum com-
plementation group A (XPA), which binds to DNA photoproducts
after XPC, the number of cells expressing pan-nuclear yH2AX was
reduced from 12.3% to 0.0% (Fig. S3). Our results show that early

de Feraudy et al.

steps in NER, involving XPC and XPA, are required for high levels
of pan-nuclear YH2AX during S phase.

IF analysis showed that complementation of XPC-deficient cells
(GM15983A) with XPC cDNA (GM16247) increased the number
of yH2AX foci that colocalized with 53BP1 foci (Figs. 1C and 2F
and Table 2). The fraction of yH2AX that costained with 53BP1
was higher in complemented (SV40) cells than in normal (WTERT)
cells (Tables 1 and 2), which is an indication of the variability of the
fraction of DSBs according to cell type; this remains no more than
one-half of all YH2AX foci. These results suggest that reexpression
of XPC increases the number of DSBs at replication forks
(Table 2).

Pol n Deficiency Increases both the Fraction of Cells Displaying UV-
Induced High Levels of yH2AX and the Intensity of yH2AX During S
Phase. Pol 1 is the main polymerase for bypassing DNA photo-
products in the S phase (24, 25). In Pol n-deficient cells (XP-V),
the fraction of cells displaying pan-nuclear YH2AX during S
phase was higher than in GM637 cells (Fig. 2.4 and C) (21.9%
versus 17.9%). Treatment of XP-V cells with caffeine increased
the fraction of cells with pan-nuclear YH2AX even more (from
21.9% to 26.3%) (Fig. 2C). Treatment of XP-V cells with caf-
feine also increased the intensity of YH2AX during S phase;
6.2% of XP-V cells treated with caffeine had greater intensity of
UV-induced high levels of yH2AX than did XP-V cells or
GM637 cells without caffeine (Fig. 2C). Therefore, Pol n defi-
ciency, combined with caffeine during S phase, increases both
the fraction of cells displaying UV-induced high levels of YH2AX
and the intensity of yH2AX.

UV-Induced Apoptosis During S Phase Is Mediated by ATM and JNK.
UV damage causes apoptosis in SV40-transformed cells (35).
Because the stimulation of pan-nuclear yH2AX by caffeine is
reminiscent of the S phase toxicity of caffeine (32, 36), we hy-
pothesized that pan-nuclear YH2AX is an early signal of UV-
induced S phase apoptosis. Consequently, inhibition of ATM
and JNK should reduce UV-induced S phase apoptosis, whereas
caffeine should increase it, especially in XP-V cells. To test this
hypothesis, we measured UV-induced S phase apoptosis in SV40
transformed cells by quantifying the fraction of cells detached
from the growth surface after UV irradiation (35). We proved
that, in response to UV irradiation, SV40-transformed cells
detached from their growth surface in S phase (judged by their
BrdU content) and subsequently, showed DNA degradation
and protein poly(ADP ribose) polymerase (PARP-1) cleavage
(Fig. S4) (35), whereas detachment was prevented by the apop-
tosis inhibitor carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-
fluoromethylketone (ZVAD) (Fig. 44) (35). We found that
about 25% of S phase GM637 underwent apoptosis 20 h after
UV. Inhibition of ATM with KU55933 and inhibition of JNK
with SP600125 (Fig. 3) reduced this percentage to 7% and 13%,
respectively (P < 0.001) (Fig. 4B). The fraction of UV-induced
apoptotic S phase cells was higher in XP-V cells than in normal
cells (Fig. 4C), and it was further increased in the presence of
caffeine (Fig. 4C), as previously reported (35). Therefore, both
UV-induced S phase apoptosis and high levels of pan-nuclear
yH2AX were mediated by ATM and JNK and increased by caf-
feine or Pol n deficiency.

Discussion

Three salient features issue from these experiments regarding
the role of yYH2AX during the UV DDR: (i) less than one-half
of the total number of yH2AX foci that are detected after UV
irradiation were associated with DSBs, (ii) UV-induced high
levels of pan-nuclear YH2AX represented preapoptotic signals
that were also not associated with DSBs, and (iii) most YH2AX is
produced during DNA replication by ATM- and JNK-dependent
phosphorylation and not by ATR. Each of these topics will be
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Fig. 4. Inhibition of UV-induced apoptosis by inhib-
itors of caspase 3, pATM, and pJNK, and the effect of
caffeine and loss of Pol n. Normal (GM637) and XP-V
(XP30RO) cells were irradiated with UV (20 J/m?) and
supplemented with ZVAD (25 pM), KU55933 (50 pM),
SP600125 (100 uM), or caffeine (1 mM) for 20 h. The
percentage of apoptotic cells released from the sub-
strate was calculated as the number of detached cells
divided by the total number of attached plus detached
cells. (A) Reduction of apoptotic cells in the presence of IS
ZVAD. (B) Reduction of apoptotic cells in the presence

of KU55933 or SP600125. (C) Increase in apoptotic cells
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GM®637) or XP-V (XP30RO) cells. Significant differences are indicated by asterisks. P < 0.005 with Student t test assuming unequal variances or ANOVA.

