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Mutations in ATM (Ataxia telangiectasia mutated) result in Ataxia telangiectasia (A-T), a disorder
characterized by progressive neurodegeneration. Despite advances in understanding how ATM signals cell
cycle arrest, DNA repair, and apoptosis in response to DNA damage, it remains unclear why loss of ATM
causes degeneration of post-mitotic neurons and why the neurological phenotype of ATM-null individuals
varies in severity. To address these issues, we generated a Drosophila model of A-T. RNAi knockdown of
ATM in the eye caused progressive degeneration of adult neurons in the absence of exogenously induced DNA
damage. Heterozygous mutations in select genes modified the neurodegeneration phenotype, suggesting that
genetic background underlies variable neurodegeneration in A-T. The neuroprotective activity of ATM may be
negatively regulated by deacetylation since mutations in a protein deacetylase gene, RPD3, suppressed
neurodegeneration, and a human homolog of RPD3, histone deacetylase 2, bound ATM and abrogated ATM
activation in cell culture. Moreover, knockdown of ATM in post-mitotic neurons caused cell cycle re-entry,
and heterozygous mutations in the cell cycle activator gene String/CDC25 inhibited cell cycle re-entry and
neurodegeneration. Thus, we hypothesize that ATM performs a cell cycle checkpoint function to protect
post-mitotic neurons from degeneration and that cell cycle re-entry causes neurodegeneration in A-T.
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In 1995, Savitsky et al. (1995) linked the ataxia telangi-
ectasia mutated (ATM) gene to the human autosomal
recessive disorder Ataxia telangiectasia (A-T). Since
then, cell-based and animal models have been used to
understand how loss-of-function mutations in ATM give
rise to A-T phenotypes, including immunodeficiency,
radiation sensitivity, cancer predisposition, and neuro-
degeneration (Lavin and Shiloh 1997; Crawford 1998;
McKinnon 2004). These studies have shown that the
ATM serine/threonine protein kinase plays a central role
in maintaining genome stability.

ATM monitors the genome for DNA double-strand
breaks (DSBs) and responds to this signal by phosphory-
lating hundreds of proteins, including DNA repair fac-
tors, cell cycle regulators, and apoptosis regulators (Abra-
ham 2001; Shiloh 2003; Matsuoka et al. 2007). ATM is
recruited to DSBs by the trimeric MRE11–RAD50–NBS1

(MRN) DNA repair complex, which possesses ATP-
dependent nuclease (MRE11) and DNA-tethering
(RAD50) activities (Jackson 2002; Carson et al. 2003; Lee
and Paull 2004, 2005). Recruitment of ATM to DSBs is
mediated by the NBS1 subunit and is associated with
autophosphorylation of ATM on Ser 1981 (pS1981) and
conversion of inactive ATM dimers to active ATM
monomers (Bakkenist and Kastan 2003; van den Bosch et
al. 2003; Abraham and Tibbetts 2005; Falck et al. 2005;
Lee and Paull 2005; You et al. 2005; Dupré et al. 2006).
Although each of the above processes (ATM recruit-
ment, autophosphorylation, and dimer dissociation) is
important for ATM activation, the precise order of these
events remains controversial. In addition, other post-
translational modifications of ATM contribute to its
regulation. Of particular relevance to this study, ATM
undergoes acetylation by the Tip60 acetyltransferase in
response to DNA damage, and ATM acetylation is re-
quired for activation of ATM kinase activity (Sun et al.
2005, 2007).

The most well-understood functions of ATM relate to
its control of the cell cycle (Abraham 2001). ATM-defi-
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cient cells are defective in ionizing radiation (IR)-in-
duced G1/S-, intra-S-, and G2/M-phase cell cycle check-
points. Defective checkpoint function in ATM-deficient
cells can be attributed, in part, to defective regulation of
the CDC25 family of protein phosphatases. In mammals,
Checkpoint kinase 1 (CHK1) and CHK2 are major effec-
tors of ATM-dependent checkpoint activation. ATM
phosphorylates and activates both kinases, which in turn
directly phosphorylate and inactivate one of three
CDC25 family members (CDC25A, CDC25B, and
CDC25C) that mediate dephosphorylation and activa-
tion of cyclin-dependent kinases during cell cycle phase
transitions (Boutros et al. 2006).

To date, it is unclear why mutation of ATM causes
progressive degeneration of cerebellar Purkinje and
granule neurons in A-T patients (Lavin and Shiloh 1997;
Crawford 1998; McKinnon 2004). Other A-T phenotypes,
such as radiation sensitivity and cancer predisposition,
are attributed to the failure of cell cycle checkpoint ac-
tivation, normally mediated by ATM in response to
DSBs. However, chromosome breaks are presumed to
occur rarely in neurons since they do not undergo DNA
replication (Vilenchik and Knudson 2003). Studies of
neurodegeneration in A-T have also been hampered by
the lack of an experimental animal model. In particular,
ATM knockout (ATM−/−) and knockin (ATM�SRI/�SRI)
mice do not display pronounced cerebellar degenera-
tion (Barlow et al. 1996; Elson et al. 1996; Xu et al.
1996; Spring et al. 2001). However, recent studies hinted
that Drosophila might be a useful model to investi-
gate ATM function in neurons. The mammalian ATM
signaling pathway is largely conserved in Drosophila,
and analysis of ATM mutant flies has shown that ATM
is involved in early activation of the G2/M-phase
cell cycle checkpoint elicited by IR-induced DNA dam-
age and in maintaining chromosome integrity (Bi et al.
2004, 2005; Brodsky et al. 2004; Ciapponi et al. 2004;
Oikemus et al. 2004; Silva et al. 2004; Song et al. 2004;
Song 2005).

To understand the mechanisms underlying neuro-
degeneration in A-T, we generated a Drosophila model
in which RNAi was used to knock down ATM expres-
sion in neurons. ATM knockdown resulted in progres-
sive degeneration of neurons through a programmed cell
death pathway. Neurons in ATM knockdown flies re-
entered the cell cycle, as determined by assays for DNA
content, DNA replication, or mitosis. Heterozygous
mutation of the cell cycle activator gene String/CDC25
suppressed both cell cycle re-entry and degeneration of
ATM knockdown neurons, suggesting that cell cycle re-
entry is causative for neurodegeneration. Additionally,
the RPD3 deacetylase was implicated as a negative regu-
lator of ATM function in neurons. A human homolog
of RPD3, histone deacetylase 2 (HDAC2), physically
interacted with ATM and negatively regulated ATM ac-
tivation in the absence of exogenously induced DNA
damage. Thus, mechanistic insights provided by the
Drosophila A-T model may lead to the development of
therapies for the most debilitating clinical manifestation
of A-T, neuromotor dysfunction.

