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Summary

ATM and p53, effectors of the DNA damage checkpoint, are generally considered pro-
apoptotic in neurons. We show that DNA damage and checkpoint activation occurs
in postmitotic neurons in animal models of tauopathy, neurodegenerative disorders that
include Alzheimer’s disease. Surprisingly, checkpoint attenuation potently increases
neurodegeneration through aberrant cell cycle re-entry of postmitotic neurons. These data
suggest an unexpected neuroprotective role for the DNA damage checkpoint in

tauopathies.

A number of studies have demonstrated DNA replication and cell cycle activation
within postmitotic neurons in tauopathies, including Alzheimer’s disease and related
disorders (Andorfer et al., 2005; Herrup & Yang 2007). A growing literature also
demonstrates that DNA damage accompanies neurodegeneration (Kruman et al. 2004;
Kim et al. 2008). In the major DNA damage checkpoint responding to DNA double-
stranded breaks (DSBs), the Ser/Thr PI3 kinase family member ATM activates targets
including p53 and Chk2, a transcription factor and Ser/Thr kinase respectively, to
mediate either cell cycle arrest or apoptosis (Lee & McKinnon 2000). Reports of
upregulation of p53 and its homolog p73 in Alzheimer’s disease brains (Kitamura et al.
1997; Wilson et al., 2004), coupled with studies indicating ATM and p53 inhibition in
cultured or developing neurons is neuroprotective, has led to arguements that ATM and
p53 may be pro-apoptotic in Alzheimer’s disease (Kruman et al. 2004; Culmsee &
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Mattson 2005; Kim et al. 2008). Here we probe the relationship of the DNA damage
checkpoint to tau-dependent neurodegeneration in mature postmitotic neurons of the
genetically tractable fruit fly.

To show activation of a DSB checkpoint in experimental tauopathy, we first
demonstrated that pS3 was upregulated in cortical neurons in tau transgenic mice (Fig.
la, arrow; Fig. Sla; Ittner et al., 2008) compared to age-matched control brains. The
phosphorylation at Ser-139 of the histone variant H2AX (pH2AX) is a specific marker
for DSBs in mammalian cells. We found expression of pH2AX in neurons from tau
transgenic mice (Fig. 1c, arrow; Fig. S1b), but not in control tissue. We then investigated
whether these changes were mirrored in a Drosophila tauopathy model, in which pan-
neuronal expression of human tau recapitulates key features of human tauopathies
(Khurana et al. 2006). In the fly model, as in tau transgenic mice, there was upregulation
of neuronal p53 (Fig. 1b; Fig. S2), along with induction of Chkl (Fig. S3) and the p53
target gene Gadd45 (Fig. S4). In Drosophila, the homologous histone modification to
pH2AX is phosphorylation at Ser-137 of H2Av (pH2Av). We found that antibodies to
pH2Av labeled neuronal chromatin in tau-expressing adult animals (Fig. 1d, arrow), but
not in age-matched controls. To demonstrate physical evidence of DNA damage, brains
from tau-expressing Drosophila were analyzed with the comet tail assay in which DNA
single- or double-stranded breaks are demonstrated using single-cell gel electrophoresis.
We observed that nuclei of tau-expressing flies displayed greater than a 2-fold longer

comet tails (Fig. le).
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Having established that a DSB response occurs in tauopathy models, we next
determined the effect of genetically manipulating the checkpoint. Neurodegeneration in
our model can be assessed by TUNEL staining, caspase cleavage, and standard histology
(Khurana et al. 2006). We first determined whether the Drosophila homolog of ATM,
dATM, is a modifier of tau-induced toxicity in the adult fly brain. We found that
removing one copy of dATM significantly enhanced tau-induced neuronal apoptosis (Fig.
2a), with two separate dATM loss-of-function alleles, indicating a protective role for
dATM in tauopathy.

Fly homologs of Chk2 and p53, dChk2 and Dmp53, also play a homologous role
in the DNA damage response. Dominant-negative transgenic constructs of these
modifiers have been created. A dominant-negative Chk2 transgene and two separate
dominant-negative p53 transgenes led to a marked increase in tau-induced apoptosis (Fig.
2b; Fig. S5a,b). Conversely, increasing expression of p53 rescued toxicity (Fig. S6).
Consistent with ATM, Dmp53 and Chk2 acting in the same pathway, combining these
individual genetic modifiers demonstrated a non-additive modifying effect (Fig. 2c).
Importantly, genetic modifiers did not alter tau expression (Fig. S7). These data support
a neuroprotective role for an ATM-dependent DSB checkpoint in the fly tauopathy
model.