Error bars denote SEM (n > 3).

discussed in turn. For this study, we have depended on inhibition
of phosphorylation by chemical inhibitors of ATR, ATM, and
JNK and cell lines deficient in ATM (A-T), NER (XPA, XPC),
or bypass replication (XP-V, Pol ). Caffeine has been identified
as an inhibitor of the ATR-CHKI1 pathway in vivo (32), although
its K; for ATM is lower than for ATR in vitro (31).

Evidence that UV-induced DSBs represented less than one-half
of UV-induced yH2AX foci was based on the fraction of YH2AX
foci per cell that colocalized with 53BP1 foci (Tables 1 and 2). In
each nucleus, between 2 and 8 h after UV irradiation, only about
20% of yH2AX foci colocalized with 53BP1 foci in wild-type cells
and 50% in XP-C cells corrected with XPC cDNA (Tables 1 and 2).
The percentage increased 20 h after UV irradiation, indicating
that UV-induced DSBs were late events. Caffeine did not change
the numbers of foci or their coincidence, indicating that yH2AX
foci were not produced by ATR. In contrast, we found that after
etoposide, 66% of yYH2AX foci coincided with 53BP1, indicating
a higher fraction of DSBs (28-30). After X-rays, all DSBs were
reported to coincide with yYH2AX foci (37). Fork breakage was
reduced in the absence of the NER protein XPC (Fig. 1C), sug-
gesting a role for excision repair at the replication forks.

The significance of UV-induced yH2AX foci in the absence of
53BP1 foci is not clear. During replication, they may represent
unbroken stalled forks subject to further processing or more
complex structures. Low doses of etoposide induced YH2AX foci
associated with covalent DNA-Topo II complexes without DSBs,
but the fraction associated with DSBs increased at higher doses
(30). The number of yYH2AX foci per nucleus after UV damage,
20-30 at most, was much less than the number of replication forks
per cell estimated at 10° to 10* (38). Either replication forks clus-
tered in groups of up to 100 forks per cluster or many arrested forks
did not register as YH2AX foci.

UV irradiation also generated high levels of pan-nuclear
yH2AX without foci during the S phase that did not contain
53BP1 foci. These results were not artifacts, because colocalized
yH2AX and 53BP1 foci at the sites of DSBs were detected
simultaneously in the neighboring cells after UV irradiation
(Fig. S1) and in the majority of cells treated with etoposide (29,
30) or ionizing radiation (13-16). Our findings indicated that
these cells represented a preapoptotic signal; they preceded
and paralleled the percentage of UV-induced apoptotic cells,
which was shown by cell detachment, PARP1 cleavage, and DNA
degradation (Figs. 2-4 and Fig. S4). In addition, inhibition of
ATM or JNK reduced levels of pan-nuclear YH2AX and reduced
UV-induced S phase apoptosis in parallel. In contrast, inhibition
of ATR by caffeine in XP-V cells dramatically increased the
intensity of both UV-induced pan-nuclear yYH2AX (Fig. 2C)
and UV-induced S phase apoptosis (Fig. 4C).

Similar high levels of pan-nuclear yH2AX have been observed
as a result of activation of the tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) pathway (39). TRAIL-induced
pan-nuclear YH2AX was suppressed by the apoptosis inhibitor
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ZVAD (39), whereas UV-induced pan-nuclear yH2AX was not,
although ZVAD did suppress apoptotic detachment (15). Thus,
pan-nuclear H2AX might occur earlier on the apoptotic pathway
after UV irradiation than after TRAIL activation. JNK-mediated
phosphorylation of H2AX was essential for caspase-activated
DNase (CAD)-mediated nucleosomal DNA fragmentation during
apoptosis (19), which suggests that UV-induced pan-nuclear
YH2AX may be essential for early steps before CAD-mediated
nucleosomal DNA fragmentation. High levels of pan-nuclear
YH2AX could correspond to a genome-wide modification in
chromatin conformation, increasing the accessibility of nucleoso-
mal DNA to the CAD endonuclease (19) and H2AX kinases.