Results

Generation of ATM knockdown flies

To investigate the molecular mechanisms that underlie
neurodegeneration in A-T, we generated transgenic flies
(pATM flies) in which the yeast GAL4-UAS system was
used to induce conditional or tissue-specific knockdown
of ATM by RNAi (Brand and Perrimon 1993). The pWIZ
vector was used to construct the pATM transgene, which
contained inverted copies of exon 6 from the Drosophila
ATM gene (Lee and Carthew 2003). When transcribed,
pATM produced dsRNA that targeted ATM mRNA for
degradation by the RNAi machinery (Fig. 1A). Knock-
down of ATM in pATM transgenic lines was verified by
RT–PCR of adult flies and Western blot analysis of em-
bryos carrying the heat-shock-inducible hsp70-GAL4
driver (hsp70-GAL4/+; pATM/+ flies) (Fig. 1B,C). In addi-
tion, consistent with the essential nature of ATM in
flies, ubiquitous knockdown of ATM by the actin-GAL4
driver or neuron-specific knockdown of ATM by the
Elav-GAL4 driver (at 25°C, but not 18°C) resulted in le-
thality (Oikemus et al. 2004; Silva et al. 2004; Song et al.
2004). These data indicate that dsRNA transcribed from
pATM reduces ATM expression in flies.

Based on the algorithm described by Dietzl et al.
(2007), the ATM dsRNA was unlikely to have off-target
RNAi effects. A specificity score of 1.0 reflects no off-

Figure 1. ATM RNAi in pATM flies reduced the level of ATM
mRNA and protein. (A) A schematic diagram of the pWIZ-ATM
(pATM) transformation vector (Lee and Carthew 2003). (B) Quan-
titative PCR analysis of ATM mRNA in heat-shocked hsp70-
GAL4/+; pATMT4/+ (hs-ATMi) and hsp70-GAL4/+ (hs-GAL4)
flies. Graphed is the level of ATM mRNA relative to actin 5C
mRNA in hs-ATMi flies normalized to hs-GAL4 flies. Error bars
represent the standard error of the mean of experiments per-
formed in triplicate. (C, lanes 3,4) Western blot analysis of ATM
in hsp70-GAL4/pATMT4 and hsp70-GAL4/+ embryos. Extracts
were probed with an �-ATM antibody and an �-SIN3 antibody
as a loading control (Pile and Wassarman 2000). Note that lane
4 was overloaded relative to lane 3. (Lanes 1,2) RNAi-mediated
knockdown of ATM in S2 cells by long dsRNA served as a
marker for ATM.
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target effects, and the ATM dsRNA had specificity scores
of S19 = 0.9987 (on all on-target 19-mer matches) and
S18 = 0.9975. Furthermore, the ATM dsRNA did not con-
tain CAN repeats, a common cause of off-target RNAi
effects (Ma et al. 2006). Finally, as described below, phe-
notypes of ATM knockdown flies were similar to ATM
mutant flies, and genetic modifiers of ATM knock-
down phenotypes were enriched for recognized compo-
nents of the ATM signaling pathway, such as RAD50
and CDC25. These data suggest that ATM expression is
exclusively affected in ATM knockdown flies.

ATM knockdown causes degeneration
of photoreceptor neurons

To determine whether ATM is required for neuron sur-
vival in flies, we examined photoreceptor neurons in the
eye. The adult fly eye is made up of ∼800 unit eyes called
ommatidia, each of which contains eight post-mitotic
photoreceptor neurons (Fig. 2A; Wolff and Ready 1993).
ATM knockdown in all cells or in neurons of the eye was
achieved using the GMR-GAL4 or Elav-GAL4 driver, re-
spectively (Hay et al. 1994; Yao and White 1994). Mor-
phological analysis of neurons was carried out by trans-
mission electron microscopy (TEM) of thin sections of
3-d-old adult flies. ATM knockdown induced by either
driver resulted in neurodegeneration, as marked by
swelling, fragmentation, and loss of rhabdomeres (the

light-sensitive plasma membranes of photoreceptor neu-
rons) throughout the eye (Fig. 2B,D; Supplemental Fig. 1).
We consider these phenotypes signs of degeneration
as they are observed in flies with light-induced or age-
related photoreceptor degeneration due to mutations in
phototransduction pathway genes (Davidson and Steller
1998; Hsu et al. 2004). In contrast, these phenotypes
were not observed in GMR-GAL4, Elav-GAL4, or pATM
flies, although GMR-GAL4 flies had a low rate of omma-
tidial defects (Figs. 2A,C, 3; data not shown). Thus, ATM
protects post-mitotic photoreceptor neurons from degen-
eration.

ATM knockdown in post-mitotic, adult neurons is
sufficient to cause degeneration

To determine when ATM is required during the lifetime
of a neuron for neuron survival, we used the hsp70-GAL4
driver to knock down ATM either during eye develop-
ment or in the adult eye. Specifically, hsp70-GAL4/+;
pATMT4/+ (hs-ATMi) flies were either heat-shocked
twice daily from the time of egg laying to day 3 of adult-
hood, or from day 3 to day 15 of adulthood. TEM analysis
revealed that, in both cases, ATM knockdown resulted in
degeneration of adult photoreceptor neurons (Fig. 2F,H).
In contrast, no degeneration was observed in non-heat-
shocked hs-ATMi flies or control heat-shocked hsp70-
GAL4/+ (hs-GAL4) flies (Fig. 2E,G; Supplemental Fig. 2).

Figure 2. RNAi-mediated knockdown of
ATM causes degeneration of photorecep-
tor neurons. Shown are representative
TEM micrographs of single ommatidia (A–
H) and high-magnification micrographs of
single photoreceptor neurons from flies of
the indicated genotypes (A�–H�). (A) Three-
day-old Elav-GAL4/+ (Elav-GAL4). (B)
Three-day-old Elav-GAL4/pATMT4 (Elav-
ATMi). (C) Three-day-old GMR-GAL4/+
(GMR-GAL4). (D) Three-day-old GMR-
GAL4/+; pATMT4/+ (GMR-ATMi). (E)
Three-day-old hs-ATMi not heat-shocked.
(F) Three-day-old hs-ATMi heat-shocked
throughout development. (G) Fifteen-day-
old hs-ATMi not heat-shocked. (H) Fif-
teen-day-old hs-ATMi heat-shocked days
3–15 of adulthood. (A�–H�) Red circles in-
dicate the photoreceptor neuron that is
shown in high magnification. Red arrows
indicate defects in rhabdomere structure.
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Since ATM knockdown in post-mitotic, adult neurons is
sufficient to cause degeneration, neurodegeneration can
occur independently of developmental abnormalities.

ATM knockdown causes progressive degeneration
of adult neurons

In humans, mutation of ATM causes progressive neuro-
degeneration. Typically, A-T patients are asymptomatic
at birth, present with an ataxic gait around the age of
two, and are wheelchair-bound by the age of 10 (Craw-
ford 1998). Analysis of GMR-GAL4/+; pATMT4/+ (GMR-
ATMi) flies revealed that the extent of neurodegenera-
tion became more severe as adult flies aged. GMR-ATMi
flies, but not control GMR-GAL4 flies, had significantly
higher levels of neurodegeneration at 27–31 d versus 48–
52 d (Fig. 3A). In addition, GMR-ATMi flies had signifi-

cantly higher levels of neurodegeneration than GMR-
GAL4 flies at all time points examined (Fig. 3B). No
significant difference was observed in the level of neu-
rodegeneration between GMR-ATMi flies at any given
time point, indicating that the progressive neurodegen-
eration phenotype is robust. Thus, in flies, as in humans,
loss of ATM causes age-dependent, progressive degenera-
tion of post-mitotic neurons.

