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Abstract

ATM and ATR are well documented for their roles in maintaining the integrity of genomic DNA by responding to DNA damage and
preparing the cell for repair. Since ATM and ATR have been reported to exist in complexes with histone deacetylases, we asked whether
Atm and Atr might also uphold gene silencing by heterochromatin. We show that the Atm/Atr inhibitor 2-aminopurine causes the inac-
tive X chromosome to accumulate abnormal chromatin and undergo unwanted gene reactivation. We provide evidence that this gene
expression from the inactive X chromosome is not a byproduct of the accumulation of DNA breaks. Individually inhibiting Atm and
Atr by either small interfering RNA or the expression of dominant-negative A7M and ATR constructs also compromised X-inactivation.
Atm and Atr, therefore, not only function in responding to DNA damage but perhaps also are involved in gene silencing via the main-

tenance of heterochromatin.
© 2005 Elsevier Inc. All rights reserved.
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Ataxia telangiectasia mutated (ATM) and ATR (ATM
and Rad3 related) are protein kinases with partially over-
lapping functions that are key components of DNA dam-
age response pathways [1]. In response to DNA double
strand breaks (DSBs) ATM becomes an active kinase [2]
that phosphorylates proteins involved in cell cycle arrest
and DNA repair [1]. In response to other types of DNA
damage including UV damage and single strand breaks
during DNA replication, ATR appears to play a similar
role, phosphorylating a number of the same targets [1].
ATM is mutated in the disease Ataxia-telangiectasia (A-
T) [3], and A-T patients and Arm ™'~ mice display a variety
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of symptoms including chromosomal breaks and transloca-
tions, and a predisposition to cancer [4-10]. Targeted Atr
disruption in mice leads to chromosomal fragmentation
and early embryonic lethality [11]. Consistent with their
roles in DNA damage checkpoints, 4TM- and ATR-defi-
cient cells are sensitive to genotoxic challenges [12].
Chromatin proteins play important roles in gene
expression and DNA repair. The importance of chromatin
composition on gene expression is exemplified by X-inacti-
vation, where one of the two X chromosomes in female
mammalian cells is transcriptionally silenced by
heterochromatin [13-16]. In the ATR pathway, a histone
acetyltransferase-containing protein complex termed
TFTC preferentially binds UV-damaged DNA and acety-
lates histone H3 in vitro [17]. ATM interactions with the
histone acetyltransferase hMOF [18], histone H2AX [19],
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and the histone acetyltransferase TIP60 [20] are important
for the repair of DSBs. ATM kinase was shown to be acti-
vated when cells are exposed to agents that alter chromatin
structure but do not cause detectable DSBs; this led to the
proposal that DSBs activate ATM via chromatin changes

[2].

In Drosophila, loss of Atm reduces the levels of hetero-
chromatin protein 1 (HP1) at telomeres and increases
HP1 abundance at an internal euchromatic region [21]. In
mammalian cells, ATM and ATR associate with histone
deacetylases even in the absence of DNA damaging agents
[22,23]. Here we show that disruption of Atm and Atr func-
tion destabilizes the silencing of a reporter gene on the
mouse inactive X chromosome (Xi). In contrast, the
reporter gene was not reactivated when cells with function-
ally intact Atm and Atr genes were subjected to consider-
able DNA damage.

Materials and methods

Preparation of the reporter cell line with GFP on the Xi has been
described [24,25]. 2-Aminopurine (Sigma Chemical Co., Saint Louis) was
applied at SmM to cell culture for 1 day [for immunostaining or gene
reactivation with 5-aza-cytidine (5-AZ), Sigma Chemical Co., Saint Louis]
for 3 days (gene reactivation without 5-AZ). Caffeine (Sigma Chemical
Co., Saint Louis) was applied at 5 mM to cell culture for 3 days.