Although ATR is the main kinase activated in response to rep-
lication stress after UV irradiation (6), we found that ATM, rather
than ATR, mediated the UV-induced pan-nuclear yH2AX and
apoptosis during S phase. ATR may not, therefore, generate high
levels YH2AX during UV-induced replication stress. Inhibition
of ATR by caffeine (32), however, increased both the UV-induced
pan-nuclear YH2AX (Fig. 24 and Fig. S3) and apoptosis during
S phase (Fig. 4C and Fig. S4), especially in Pol n-deficient cells (Fig.
2C).Instead, ATR’s role might be to mediate a UV-induced survival
pathway in which YH2AX plays a minimal role; inhibition of ATR
would then divert cells to an ATM- and JNK-dependent apoptotic
pathway associated with high levels of YH2AX. Previous studies
have shown that inhibition of the ATR-Chk1 pathway by caffeine
promoted apoptosis after UV (32) and increased cell death in the
S phase (36), especially in Pol n-deficient cells (40). We, therefore,
propose that three pathways might compete for cell fate after UV
irradiation during S phase: a Pol n-dependent translesional syn-
thesis pathway, an ATR-dependent survival pathway that becomes
more important in the absence of Pol n, and an ATM/JNK-
dependent apoptotic pathway that involves high levels of pan-
nuclear YH2AX. The requirement of XPA and XPC for high levels
of YH2AX and fork breakage could imply that there is conflict
between excision repair and DNA replication that is potentially
lethal in S phase.

This study highlights the complexity of the UV-induced
YH2AX response and calls into question the widely accepted
correspondence between YH2AX and DSBs (13-16). We have
shown that UV-induced DSBs, measured by colocalization of
large yYH2AX and 53BP1 foci, represented less than one-half the
total number of YH2AX foci that were detected. The formation
of yH2AX foci after treatment with DNA-damaging agents could
not, therefore, be used as a direct measure of DSBs without
independent corroborating evidence.

Materials and Methods

Cell Culture. A series of normal and repair- or replication-deficient human
fibroblast cell lines, transformed with either SV40 or hTERT, were used (Table
S1). SV40-transformed cells were used to investigate apoptosis, because,
unlike hTERT-transformed cells, high levels of p53 cause cells to detach from
the growth surface after UV irradiation, allowing quantification of S phase
apoptosis (41, 42).
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Immunohistochemistry and FACS Analysis of yYH2Ax and 53BP1. Detection of
YH2Ax and 53BP1 by IF and FACS analysis was carried out as described pre-
viously (15, 20, 35); full details are provided in S/ Materials and Methods. The
antibodies used were mouse monoclonal yH2AX (Ser-139), 1:1,000 (Upstate
Biotechnology); rabbit polyclonal yH2Ax (Ser-139), 1:1,000 (Novus Biologicals);
rabbit polyclonal 53BP1, 1:300 (Cell signaling, #4937), anti-phospho-Chk2
(Thre8; #2661; Cell Signaling); and anti-PCNA (FL-261; #2661; Santa Cruz),
1:200. For double staining, antibodies to yH2AX and 52BP1 were applied
together on cells fixed with 4% paraformaldehyde or 100% methanol.

Apoptosis. Apoptosis was measured by growing cells to 75% confluence,
irradiating them with 20 J/m?, and incubating them for 20 h in medium
supplemented with ZVAD (1-100 pM), JNK inhibitor SP600125 (100 uM), or
ATM inhibitor KU55933 (50 pM). Between 3 and 12 different experiments
were conducted for each cell line and treatment. For each experiment,
controls and treated cells were run in parallel. The percentage of apop-
totic cells released from the substrate was calculated as the number of
detached cells divided by the total number of attached plus detached cells
(15, 35) (Fig. S4). ZVAD, KU55933, and SP600125 are cytotoxic, and we
observed a small increase in detached cells in the presence rather than the
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absence of these compounds in nonirradiated cells. To compensate for this
nonspecific toxicity in UV-irradiated cells, we normalized the percentage
of detached cells by subtracting the percentage of nonirradiated detached
cells from the percentage of UV-irradiated detached cells.

Statistics. Data were compared using ANOVA (single factor) and one-tailed t
tests (two-sample assuming unequal variances) with a hypothesized mean
difference of 0 and a = 5%.
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