ATM knockdown causes neurodegeneration
by programmed cell death

Necrosis and programmed cell death are the primary
mechanisms by which a neuron can die (Yuan et al.
2003). To determine whether a programmed cell death
pathway mediates degeneration of ATM knockdown
neurons, we examined the requirement for caspase ac-
tivity in GMR-ATMi flies. In Drosophila, both apoptotic
and autophagic programmed cell death can be blocked by
expression of P35, a broad-specificity caspase inhibitor
encoded by the baculovirus Autographa californica
(Clem and Miller 1994; Hay et al. 1994; Chen et al. 1996;
White et al. 1996; Martin and Baehrecke 2004). Expres-
sion of P35 or dIAP1 (Drosophila inhibitor of apoptosis
1), a Drosophila homolog of P35, suppressed the external
rough eye phenotype of GMR-ATMi flies (discussed be-
low) (Fig. 4C; Supplemental Table 2; Hay et al. 1995). In
contrast, heterozygous mutation of dIAP1 enhanced the
rough eye phenotype (Supplemental Table 2). Moreover,
while expression of GMR-P35 alone did not affect pho-
toreceptor morphology or number, expression of GMR-
P35 significantly suppressed the neurodegeneration phe-
notype of GMR-ATMi flies (Fig. 6 [below]; Supplemental
Fig. 3). Thus, ATM knockdown causes caspase-depen-
dent programmed cell death of post-mitotic photorecep-
tor neurons.

Identification of genetic modifiers
of neurodegeneration in ATM knockdown flies

Having established a Drosophila model that recapitu-
lates aspects of neurodegeneration that occur in A-T, we
next sought to identify genetic modifiers of this condi-
tion. The existence of genes that modify ATM loss-of-
function phenotypes is hinted at by the fact that some
A-T patients have little or no ATM protein yet have mild
neurological presentation (Hassin-Baer et al. 1999; Lavin
et al. 2006; Alterman et al. 2007). Also, cell fusion stud-
ies showed that ATM−/− cells derived from different A-T
patients fall into four distinct genetic complementation
groups, suggesting that A-T phenotypes are caused by at
least four different mutant genes (Murnane and Painter
1982; Buchwald 1995).

Several lines of evidence indicated that GMR-ATMi flies
could be used to identify genes that modulate neuro-
degeneration. GMR-ATMi flies had an external rough
eye phenotype that could be detected by scanning elec-
tron microscopy (SEM) as well as light microscopy (Fig.
4B; data not shown). Among the pATM lines, the sever-

Figure 3. ATM knockdown causes progressive degeneration
of adult neurons. Zero-day-old to 4-d-old GMR-GAL4, GMR-
ATMi, and GMR-GAL4/+; pATMT4/StgEY12388 (GMR-ATMi,
Stg) adult flies were collected and aged for 9, 27, and 48 d. The
number of morphologically wild-type photoreceptor neurons
per ommatidium was determined by analyzing TEM images of
sections at the R7 level in the center of each fly eye. Error bars
represent standard error of the mean. P-values were calculated
using two-way ANOVA and Bonferonni post-tests. (A) Flies of
the same genotype were compared at each time point. (B) Flies
of different genotypes were compared at each time point.
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ity of the rough eye phenotype positively correlated
with the severity of neurodegeneration. To illustrate,
when pATM lines were driven by GMR-GAL4, the se-
verity of rough eye and neurodegeneration phenotypes
fit the allelic series pATMT7 < pATMT4 < pATMT4/
pATMT4 (pATMT4 and pATMT7 are alleles of pATM in
which the transgene is inserted at different positions on
the third chromosome) (data not shown). In addition, ex-
pression of GMR-P35 suppressed both the rough eye and
neurodegeneration phenotypes of GMR-ATMi flies, indi-
cating that the rough eye phenotype could be used as
readout for the neurodegeneration phenotype (Figs. 4C, 6
[below]). Thus, using the scheme outlined in Supplemen-
tal Figure 4, we performed an unbiased screen of a ran-
dom collection of 650 P-element mutants for modifiers
of the GMR-ATMi rough eye phenotype.

The genetic screen identified alleles of String (Stg),
RAD50, and RPD3 as suppressors of the GMR-ATMi
rough eye phenotype and MEKK4 (mitogen-activated
protein [MAP] kinase kinase kinase 4), PP2A-B� (protein
phosphatase 2A-B�), and Delta as enhancers of the GMR-
ATMi rough eye phenotype (Figs. 4D–F, 5). Supplemental
Table 1 provides a summary of the P-element alleles
identified in the screen and the phenotypes of allelic mu-
tants used to confirm the modifying genes. In all cases,
the severity of the rough eye phenotype reflected the
severity of neurodegeneration. Suppressors of the rough
eye phenotype caused a significant increase in the aver-
age number of morphologically normal photoreceptors
per ommatidium relative to GMR-ATMi flies (Fig. 6). In
contrast, enhancers of the rough eye phenotype reduced
the number of morphologically normal photoreceptors
to such an extent that it was not possible to distinguish
individual ommatidia (data not shown). Control flies
heterozygous mutant for the identified genes had wild-
type eye phenotypes (data not shown). Finally, heterozy-
gous mutations in Stg significantly reduced the severity
of progressive neurodegeneration in GMR-ATMi flies
(Fig. 3). Thus, the extent of degeneration of ATM knock-
down neurons is affected by the dose of second site
genes, which presumably function in cellular processes
that regulate neuron survival.

Cell cycle regulatory genes modify the ATM
knockdown phenotype

Several lines of evidence suggest that cell cycle re-entry
plays a role in the mechanism that underlies neuro-
degeneration in human A-T (Allen et al. 2001; Copani et
al. 2001; Yang and Herrup 2005). In particular, aberrant
expression of cell cycle regulatory genes in post-mitotic
Purkinje and granule cells of A-T patients supports a role
for cell cycle re-entry in neurodegeneration (Yang and
Herrup 2005). In addition, the importance of cell cycle
regulation in the process of neurodegeneration was sug-
gested by our finding that Stg mutations inhibited de-
generation of ATM knockdown neurons. Stg encodes the
Drosophila homolog of mammalian CDC25 proteins
that mediate dephosphorylation and activation of cyclin-
dependent kinases during cell cycle phase transitions

(Edgar and O’Farrell 1990; Edgar et al. 2001; Park et al.
2003). In a small-scale screen of other cell cycle regula-
tory genes, we found that heterozygous mutation of
Cdk2 (cyclin-dependent kinase 2, also known as cdc2c)
and dE2F2 suppressed the GMR-ATMi rough eye pheno-
type, whereas heterozygous mutation of dE2F1 enhanced
the GMR-ATMi rough eye phenotype (Supplemental
Table 2). Cdk2, together with its partner Cyclin E, is a
critical regulator of entry into S phase, and dE2F1 and
dE2F2 are transcription factors that regulate cell prolif-
eration, differentiation, and apoptosis (Moon et al. 2005;
Baker 2007). Consistent with the identification of dE2F1
mutants as enhancers of GMR-ATMi, E2F1 functions as
a cell cycle suppressor in differentiated post-mitotic

Figure 4. Suppressors of the GMR-ATMi rough eye phenotype.
Shown are representative SEM micrographs of 0- to 4-d-old con-
trol flies (A,B) and suppressors of GMR-ATMi (C–F). (A�–F�)
High-magnification micrographs of the center of the eye are
shown below. (A) GMR-GAL4. (B) GMR-ATMi. (C) GMR-P35/+;
GMR-GAL4/+; pATMT4/+ (GMR-P35; GMR-ATMi). (D) GMR-
GAL4/RAD50EP1; pATMT4/+ (RAD50; GMR-ATMi). (E) GMR-
GAL4/+; pATMT4/RPD304556 (GMR-ATMi, RPD3). (F) GMR-
GAL4/+; pATMT4/StgEY12388 (GMR-ATMi, Stg).
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mouse neurons (Wang et al. 2007). These data sug-
gest that activities of cell cycle regulatory genes modu-
late the extent of degeneration of ATM knockdown post-
mitotic photoreceptor neurons.