RNA FISH was performed as described in [26] using a 50-mer DNA
probe complementary to map position 30643113, which is in Repeat C of
Xist. Immunostaining was performed as described previously [27], with
modifications. Briefly, for macroH2A staining, murine embryonic fibro-
blasts were grown on coverslips, and then treated with methanol for fix-
ation, followed by TBST (0.1 M Tris 8.0, 0.15 M NaCl, and 0.5% Triton
X-100) washes. Cells were immunostained with anti-macroH2A (Upstate
Inc., Lake Placid) or anti-acetyl H4 (Serotec, UK) in 3% TBST milk at
4 °C overnight. After TBS wash, FITC-conjugated secondary antibody
(Sigma, Saint Louis) was applied for 30 min. DAPI (Vector Laboratories,
Burlingame) was used for counterstaining. Metaphase spread chromo-
somes were prepared by harvesting colcemid-treated cells followed by
centrifugation onto coverslips. NIH image 1.63 software (http://rsb.in-
fo.nih.gov/nih-image/Default.html) was used to quantify the FITC signal
of immunostained mitotic chromosome spreads. For each individual
chromosome in a spread, the number of pixels occupied by each chro-
mosome (DAPI) and the number of pixels displaying FITC signal were
determined.

SiRNA was made with Silencer Construction (Ambion, Austin) and
transfections were performed as previously described [25]. Human coun-
terpart of SiRNA sequence for Atm was in [28] and for Atr in [29]. SIRNA
sequences were as follows: Atr/musAntisense (AAA CCA AGA CAG
ATT CTC TGC CCT GTC TC), Atr/musSense (aaG CAG AGA ATC
TGT CTT GGT CCT GTC TC), Atm/musAntisense (AAC ATA CTA
CTC AAA GAC ATT CCT GTC TC), Atm/musSense (aaA ATG TCT
TTG AGT AGT ATG CCT GTC TC), and SMC1/Antisense (AAG ACT
TGA AGG AGA AGA TGA CCT GTC TC), SMCl1/Sense (aaT CAT
CTT CTC CTT CAA GTC CCT GTC TC). The control siRNA sequence
is AAG GGC CTT CAG TAT GTC CTT CCT GTC TC, which is against
Brcal with a mismatch that prevents RNA interference. Nine microliter of
oligofectamine (Invitrogen, Carlsbad) and 0.12 uM siRNA (final concen-
tration) were transfected into 6-well plates at 2 x 10° cells/well and assayed
using flow cytometry 3 days later. To quantitate the levels of Atm and Atr
transcripts in siRNA-treated cells, reporter cells were, in parallel, sub-
jected to siRNA against Smcl. GFP-expressing cells from each of the three
siRNA reactions were flow sorted and subjected to real-time RT-PCR for
either Atm and Gadph or Atr and Gadph. The PCR primers used for these
real-time RT-PCRs were Atr-reverse (TGT TCA CCC ATT CAA TAA
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TCC CACQ), Atr-forward (TAA AAG GCT TGT AGA AGA CCC GAC),
Atm-reverse (GTG CGC AGA CAG CAG AGT TCT CCA CGA TTC),
Atm-forward (GAA GGC CTG GAT GCT GTG AAT CTG TGG GTT),
and Gapdh reverse (CAT ACC AGG AAA TGA GCT TG), and Gapdh
forward (ATG ACA TCA AGA AGG TGG TG). The conditions for RT-
PCR were 95 °C for 2 min, then 40 cycles of 95 °C for 15s, 56 °C for 15s,
and 72 °C for 30s. For the reverse transcription reaction we used the
reverse primers and M-MuLV reverse transcriptase (New England Bio-
Labs, Beverly, MA) following manufacturers instructions. Real-time PCR
was carried out by using iQ Syber-Green reaction mix from Bio-Rad
(Hercules, CA) following manufacturers instructions. Atm and Atr
mRNA levels thus obtained from siRNA treated cells were normalized
against the Gapdh mRNA levels in the same reactions and then expressed
a percent of the transcript level for Atm or Atr in cells treated with siRNA
directed against Smcl.

Transient transfection with ATR kinase-dead (D*”° — A) [30] and
ATM kinase-dead (D*7° = Ala and N*7° — K) [31] constructs was per-
formed using Fugene 6 (Roche Applied Science, Indianapolis). Three
microliters of fugene 6 + 1 pg plasmid was used in transfections using 6-well
plates at 2 x 10° cells/well and assayed using flow cytometry 3 days later.