We reasoned that the DSB checkpoint could be neuroprotective by inhibiting the
cell cycle. We have previously shown that abnormal markers of cell cycle activation can
be detected in adult neurons within the brain of tau-expressing flies, including
proliferating cell nuclear antigen (PCNA), a marker also upregulated in Alzheimer’s

disease and related tauopathies (Fig. 2; Khurana et al. 2006; Herrup & Yang 2007).
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Furthermore, cell cycle re-activation is causally linked to tau-induced neurodegeneration
in fly and mouse Alzheimer’s disease models (Andorfer et al. 2005; Khurana et al. 2006;
Kim et al. 2008). We found that decreasing function of ATM, Chk2 or p53 strongly
upregulated tau-induced PCNA (Fig. 2d, e, arrowheads). These data implicated re-entry
of postmitotic neurons into the cell cycle as a mechanism through which checkpoint
inhibition exacerbates neurotoxicity.

There is a growing literature on aberrant cell cycle re-entry, DNA damage and
checkpoint activation in Alzheimer’s disease and related tauopathies (Herrup & Yang
2007; Kim et al. 2008; Myung et al., 2008). The relationship among these three
processes, however, has remained unclear. In this paper, we provide direct evidence of
DNA damage and checkpoint activation in tauopathy models. Our previous work
identifying oxidative stress as a critical component of tau-induced neurodegeneration
provides one potential mechanism for tau-induced DNA damage (Dias-Santagata et al.,
2007; Barlow et al., 1999). The genetic data presented in this study argue for a
neuroprotective role of the DNA damage checkpoint and suggest caution in designing
pS3 inhibitors as therapeutic agents in Alzheimer’s disease and related tauopathies. A
number of recent studies have demonstrated an early protective role for the DNA damage
checkpoint in tumorigenesis (Bartkova et al. 2005). Together with these findings and the
known concomitant neurodegeneration and tumorigenesis that occurs with ATM loss-of-
function in the disease ataxia telangiectasia, our data raise the possibility of a generally

protective function for the DNA damage checkpoint in diseases of aging.
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FIGURE LEGENDS

Figure 1. Upregulation of p53 and DNA damage in tauopathy models. (a,c) Increased
pS53 (a) or pH2AX (c) in neurons of tau transgenic mice (arrows). Scale bars are 10 pm.
(b,d) Elevated p53 (b) or pH2AX (d) in neurons of tau transgenic flies (arrows). Scale
bars are 3 um. (e) Comet assay shows an increase in tail moment in tau transgenic fly
brains compared to control. *P<0.01, unpaired t-test. Control genotype: elav-GAL4/+.
Flies are 10 days old.

Figure 2. Neurodegeneration and cell cycle are promoted by reducing checkpoint
function. (a,c,d,e) Reducing checkpoint function increases neurodegeneration (a-c,
TUNEL) and cell cycle reentry (d,e, PCNA, arrowheads). (c) No further increases in tau
neurotoxicity are observed when two checkpoints are reduced simultaneously, consistent
with a nonlinear interaction. *P<0.01, ANOVA with Student-Neuman-Keuls. Control
genotype: elav-GALA4/+. Flies are 10 days old.

SUPPLEMENTARY INFORMATION
METHODS
Fly Stocks, Genetics, Mice

All fly crosses and experiments were performed at 25°C. The tauopathy model used is
based on expression of human ON,4R tau carrying the R406W mutant version of tau
found in patients with frontotemporal dementia with parkinsonism linked to chromosome
17 (FTDP-17). In this model the bipartite UAS/GALA4 expression system is used to
express human tau in a panneural pattern with the elav-GAL4 driver. The model has been
previously described in detail (Wittmann et al. 2001; Khurana et al. 2006; Dias-Santagata
et al. 2007). All flies were analyzed at 10 days of age in experiments using the elav-
GALA driver. Since developmental expression of wild type pS3 causes lethality with the
elav-GALA driver, we used the conditional GeneSwitch system and the panneural driver
elav-GeneSwitch (Osterwalder et al., 2001) to express wild type p53 (Fig. S6). To induce
expression of p53 flies were fed the steroid RU486 following eclosion. RU486 was
added to instant fly food (Carolina Biological) at a final concentration of 1 mg/ml. Flies
were analyzed at 20 days of age in the GeneSwitch experiment.