ATM knockdown causes neurons to express S-phase
and M-phase cell cycle markers

To explore the connection between cell cycle re-entry
and neurodegeneration, we examined photoreceptor neu-
rons in larval eye imaginal discs. In the eye disc, the
morphogenetic furrow (MF) marks key cell cycle events
important for cell proliferation and differentiation (Wolff
and Ready 1993). The MF is initiated at the posterior of
the eye disc and then traverses the disc. Cells anterior to
the MF divide asynchronously but upon entry into the
MF go into synchronous cell cycle arrest. Upon emerging
from the posterior edge of the MF, a subset of photo-
receptor neurons remain arrested in G1 phase and pre-
sumably remain post-mitotic for the lifetime of the fly.
Surrounding cells undergo synchronous division and the
resulting cells, including photoreceptor neurons, remain
post-mitotic.

To determine the extent to which DNA replication or
mitosis occurs in post-mitotic neurons, eye discs were
costained with antibodies to Elav and 5-bromodeoxy-
uridine (�-BrdU) or Elav and phosphorylated Ser 10 on
histone H3 (�-PH3), respectively. Elav is an early marker
of neuronal differentiation that in the eye is exclusively
expressed in all post-mitotic neurons (Soller and White
2004). BrdU incorporation occurs in cells actively under-
going DNA replication, and phosphorylation of Ser 10 on
histone H3 occurs in cells undergoing mitosis (Yao and
White 1994; Wei et al. 1998). As shown in Figure 7, A and
B, a substantial increase in BrdU incorporation was ob-
served posterior to the MF in GMR-ATMi eye discs com-
pared with control GMR-GAL4 eye discs. Furthermore,
�-Elav and �-BrdU costained cells were sporadically ob-
served in GMR-ATMi but not GMR-GAL4 eye discs (Fig.
7A�,A�,B�,B�). The �-PH3 antibody detected an equiva-
lent frequency and pattern of cells undergoing mitosis
juxtaposed to the MF in GMR-ATMi and GMR-GAL4
discs (Supplemental Fig. 5). However, many more cells

further posterior to the MF were �-PH3-positive in
GMR-ATMi than control GMR-GAL4 eye discs. Addi-
tionally, cells costained with �-Elav and �-PH3 were ob-
served in GMR-ATMi but not control GMR-GAL4 eye
discs. These data indicate that ATM knockdown disrupts
normal cell cycle control and drives neurons that are
normally post-mitotic into the cell cycle.

ATM knockdown causes post-mitotic neurons
to re-enter the cell cycle

As an alternative approach to examine the cell cycle in
ATM knockdown neurons, we analyzed the DNA con-
tent of neurons using a fluorescence-activated cell sorter
(FACS). For this analysis, Elav-GAL4 was used to drive
expression of pATMT4 and UAS-GFP (UAS-Green Fluo-
rescent Protein) (Elav-GAL4, UAS-GFP; pATMT4/+:
Elav-GFP; Elav-ATMi flies) in neurons. Larval eye discs
were dissociated into single cells, and FACS was used to
quantitate Hoechst staining of DNA in GFP-positive
neurons. This analysis revealed that Elav-GFP; Elav-
ATMi eye discs had a significantly lower fraction of neu-
rons in G1 phase and higher fraction of cells in S/G2/M
phases than control Elav-GAL4, UAS-GFP (Elav-GFP)
eye discs (Fig. 8A,C,G). Thus, the FACS studies provide
independent support for the conclusion that ATM
knockdown causes re-entry of post-mitotic photorecep-
tor neurons into the mitotic cell cycle.

Mutation of Stg blocks cell cycle re-entry of ATM
knockdown neurons

We hypothesized that reducing the dose of Stg in GMR-
ATMi flies suppresses neurodegeneration by suppressing
cell cycle re-entry. In response to DSBs, ATM activates
cell cycle checkpoints by phosphorylating CHK1 and
CHK2 kinases, which in turn phosphorylate and inacti-
vate CDC25 proteins (Abraham 2001; Shiloh 2003; Mc-
Kinnon 2004). FACS was used to examine whether mu-
tation of Stg affected the cell cycle re-entry phenotype of
ATM knockdown neurons. As shown in Figure 8, hetero-
zygous mutation of Stg had no significant effect on the

Figure 5. Enhancers of the GMR-ATMi
rough eye phenotype. Shown are represen-
tative SEM micrographs of 0- to 4-d-old
control flies (A,B) and enhancers of GMR-
ATMi (C–E). (A�–E�) High-magnification
micrographs of the center of the eye are
shown below. Note the increased incidence
of ommatidium fusions in the presence of
enhancer mutations. (A) GMR-GAL4. (B)
GMR-ATMi. (C) GMR-GAL4/+; pATMT4/
MEKK4EY02276 (GMR-ATMi, MEKK4).
(D) GMR-GAL4/+; pATMT4/PP2A-B�A131

(GMR-ATMi, PP2A-B�). (E) GMR-GAL4/+;
pATMT4/Delta05151 (GMR-ATMi, Delta).
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cell cycle profile of neurons in control Elav-GFP eye
discs; however, it significantly increased the fraction of
neurons in G1 phase and reduced the fraction of cells in
S/G2/M phases in Elav-GFP; Elav-ATMi eye discs (Fig.
8B,D,G). Given that Stg mutations suppressed degenera-
tion of ATM knockdown neurons, these data indicate
that cell cycle re-entry is causative for degeneration of
ATM knockdown neurons.

Cell cycle re-entry precedes neurodegeneration
of ATM knockdown neurons

To examine the extent to which ATM knockdown
causes apoptosis of photoreceptor neurons in eye discs,
control GMR-GAL4 and GMR-ATMi eye discs were ana-
lyzed by TUNEL (terminal deoxynucleotidyl transferase
biotin-dUTP nick end labeling) and acridine orange
staining. Both analyses revealed a reduction in apoptotic
cells directly posterior to the MF and an increase in ap-
optotic cells more posterior to the MF in GMR-ATMi
eye discs relative to control GMR-GAL4 eye discs
(Supplemental Fig. 6). The TUNEL staining pattern of
GMR-ATMi eye discs was similar to that of ATM mu-
tant eye discs (Song et al. 2004). Additionally, occasional
TUNEL-positive signals in GMR-ATMi eye discs colo-

calized with neurons, as marked by �-Elav fluorescence.
These data indicate that ATM knockdown blocks apo-
ptosis of mitotic cells directly posterior to the MF and
promotes apoptosis of older post-mitotic neurons more
posterior to the MF.