Results

Exposure of female cells to 2-aminopurine destabilizes
X-inactivation

The mouse inactive X chromosome (Xi) was chosen for
identifying heterochromatin defects because of its nearly
uniform histone H4 hypoacetylation [32]. In addition, the
stability of gene silencing can be assayed in mouse reporter
cell lines by scoring the reactivation of an X-linked GFP
transgene that is normally silenced by the heterochromatin
of the Xi [33]. Metaphase spread chromosomes were pre-
pared from a transformed wild type mouse female embry-
onic fibroblast (MEF) cell line (WT:F#104) and
fluorescently immunostained using antibodies that recog-
nize acetylated histone H4 [32]. Forty-six spreads prepared
from an untreated (control) cell line all displayed an almost
uniformly hypoacetylated chromosome (Figs. 1A and B). It
was previously established that the hypoacetylated chro-
mosome in female cells is the Xi [32]. When the same cell
line was treated with 2-aminopurine (2-AP), an inhibitor
of Atm and Atr [34,35], the Xi displayed an increased level
of acetylation although it was still less acetylated than the
other chromosomes (Figs. 1C and D). Using NIH-IMAGE to
quantify the fluorescent signal, we found that in untreated
cells the Xi displayed <2% fluorescent signal while all other
chromosomes in the same spreads displayed >40% acetyla-
tion (Fig. 1E). In contrast, in 2-AP treated cells the Xi con-
sistently displayed >10% acetylation although its level of
acetylation was still below the level of the other chromo-
somes (Fig. 1E). Two other female MEF lines were treated
with 2-AP and found to exhibit a similar increase in histone
H4 acetylation on the Xi (data not shown). Two markers of
the Xi, macroH2A [36] and Xist RNA [37] in localized to
untreated interphase WT:F#104 cells (Figs. 1F and H)
and in the 2-AP treated cells (Figs. 1G and I). Thus, the
normally hypoacetylated Xi had acquired acetylation upon
2-AP-treatment but maintained high concentrations of
macroH2A and Xist RNA.

115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134

135

136
137

138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171


http://rsb.info.nih.gov/nih-image/Default.html
http://rsb.info.nih.gov/nih-image/Default.html

172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189

YBBRC 14846

28 September 2005 Disk Used

Y. Ouyang et al. | Biochemical and Biophysical Research Communications 337 (2005) 875-880

ARTICLE IN PRESS

No. of Pages 6, Model 5+
Nathan (CE) / Anitha (TE)

877

% acetylation m
5§ 8 8

N
2D

o

no no
drug 2AP grg 2-AP

Xalautosomes

Fig. 1. Acetylation of histone H4 on the inactive X chromosome in response to 2-aminopurine. (A-E) Mitotic spreads of the transformed MEF line
WT:F#104 were immunostained for lysine-acetylated histone H4 (FITC, green). Chromosomal DNA was stained with DAPI. (A,B) Untreated cells
displaying acetyl-H4 (green) and DNA (blue) signal (A), or acetyl-H4 signal alone (B). The red circle indicates the position of the inactive X chromosome
(Xi) which lacks acetylated H4. (C,D) 2-AP treated cells displaying acetyl-H4 and DNA (C), or acetyl-H4 alone (D). The red circle indicates the position of
the hypoacetylated X chromosome. (E) NIH image quantitation of the FITC signal from five 2-AP treated and five untreated mitotic chromosome spreads
immunostained for acetyl-H4. All five untreated spreads and none of the five 2-AP treated spreads displayed one or more chromosomes with <10%
acetylation. (F,G) Immunostaining of WT:F#104 cells using an antibody against macro-H2A (green) of interphase MEF cells that are untreated (F) or 2-
AP treated (G) showing that the inactive X chromosome is still present in 2-AP treated cells. (H, I) RNA FISH against Xist RNA in a tetraploid mouse
cell line (WT:F#106) that is untreated (H) or 2-AP treated (I). (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this paper.)