The elav-GALA4 driver and CycE-lacZ (CycE”?”) lines were obtained from the
Bloomington Drosophila Stock Center. The dAtm mutants were previously described
(Silva et al. 2004). UAS-Chk2”" was described in Peters et al. (2002). UAS-p53°M7)
(UAS—p53D 259H) and UAS—p53D M2) (UAS—p53C’) were the dominant negative constructs as
described and characterized in Brodsky et al. (2000). p53"/"'#" was described in Rong et
al. (2002) and was kindly provided by Michael Brodsky. The presence of the p53''~/%/
mutant allele in relevant stocks was confirmed using PCR on genomic DNA (primers: (1)
5-GTTCGCCTGGATCTTAATTA-3"; (2) 5'-GTTCGCCTGGATCTGAATGT-3"; and
(3) 5'-AATCGCTGCATGCGGTAGTA-3") as described by Kent Golic (Tweedie et al.,
2009). Additional stocks were generously provided by the indicated investigators: UAS-
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human PARP transgenic flies, Darren Williams (Williams et al., 2006); hid-lacZ (hid®"'°-
lacZ) reporter, Andreas Bergmann (Fan et al., 2010); th-GFP, Jin Jiang (Zhang et al.,
2008); Chkl-GFP, William Sullivan (Royou et al., 2008).

Transgenic mice express 1N,4R tau carrying the K3691 mutant version of tau reported in
a patient with Pick’s disease tauopathy pathology driven by the mThy1.2 promoter
(Ittner et al., 2008). Mice were analyzed at 10 months of age, and compared to
age-matched littermate controls.

Sectioning, Immunostaining, and Histology

Adult flies were fixed in formalin at 10 days and embedded in paraffin. Serial frontal 4
um sections including the entire brain were prepared. Mouse tissue was also paraffin
embedded, and was cut at 3 um. Antigen retrieval was performed by microwaving in
sodium citrate buffer. Immunostaining was performed with an avidin-biotin-peroxidase
complex (ABC) method (Vector Laboratories) or with secondary antibodies coupled to
Alexa Fluor 488 or Alexa Fluor 555. Primary antibodies included anti-elav
(Developmental Studies Hybridoma Bank), anti-pH2AX (Cell Signaling), anti-pH2Av
(Rockland), anti-MAP2 (Chemicon), anti-Drosophila pS3 (d-200 and E-5, Santa Cruz;
H3, Developmental Studies Hybridoma Bank), anti-mouse p53 (FL-393, Santa Cruz),
anti-human PARP (E51, Abcam), and anti-PCNA (Biomeda). p53 knockout mice (not
shown) or flies (Fig. S2) were used to ensure the specificity of the p53 antibodies.

For PCNA quantification, the number of PCNA-positive foci were counted in the entire
brain. For PARP quantification, cleaved PARP immunoreactive neurons were counted
throughout the entire brain (Fig. S5a). For vacuole quantification, H&E stained sections
were analyzed and vacuoles larger than 5 pm were counted throughout the entire brain
(Fig. S5b). For PCNA, PARP and vacuole quantification at least six brains were
analyzed per genotype; statistical significance was established one-way ANOV A with
post hoc test for multiple comparisons (Student-Neuman-Keuls; P< 0.01). For
quantitation of p53 or pH2AX in K3 (n=5) and nontransgenic control (n=4) mice, the
number of positive nuclei (out of 50 neuronal nuclei) were counted in the lateral frontal
cortex, an area of high tau expression in this model. Statistical significance was
evaluated using an unpaired t-test (P<0.001).

TUNEL Staining

Neuronal apoptosis was detected with the TUNEL assay using a commercially available
kit (TdT FragEl, Oncogene). Neurodegeneration was quantified by counting the number
of TUNEL-positive cells per hemibrain in consecutive frontal sections between the
ellipsoid body anteriorly and the mushroom body posteriorly. At least six hemibrains
were examined per time point for each genotype. Statistical significance was established
by one-way ANOV A with post hoc test for multiple comparisons (Student-Neuman-
Keuls; P< 0.01).
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Comet Assay

The comet assay was performed using commercially available reagents (CometAssay,
Trevigen) under neutral electrophoresis conditions. Images were analyzed using the
software Comet Score version 1.5. The assay was repeated three times. At least 6
animals per genotype were analyzed. Statistical significance was evaluated using an
unpaired t-test (P<0.01).

Western blot

Adult Drosophila heads were homogenized in 2X Laemli’s buffer (Sigma-Aldrich).
Samples were boiled for 10 minutes, briefly centrifuged, and subjected to SDS-PAGE in
a 10-20% gradient gel (Cambrex). Proteins were transferred to nitrocellulose membranes
(Bio-Rad), blocked in 2% milk in PBS with 0.05% Tween 20, and immunoblotted using a
phosphorylation-independent rabbit polyclonal anti-tau antibody (Dako). The blot was
reprobed with an anti-actin antibody (JLA20, Developmental Studies Hybridoma Bank)
to illustrate equivalent protein loading.