To examine the epistatic relationship between cell
cycle re-entry and apoptosis of neurons, we used FACS to
analyze the cell cycle profile of neurons from Elav-GFP;
Elav-ATMi eye discs that expressed the apoptosis inhibi-
tor P35. We hypothesized that if cell cycle re-entry
caused apoptosis, then expression of P35 would prevent
cycling neurons from dying and increase the percentage
of cycling neurons. In contrast, if apoptosis caused cell
cycle re-entry, then expression of P35 would inhibit cell
cycle re-entry and reduce the percentage of cycling neu-
rons. This analysis revealed that in Elav-GFP; Elav-
ATMi flies, GMR-P35 caused a significant reduction in
G1-phase neurons and increase in S/G2/M-phase neu-
rons, but in control Elav-GFP flies, GMR-P35 had no
effect on the cell cycle profile (Fig. 8E–G). Thus, inhib-
iting apoptosis did not inhibit cell cycle re-entry of ATM
knockdown neurons but instead caused them to accu-
mulate in S/G2/M phases, suggesting that cell cycle re-
entry precedes apoptosis in ATM knockdown neurons. In
other words, these data provide evidence that ATM

Figure 6. Genetic background modified the severity of
the GMR-ATMi neurodegeneration phenotype. The
number of morphologically wild-type photoreceptor
neurons per ommatidium was determined by analyzing
TEM images of sections at the R7 level in the center of
eyes from 0- to 4-d-old flies of the indicated genotypes.
More than 260 ommatidia were scored from at least
four eyes of each genotype. RAD50EP1, RPD304556,
StgEY12388, or GMR-P35 alleles were used for this analy-
sis. (A) Graphed is the average number of normal pho-
toreceptors per ommatidium for each genotype. Error
bars represent the standard error of the mean. P-values
were calculated using one-way ANOVA and Dunnett’s
multiple comparison post-tests where all genotypes
were compared with GMR-ATMi flies. The statistical
difference between genotypes is not attributable to the
variability seen in flies of a given genotype. (B) Graphed
is the percentage of total ommatidia with zero to seven
normal photoreceptor neurons for each genotype.
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knockdown neurons that re-entered the cell cycle are
fated to die.

HDAC2 physically and functionally interacts
with ATM in human cells

Another suppressor identified in the screen, RPD3, en-
codes the Drosophila homolog of human class 1 HDAC1,
HDAC2, HDAC3, and HDAC8 (Pandey et al. 2002).
RPD3 has several potential links to ATM. Inhibition of
HDACs by trichostatin A (TSA) induces ATM autophos-
phorylation in the absence of DNA damage and hyper-
phosphorylation upon IR-induced DNA damage (Bak-
kenist and Kastan 2003). HDAC1 physically associates
with ATM in vitro and in vivo, and the extent of asso-
ciation is increased by exposure of cells to IR (Kim et al.
1999). Acetylation of ATM by the Tip60 acetyltransfer-
ase activates ATM kinase activity in response to DNA
damage (Sun et al. 2005). Finally, the lysine residue
acetylated by Tip60 in human ATM is conserved in Dro-
sophila ATM (Sun et al. 2007). These observations sug-
gest that RPD3 negatively regulates ATM activation,

perhaps by directly antagonizing Tip60-mediated ATM
acetylation.

In support of this model, we found that HDAC2 physi-
cally associated with ATM in human HEK 293T cells.
ATM coprecipitated with overexpressed, Flag-epitope-
tagged HDAC2 and endogenous HDAC2 (Fig. 9A,B). In
addition, the interaction between ATM and HDAC2 was
observed under basal and DNA damage conditions
(Fig. 9A). To examine the functional consequence of the
ATM–HDAC2 interaction, we assayed ATM activation,
as measured by autophosphorylation of Ser 1981
(pS1981) and trans-phosphorylation of 53BP1 (an ATM
kinase substrate), both of which are detected by an anti-
body generated against pS1981 (Bakkenist and Kastan
2003; Jowsey et al. 2007; R.S. Tibbetts, unpubl.). In the
absence of IR, ATM activation, as indicated by ATM
S1981 and 53BP1 phosphorylation, was enhanced by
siRNA knockdown of HDAC2 in HEK 293T cells (Fig.
9C). In contrast, while HDAC1 was found to associate
with ATM, HDAC1 knockdown did not cause ATM ac-
tivation (data not shown). These data suggest that ATM
is a direct substrate for deacetylation and repression of
kinase activity by HDAC2. However, our inability to

Figure 7. DNA replication occurred in
neurons of GMR-ATMi flies. Eye discs
from control GMR-GAL4 (A,A�,A�) or
GMR-ATMi (B,B�,B�) third instar larvae
were costained with �-Elav (red) and
�-BrdU (green) antibodies. A� and A� and
B� and B� are higher-magnification images
of A and B, respectively. A� and B� are
merged images of �-Elav and �-BrdU. Ar-
rows indicate a neuron in which DNA rep-
lication has occurred. MF indicates the po-
sition of the MF.
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consistently observe acetylated ATM by Western blot
with �-acetyl-lysine antibodies precluded a direct test of
this hypothesis. Thus, it is formally possible that muta-
tion of RPD3/HDAC suppresses degeneration of ATM
knockdown neurons through increased acetylation of
proteins other than ATM.

Discussion

Human A-T can be modeled in Drosophila

Our data indicate that ATM knockdown by RNAi causes
degeneration of Drosophila post-mitotic photoreceptor
neurons. The neurodegeneration phenotype of ATM

Figure 8. Cell cycle re-entry in Elav-ATMi
flies is inhibited by mutation of Stg but not
expression of P35. FACS analysis was carried
out on eye imaginal discs dissected from con-
trol Elav-GAL4,UAS-GFP/+ (Elav-GFP, n = 9)
(A); Elav-GAL4, UAS-GFP/+; StgEY12388/+
(Elav-GFP; Stg, n = 4) (B); Elav-GAL4, UAS-
GFP/+; pATMT4/+ (Elav-GFP; Elav-ATMi,
n = 8) (C); Elav-GAL4, UAS-GFP/+; pATMT4/
StgEY12388 (Elav-GFP; Elav-ATMi, Stg, n = 6)
(D); Elav-GAL4, UAS-GFP/GMR-P35 (Elav-
GFP, GMR-P35, n = 2) (E); and Elav-GAL4,
UAS-GFP/GMR-P35; pATMT4/+ (Elav-GFP,
GMR-P35; Elav-ATMi, n = 4) (F) third instar
larvae. (G) Quantitation of cell cycle phases
from multiple, independent samples. For each
sample, 5000 live, single, GFP-positive events
were analyzed. P-values were calculated using
one-way ANOVA and Tukey’s multiple com-
parison post-tests.
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knockdown flies is similar to that observed in A-T pa-
tients. Neurodegeneration in the fly model occurred in
the absence of exogenously induced DNA damage, it oc-
curred independently of developmental defects, and it
was progressive, increasing in severity as flies aged (Figs.
2, 3). Thus, ATM knockdown flies appear to be an appro-
priate model to study the cellular mechanisms underly-
ing neurodegeneration in A-T.