Since histone acetylation is associated with gene tran-
scription and histone hypoacetylation with silencing [38],
the reacetylation on the Xi raised the question as to
whether 2-AP treatment disrupted gene silencing. We as-
sayed for the reactivation of a GFP reporter gene that is
located on the Xi of a female transformed fibroblast line
(Xa®¥5'Xi9FP_1) derived from a mouse embryo of the
same genotype [33]. The cells were obtained by mating a
male mouse that carries an X-linked GFP-expressing trans-
gene [39] under the control of a chicken B-actin promoter
and cytomegalovirus enhancer [40] to a female mouse that
is heterozygous for a deletion in the X-linked Xist gene [24].
The presence of the Xist mutation causes the X chromo-
some carrying the GFP transgene to be inactivated in all
cells of female embryos [41]. The GFP transgene is subject-
ed to X-inactivation and allows the destabilization of gene
silencing in response to interventions such as exposure to
chemical inhibitors or siRNA that can be quantitated by

flow cytometry [25,33]. Treatment of Xa***"Xi®FP_1 cells
with 2-AP resulted in a ~5-fold GFP reactivation, as com-
pared with the untreated cells (p =0.0029) (Fig. 2A).
Treatment of Xa®**'XiST™P_1 reporter cells with caffeine,
another inhibitor of Atm and Atr that produces similar ef-
fects on cells as 2-AP [29], also increased reactivation
(Fig. 2B).

Inhibition of ATM or ATR renders cells hypersensi-
tive to DNA damaging agents [12]. If these proteins also
maintain the heterochromatin of the Xi, then exposure to
2-AP should also render the Xi heterochromatin hyper-
sensitive to chromatin-altering agents, such as 5-aza-cyti-
dine (5-AZ), an inhibitor of the DNA methylation that
helps maintain Xi heterochromatin. In agreement with
this prediction, simultaneous treatment of cells with 2-
AP and 5-AZ produced a cumulative toxicity to cells.
Time of exposure of cells to 2-AP and 5-AZ was
consequently reduced from 3 days to 1 day resulting in
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Fig. 2. Reactivation of a GFP transgene on the Xi after 2-AP exposure. Mean values of their 95% confidence intervals are reported. (A) 2-AP treatment
for 3 days. (B) Caffeine treatment for 3 days. (C) Simultaneous 1 day treatment of reporter cells with 2-AP and 5-AZ. Similar results were obtained using
another independently derived reporter cell line, Xa®*®'XiS*F_2 [25] (data not shown).

reduced rates of GFP reactivation in response to individ-
ually treating reporter cells with 2-AP or 5-AZ (Fig. 2C).
However, even at this brief exposure, a >20-fold increase
in GFP gene reactivation was observed in cells treated
with both 2-AP and 5-AZ over cells exposed to 5-AZ
alone (p =0.00092) (Fig. 2C).

Individually inhibiting Atm or Atr compromised
X-inactivation

To determine whether both Atm and Atr are involved in
gene silencing, they were individually inhibited in
Xa® ¥ iGFP_1 cells. It was previously shown that trans-
fection of cells with plasmids expressing ATM proteins
bearing missense mutations that abolish ATM kinase func-
tion also abolishes the kinase activity of the native wild
type ATM protein and renders cells hypersensitive to ion-
izing radiation [42]. Similarly, expression of an ATR pro-
tein rendered kinase-inactive by a point mutation had a
dominant-negative effect on the wild type protein and ren-
dered cells defective for ATR kinase activity [30] and
hypersensitive to UV irradiation [43]. GFP reactivation
was significantly induced when Xa®**Xi®*P_1 cells were
transiently transfected with plasmids expressing kinase-in-
active missense mutants for Atm (ATM-kd, [31]), or Atr
(ATR-kd, [30]) as compared with vector alone (ATM-kd,
p =0.0048 and ATR-kd, p=0.00088) (Fig. 3A). Gene
reactivation from the Xi was also significantly elevated in
cultures treated with small interfering RNA against Atr
(p =0.025) or Atm (p =0.035) (Fig. 3B). Real-time RT-
PCR of Atm transcript sequence revealed that the siRNA
directed against A¢m in this study reduced A#m transcript
levels to slightly less than 20% of the normal level. Surpris-
ingly, the siRNA directed against Azr only caused a modest
24% reduction in the Azr transcript level, despite this inhi-
bition causing a greater level of GFP reactivation than Atm
inhibition (see Materials and methods for more details on
mRNA quantitation).
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Fig. 3. Disruption of Atm or Atr function reactivates a GFP transgene
located on the Xi. Mean values of their 95% confidence intervals are
reported. P values were obtained using the Kruskal-Wallis test. (A)
Transient transfection of kinase-dead (kd) dominant-negative mutants of
ATM and ATR (both kinase dead genes are in the vector pPCDNA) and the
pCDNA vector alone. (B) SIRNA knockdown of Afm or Atr expression.