Analysis of ATM knockdown flies identified genetic
modifiers of neuron survival

A-T is a monogenic disease resulting from mutation of
the ATM gene; however, our genetic screen identified
second site genes that affect an A-T phenotype, neuro-
degeneration (Figs. 4, 5; Supplemental Tables 1, 2). Re-
markably, independent lines of evidence, from the litera-
ture and from our studies, support the relevance of each
of the modifier genes to the mechanism underlying neu-
rodegeneration in A-T.

Three of the six identified genes—Stg, RAD50, and
PP2A–B�—are known components of the ATM signaling

pathway that responds to DNA damage in mammals
(Abraham 2001; Shiloh 2003). The relevance of Stg to
ATM signaling and neurodegeneration is described in a
subsequent section of the Discussion. RAD50 encodes a
component of the MRN complex that mediates ATM
activation at DSBs (Abraham and Tibbetts 2005). A role
for RAD50 in promoting neurodegeneration is not spe-
cific to the eye, as mutation of RAD50 suppressed the
lethality of Elav-ATMi flies (data not shown). In addi-
tion, mutation of the gene encoding the NBS1 subunit of
MRN suppressed the GMR-ATMi rough eye phenotype,
suggesting that suppression by RAD50 and NBS1 mu-
tants is due to reduced activity of the MRN complex
(Supplemental Table 2). Nevertheless, the mechanism
underlying suppression of neurodegeneration is unclear
since reduced levels of the MRN complex would intu-
itively be expected to enhance GMR-ATMi phenotypes.
One possibility is that the MRN complex is deregulated
in the absence of ATM and carries out activities that are
lethal to neurons. Finally, PP2A has been shown to de-
phosphorylate several ATM signaling pathways sub-
strates, including ATM (Guo et al. 2002; Goodarzi et al.
2004; Chowdhury et al. 2005; Petersen et al. 2006). Mu-
tation of PP2A–B�, which encodes a regulatory subunit of
the PP2A complex, may enhance neurodegeneration in
ATM knockdown flies by affecting the phosphorylation
state of ATM substrates (Liu et al. 2007).

Two of the identified genes, MEKK4 and Delta, have
potential links to ATM. Mutation of MEKK4 may en-
hance neurodegeneration in GMR-ATMi flies by allow-
ing cell cycle progression. Published studies suggest a
model whereby ATM and MEKK4 pathways collaborate
to prevent cell cycle re-entry of post-mitotic neurons by
maintaining the latency of CDC25 proteins (Ben-Levy et
al. 1998; Abraham 2005; Lopez-Aviles et al. 2005; Manke
et al. 2005; Boutros et al. 2006). Delta encodes a ligand
for the Notch receptor, which regulates cell cycle pro-
gression and differentiation in many tissues, including
the eye (Baonza and Freeman 2005; Yang and Baker
2006). Thus, there may be cross-talk between the ATM
and Notch signaling pathways in neurons.

Finally, studies in cultured cells revealed a direct link
between HDAC2, the human homolog of Drosophila
RPD3, and ATM. HDAC2 was found to directly associ-
ate with ATM and regulate its kinase activity in the
absence of exogenously induced DNA damage (Fig. 9).
Thus, HDAC2 is likely the TSA-sensitive deacetylase
that negatively regulates ATM kinase activity (Bak-
kenist and Kastan 2003). HDAC2 may function by coun-
teracting acetylation of ATM or downstream compo-
nents of the ATM signaling pathway (Sun et al. 2005,
2007). It is important to note that although deacetylation
of ATM by HDAC2 may regulate ATM activity, HDAC2
is not necessarily an important factor in A-T since the
majority of mutations in A-T patients are nonsense or
frameshift mutations that result in complete loss or
truncation of ATM protein. Nevertheless, the demon-
strated physical and functional interactions between
HDAC2 and ATM indicate that HDAC2 is an important
component of the ATM signaling paradigm and that in-

Figure 9. HDAC2 interacts with ATM and represses ATM ac-
tivation. (A) Western blot analysis of lysates and immunopre-
cipitates from HEK 293T cells transfected with empty plasmid
(vector) or plasmids that expressed Flag-epitope-tagged human
HDAC1 (FLAG-H1) or HDAC2 (FLAG-H2). Cells were either
exposed to 20 Gy of IR (+) or not exposed (−), and cell lysates
were immunoprecipitated with an �-Flag antibody. Immuno-
precipitates (IP) or total lysates (Input) were immunoblotted
(WB) for ATM or the Flag tag. (B) Lysates prepared from HEK
293T cells were immunoprecipitated with a rabbit IgG antibody
(C), an �-ATM antibody from Santa Cruz Biotechnology (A1),
and �-ATM antibody from Genetex (A2), or an �-HDAC2 anti-
body (H2). Immunoprecipitates (IP) were immunoblotted (WB)
for ATM or HDAC2. (C) HEK 293T cells were transfected with
control scrambled (S) or HDAC2 (H2)-specific siRNAs. Cell ly-
sates were immunoblotted (WB) for pS1981 on ATM (pS1981-
ATM), total ATM (ATM) as a loading control, or HDAC2. The
triangle indicates increasing amounts of siRNAs.
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formation garnered from studies of ATM knockdown
flies can advance our understanding of ATM function in
humans.

Results from the genetic screen predict that A-T pa-
tients with mild neurodegeneration will carry heterozy-
gous mutations in suppressor genes, such as CDC25
family members, whereas A-T patients with severe neu-
rodegeneration will carry heterozygous mutations in en-
hancer genes, such as MEKK4. It will be interesting to
see if genes that enhance neurodegeneration in ATM
knockdown flies also enhance neurodegeneration in
mice. For example, do ATM−/− MEKK4+/− mice exhibit
progressive degeneration of cerebellar neurons? If so, this
would make mice a practical model for studying the
neurodegenerative aspects of A-T.

Cell cycle re-entry may cause neurodegeneration in A-T

Our data indicate a causal relationship between cell
cycle re-entry and neurodegeneration in the Drosophila
model of A-T presented here. First, ATM knockdown in
photoreceptor neurons resulted in cell cycle re-entry and
neurodegeneration, implicating ATM in both processes
(Figs. 2, 6–8). Second, heterozygous mutation of cell
cycle regulatory genes Stg/CDC25, Cdk2, dE2F1, and
dE2F2 modified the neurodegeneration phenotype of
ATM knockdown flies, highlighting the importance of
cell cycle regulation in neurodegeneration (Supplemen-
tal Table 2). Third, inhibition of cell cycle re-entry by
mutation of Stg/CDC25 also inhibited degeneration of
ATM knockdown neurons. In contrast, inhibition of neu-
rodegeneration by expression of P35 did not inhibit cell
cycle re-entry (Figs. 6, 8). Finally, inhibition of neurode-
generation by expression of P35 caused the accumula-
tion of neurons in S/G2/M phases of the cell cycle, indi-
cating that the neurons that re-entered the cell cycle are
the ones that degenerated (Fig. 8E–G).

These findings add to a growing literature linking cell
cycle re-entry and neurodegeneration (Herrup and Yang
2007; Khurana and Feany 2007). The observations that
terminally differentiated neurons are resistant to onco-
genic transformation and that brain tumors of neuronal
origin rarely occur suggest that cell cycle re-entry of
post-mitotic neurons results in death rather than prolif-
eration (Heintz 1993). In fact, it has been shown in a
variety of systems, including flies and humans, that
when neurons re-enter the cell cycle, the result is degen-
eration rather than proliferation and that ectopic cell
cycle activation in neurons is sufficient to trigger degen-
eration (al-Ubaidi et al. 1992; Feddersen et al. 1992; Her-
rup and Busser 1995; Du et al. 1996; Kranenburg et al.
1996; Park et al. 1996; Athanasiou et al. 1998; Kruman et
al. 2004). Furthermore, up-regulation of cell cycle genes,
such as proliferating cell nuclear antigen, cyclin A, and
cyclin B, has been shown to occur in post-mitotic Pur-
kinje and granule cells of A-T patients; and neurons of
ATM−/− mice have been found to undergo DNA replica-
tion (Yang and Herrup, 2005). Similarly, studies in both
fly and mammalian models of Alzheimer’s disease sup-

port a causative link between cell cycle re-entry and
neurodegeneration (Khurana and Feany 2007; Yang and
Herrup 2007). Thus, failure of cell cycle regulation may
be a common cause of neurodegenerative disorders, in-
cluding A-T.

It is important to keep in mind that equally plausible
and nonexclusive models have been put forth for why
neurodegeneration occurs in A-T. The oxidative stress
model proposes that neurodegeneration occurs as a con-
sequence of increased oxidative stress, and the DNA
damage model proposes that neurodegeneration occurs
as a consequence of the accumulation of DNA damage
(Rolig and McKinnon 2000; Barzilai et al. 2002; Shiloh
2003; Watters 2003). While we describe these models as
functioning independently, it is unlikely that this is the
case. For example, oxidative stress could lead to cell
cycle re-entry through several different pathways, and in
response to DNA damage, neurons may re-enter the cell
cycle before undergoing cell death.

Concluding remarks

Here we have described a powerful experimental model
in Drosophila to study the molecular mechanisms that
underlie neurodegeneration in the human disease A-T.
ATM knockdown in flies caused post-mitotic neurons to
re-enter the cell cycle and die by programmed cell death.
This finding suggests that ATM performs a cell cycle
checkpoint function in post-mitotic neurons, as it does
in response to DNA damage in proliferating nonneuronal
cells and neuroblasts. Heterozygous mutation of Stg/
CDC25 suppressed neurodegeneration in ATM knock-
down flies and inhibited cell cycle re-entry, suggesting
that cell cycle re-entry is causative for neurodegenera-
tion in A-T. In the future, further genetic, cell biological,
and molecular analysis of the Drosophila A-T model will
allow us to address unresolved issues, such as the extent
to which oxidative stress and DNA damage contribute to
neurodegeneration in the absence of ATM, what factors
trigger cell cycle re-entry in the absence of ATM, and
what factors link cell cycle re-entry to programmed cell
death as opposed to cell division in the absence of ATM.

Materials and methods

Drosophila genetics

Flies were maintained and crosses were carried out at 25°C un-
less otherwise noted. pATM was generated by cloning a 642-
base-pair (bp) fragment corresponding to exon 6 (nucleotides
1185–1827 of CG6535) of the Drosophila ATM gene into the
pWIZ transformation vector (Lee and Carthew 2003). pATM
was injected into a y1w1118 strain by standard methods (Rubin
and Spradling 1982). GMR-P35 flies were provided by B. Hay,
RAD50 flies were provided by M. Gatti, Elav-GFP flies
were provided by G. Boekhoff-Falk, and GAL4-driver lines and
P-element strains used in the screen were obtained from the
Bloomington Drosophila Stock Center.

The genetic screen was performed as described in Supplemen-
tal Figure 4. So as not to bias the analysis, stock numbers, not
genotypes, were used as identifiers during the screen. To assess
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the developmental requirement for ATM, pATMT4 flies were
crossed to hsp70-GAL4/CyO flies and hsp70-Gal4/+; pATMT4/+
(hs-ATMi) progeny were heat-shocked for 1 h at 37°C, twice a
day until 3 d post-eclosion, when the flies were processed for
TEM. To control for effects of GAL4 expression on neuron mor-
phology, hsp70-GAL4/CyO flies were crossed to w1118 flies, and
hsp70-GAL4/+ (hs-GAL4) progeny were subjected to the same
heat-shock regime. To assess the requirement for ATM in adult
flies, 3-d-old hs-ATMi and hs-GAL4 flies were heat-shocked for
1 h at 37°C, twice a day for 12 d, at which time the flies were
processed for TEM.

To examine whether neurodegeneration was progressive,
20–30 0- to 4-d-old female GMR-GAL4/+ (GMR-GAL4), GMR-
GAL4/+; pATMT4/+ (GMR-ATMi), and GMR-GAL4/+; pATMT4/
StringEY12388 (GMR-ATMi, Stg) flies were maintained in food-
containing vials and turned into new vials every 7 d. Flies were
processed for TEM 9, 27, or 48 d later.

For FACS analysis, Elav-GAL4, UAS-GFP (Elav-GFP) flies
were crossed to w1118 flies; Elav-GAL4, UAS-GFP; pATMT4/
TM6b, Tb (Elav-GFP; Elav-ATMi) flies were crossed to w1118

flies; Elav-GFP; Elav-ATMi flies were crossed to StringEY12388/
TM6b, Tb flies; Elav-GFP flies were crossed to StringEY12388/
TM6b, Tb flies; Elav-GFP; Elav-ATMi flies were crossed to
GMR-P35 flies; and Elav-GFP flies were crossed to GMR-P35
flies. Crosses were maintained for 8–9 d at 18°C and then placed
for 3 d at 25°C before eye discs were dissected from non-Tb
wandering third instar larvae.

Quantitation of ATM

To assess the efficacy of ATM mRNA knockdown in pATM
flies, 3-d-old hs-ATMi or hs-GAL4 flies were heat-shocked for 1
h at 37°C, and total RNA was isolated using an RNeasy Mini Kit
(Qiagen), according to the manufacturer’s protocol, at 2, 5, and
8 h post-heat-shock. Quantitative real-time RT–PCR was per-
formed and quantitated as described (Katzenberger et al. 2006).

To assess the efficacy of ATM protein knockdown in pATM
flies, hsp70-GAL4/hsp70-GAL4 flies were crossed to pATMT4/
pATMT4 flies, and hsp70-GAL4/pATMT4 embryos were heat-
shocked for 2 h at 37°C and allowed to recover for 1 h at 25°C.
Embryos were homogenized in Laemmli protein loading buffer
(Bio-Rad) containing �-mercaptoethanol. Embryo extracts were
fractionated by SDS-PAGE and subjected to Western blot analy-
sis. The SIN3 antibody was described previously, and the ATM
polyclonal antibody was raised in rabbits against a recombinant
protein that included the kinase domain (encoded by nucleo-
tides 6202–7290 of CG6535) (Pile and Wassarman 2000).