y-Irradiation does not reactivate the GFP reporter gene

It has been proposed that DSBs loosen the chromatin
around the break [2]. Atm or Atr inhibition might therefore
have incurred DNA damage that reactivated the GFP
gene. Reporter cells were exposed to y-irradiation and then
assayed for GFP reactivation. No increase in GFP reacti-
vation was observed, even at 10 Gy of y-irradiation
(Fig. 4).

The checkpoint/repair protein BRCA1 [44] concentrates
on the Xi in non-mitotic cells ([25] and Figs. 5SA and B) and
helps maintain Xi heterochromatin [25]. To determine
whether Atm protein also concentrates on the Xi, female
human lymphocytes stably expressing an ATM-GFP fu-
sion protein were examined. y-Irradiation resulted in a
punctate ATM pattern (Figs. 5C and D) due to ATM
localizing to sites of DNA damage [2]. In the absence of
y-irradiation, no localized concentration of ATM protein
was observed (Figs. SE and F), indicating that ATM did
not concentrate on the Xi.
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Fig. 4. y-Irradiation fails to reactivate the GFP transgene. Reporter cells
were exposed to 10 Gy and GFP reactivation was recorded at the times
after irradiation indicated. Standard deviations of three independent
experiments are shown.

.
.
Fig. 5. ATM does not associate with the Xi at high concentrations. (A,B)
Mouse fibroblasts stained with DAPI (A) and fluorescently immuno-
stained for Brcal protein (B). (C,D) Human lymphocytes stably express-
ing ATM-GFP fusion protein exposed to 1 Gy of y-irradiation and stained
with DAPI (C), and examined for GFP expression (D). (E,F) Unirradiated

human lymphocytes stably expressing ATM-GFP fusion protein stained
with DAPI (E) and examined for GFP expression (F).

+y
irrad.
(1Gy)

irrad.

Discussion

We provide evidence that both Atm and Atr participate
in gene silencing by maintaining heterochromatin on the
Xi. Treatment of mouse fibroblast cells with 2-AP caused
histone acetylation to appear on the Xi and resulted in
reactivation of a GFP reporter gene on the Xi. Individually
interfering with the Atm or Atr function by two different
methods, siRNA and the expression of dominant-interfer-
ing kinase-dead ATM and ATR genes, also caused GFP
reactivation. Our failure to detect an increase in gene

No. of Pages 6, Model 5+
Nathan (CE) / Anitha (TE)

879

reactivation in response to ionizing radiation argues that
the observed gene reactivation is not caused by DNA dam-
age that accumulates when Atm or Atr is inhibited. Our
findings extend the roles of Atm and Atr to the mainte-
nance of gene silencing by heterochromatin and raise the
possibility that developmental defects seen in A-T patients
may be caused in part by chromatin abnormalities and
aberrant gene expression.

In view of the evidence for roles in the maintenance of
heterochromatin, Atm and Atr may function in a hetero-
chromatin checkpoint pathway that senses chromatin de-
fects and helps restore normal heterochromatin structure.
This may involve HDAC-2 which interacts with ATR in
unirradiated cells [22] or the BACS complex [23] which in-
cludes ATM, ATR, HDACI, and BRCA1 (which has been
shown to control Xi heterochromatin [25]). Alternatively
chromatin defects may induce ATM and ATR to interact
with factors that restore heterochromatin.
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