Electron microscopy

For SEM images, anesthetized 0- to 4-d-old female flies were
imaged on a Quanta 200 Environmental Electron Scanning Elec-
tron Microscope (FEI Company) using a gaseous secondary elec-
tron detector. The cooling stage was set to 0°C to preserve the
head while imaging.

For TEM images, adult fly heads were fixed for 4 h rotating at
4°C in 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.3). The initial fixative was then replaced
with 2% paraformaldehyde, 2% glutaraldehyde, and 1% tannic
acid in 0.1 M cacodylate buffer (pH 7.3), and the samples were
rotated overnight. Heads were washed (five times for 5–10 min)
in 0.1 M cacodylate buffer (pH 7.3) and were post-fixed with 2%
osmium tetroxide in 0.1 M cacodylate buffer for 2 h at room
temperature. Heads were washed (five times for 15–30 min) in
0.1 M cacodylate buffer (pH 7.3), dehydrated in an ethanol-in-
water series (50%, 60%, 70%, 80%, 90%, twice at 95%, and four

times at 100%), washed (three times for 10 min) with 100%
propylene oxide, and equilibrated into Spurr’s resin (Electron
Microscopy Sciences) in a propylene oxide-in-Spurr’s resin se-
ries (2:1, 1:1, 1:2, 100% Spurr’s resin). Each equilibration step
was carried out rotating for 8 h at room temperature. Heads
were placed in molds (Ted Pella) and cured overnight at 70°C.
Eyes were sectioned using a Reichert-Jung Ultracut E Micro-
tome. Ultrathin sections were placed on pioloform-coated one-
hole slot grids and contrasted with Reynolds lead citrate and 8%
uranyl acetate in 50% ethanol. Sections were analyzed on a
Philips CM120 electron microscope.

Quantitation of the neurodegenerative phenotype was carried
out by scoring the number of morphologically normal photore-
ceptor neurons in a field of defined size located in the center of
the eye. At least four individual eyes and �260 ommatidia were
scored for each genotype. Ultrathin sections were taken at a
constant depth of 25 µm from the surface of the eye. Analysis
software (Soft Imaging System Corp.) was used to take multiple
overlapping images of the entire eye section at a magnifica-
tion of 2050×, which were compiled using Adobe Photoshop.
Rhabdomeres were considered normal if they did not contain
holes and were not condensed, fragmented, or split. P-values
were calculated using one-way or two-way ANOVA and Dun-
nett’s multiple comparison tests or Bonferonni post-tests using
Prism 4.0c (Graphpad) software.

Immunofluorescence

For immunofluorescence, eye-antennal imaginal discs were dis-
sected from wandering third instar larvae in 1× PBS and pre-
pared for PH3, BrdU, TUNEL, or acridine orange (Invitrogen)
staining as described (Wolff 2002). The primary antibodies used
were �-PH3 (1:100 dilution; Cell Signaling Technology), �-Elav
(1:500 dilution; Developmental Studies Hybridoma Bank),
�-BrdU (1:200 dilution; Becton Dickinson), and rhodamine-con-
jugated �-DIG (1:200 dilution; Chemicon). The fluorescently
conjugated secondary antibodies used were �-mouse FITC
(1:200 dilution; Jackson Laboratories), �-rabbit FITC (1:200 di-
lution; Jackson Laboratories), �-rat rhodamine (1:5000 dilution;
Molecular Probes), and �-rat Alexa Fluor 488 (1:200 dilution;
Invitrogen). TUNEL assays were performed using the ApopTag
Red In Situ Apoptosis Detection Kit (Chemicon). The following
changes were made to the Wolff (2002) TUNEL staining proto-
col: 1× PBS was substituted for 0.1 M sodium phosphate buffer;
initial fixation was performed in 5% formaldehyde/1× PBS; eye
discs were incubated in stop-reaction mix for 1 h at 37°C; block-
ing was performed at room temperature for 1 h in a solution of
12% blocking solution (Chemicon)/BSS/0.3% TX-100 (BS/BSS/
TX); rhodamine-conjugated �-DIG and �-Elav antibodies were
diluted in BS/BSS/TX and eye discs were incubated overnight at
4°C; and �-rat Alexa Fluor 488 was diluted in BS/BSS/TX and
eye discs were incubated overnight at 4°C and processed as de-
scribed by Wolff (2002). The following change was made to the
Wolff (2002) acridine orange staining protocol: 1× PBS was sub-
stituted for Drosophila Ringer’s solution. Eye-antennal imagi-
nal discs were imaged on a Zeiss Axiovert 200M inverted mi-
croscope.

FACS analysis

FACS analysis was performed as described by Neufeld et al.
(1998) with the indicated modifications. Thirty to forty pairs of
eye-antennal imaginal discs from wandering third instar larvae
were dissected in PBS and transferred immediately into 500 µL
of TEHP buffer (9× Sigma Trypsin-EDTA, 15 µg/mL Hoechst
33342 in PBS). Eye-antennal imaginal discs were incubated with
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gentle agitation for 3 h. To aide cell dissociation, discs were
gently pipetted up and down 10 times every 20 min. After dis-
sociation, 100 µL of 33 µg/mL propidium iodide in PBS was
added to each sample. A Becton Dickinson LSRII was used to
analyze the cells. Five-thousand live, single, GFP-positive
events were collected for each sample, and the data were ana-
lyzed using CellQuest (Becton Dickinson) and ModFit (Verity
Software House) software. Propidium iodide was used to dis-
criminate between live and dead cells, and doublets were ex-
cluded during data acquisition and analysis. The n-values for
each set of experiments are indicated in the figure legends. Dif-
ferent individuals repeated experiments at least two indepen-
dent times for each genotype. Error bars represent standard error
of the mean. P-values were calculated using one-way ANOVA
and Tukey’s multiple comparison post-test using Prism 4.0c
(Graphpad) software.

Mammalian cell culture

HEK 293T cells were maintained in Eagle’s minimum essential
medium (MEM) containing 5% FCS. Antibody suppliers in-
cluded Genetex (�-ATM, �-HDAC1), Santa Cruz Biotechnology
(�-ATM), Rockland (�-pS1981-ATM), Upstate Biotechnology
(�-HDAC2), and Sigma (�-Flag M2). For the coimmunoprecipi-
tation experiments, HEK 293T cells were transfected with Flag-
HDAC1 or Flag-HDAC2 expression vectors (P. Yao, Duke Uni-
versity), and cell extracts were prepared before or 1 h after irra-
diation (20 Gy) as described previously (Tibbetts et al. 1999).
Cell extracts were immunoprecipitated with 2 mg of the indi-
cated antibodies for 2–4 h prior to analysis by SDS-PAGE and
immunoblotting (Shi et al. 2004). Coimmunoprecipitations of
endogenous proteins were performed using HEK 293T cell ex-
tracts immunoprecipitated with 2 mg of control IgG, HDAC1,
HDAC2, or ATM antibodies as described (Tibbetts et al. 1999).
Scrambled and HDAC2 siRNA transfections were carried out as
described (Dodson and Tibbetts 2004) using SmartPool siRNA
mixtures (Dharmacon).
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