RNA extraction and real-time quantitative PCR

RNA was isolated from fly heads using Trizol solution as suggested by the manufacturer
with an additional centrifugation (11,000 x g, 10 minutes) to remove debris prior to the
addition of chloroform. RNA quality was evaluated on 1% agarose gel. 1 pgm of total
RNA was used in the reverse-transcription reaction (High Capacity cDNA Reverse
Transcription Kit, Applied Biosystems). Primers were designed using Primer Express 3.0
(Applied Biosystems) and were used at a final concentration of 150 nM. PCR reactions
were set up in a 16 ul reaction volume using SYBR Green PCR Master Mix (Applied
Biosystems). PCR amplifications were performed with an Applied Biosystem Step One
machine. The RpL32 ribosomal protein L32 transcript was used as an endogenous
control. Primers were as follows: GADD45 for — TGCTGGAGGCCTTTTGCT,
GADD45 rev - GCGTCGTCCACCTTGATCA, RpL32 for -
GGCCCAAGATCGTGAAGAAG, RpL32 rev — TTTGTGCGACAGCTTAGCATATC.
Experiments were run in triplicate and the experiment was repeated four times.
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SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure 1. Induction of p53 and DNA damage in neurons from K3
transgenic mice. (a) Quantification demonstrates a significant increase in the number of
pS3-immunoreactive nuclei in frontal cortical neurons from mice expressing mutant
human tau (n=5) compared to nontransgenic controls (n=4). (b) Quantification
demonstrates a significant increase in the number of pH2AX-immunoreactive nuclei in
frontal cortical neurons from mice expressing mutant human tau (n=5) compared to
nontransgenic controls (n=4). The Y-axis indicates the percent of neurons with positive
nuclei. *indicates P<0.01, unpaired t-test. Mice are 10 months old.

Supplementary Figure 2. No p53 immunoreactivity is observed in p53 null neurons. To
confirm the specificity of the anti-Drosophila p53 antibody used in Fig. 1b (Santa Cruz,
d-200), brains from flies expressing tau in a p53 null background were immunostained in
parallel with flies expressing tau in the presence of two normal copies of p53. No
significant immunofluorescence is observed in the p53 null animals (green, upper
panels). An antibody to the neuronal protein elav is used to identify neuronal nuclei
(red). Scale bar is 10 um and pertains to all panels. Driver is elav-GAL4. Flies are 10
days old.

Supplementary Figure 3. Cell death and cell cycle pathway markers are specifically
expressed in tau transgenic flies. Reporters of hid (hid”*'°-lacZ), th (also known as
Diapl), Chkl (grapes), and cyclin E expression are all positive in tau transgenic fly
brains (right panels, arrows), but are negative in controls (left panels). Expression of the
reporters was assayed by immunohistochemical detection of -galactosidase or GFP on
sections of adult fly brains. Positive signals are indicated by the brown (DAB) reaction
product (arrows). A light hematoxylin (blue) counterstain highlights nuclei in panels
showing the Chkl-GFP and CycE-lacZ reporters. Scale bar is 10 um and pertains to all
panels. Control genotype: elav-GAL4/+. Flies are 10 days old.

Supplementary Figure 4. Gadd45 mRNA is upregulated in tau transgenic flies as
measured by quantitative real time PCR. Data is presented as fold increase over control
(elav-GALA4/+) and is normalized to an endogenous control transcript (RpL32 ribosomal
protein L32). Experiments were run in triplicate and the experiment was repeated four
times. The data shown represent the average of four experiments. Flies are 10 days old.

Supplementary Figure 5. Neurodegeneration is promoted by reducing checkpoint
function as measured by caspase-cleaved PARP (a) and vacuole formation (b).
Removing one copy of dAtm using heterozygous loss of function mutants (dAsm® and
dAtm’) significantly increases tau neurotoxicity. Reducing Chk2 or p53 function using
dominant negative forms of the proteins significantly significantly increases tau
neurotoxicity. (a) Caspase-cleaved PARP was monitored by introducing a transgene
including the caspase cleavage site of human PARP and detecting cleaved human PARP
on tissue sections comprising the entire brain using a specific antibody. The number of
cleaved PARP-positive foci was counted. (b) Vacuoles greater than 5 pm were counted
in sections comprising the entire brain. n=6 per genotype. *indicates P<0.01, one-way
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ANOVA with Student-Neuman-Keuls post hoc test for multiple comparisons. Control
genotype (a): elav-GAL4/+; UAS-PARP/+. Flies are 10 days old.

Supplementary Figure 6. Overexpression of wild type p53 rescues tau neurotoxicity. The
inducible GeneSwitch system was used to circumvent developmental lethality of p53
overexpression. Wild type p53 was expressed for the first 20 days of adult life.

Although reduced toxicity is seen when tau was expressed using GeneSwitch, most likely
due to significantly reduced levels of expression mediated by elav-GeneSwitch compared
with elav-GAL4 system, rescue of tau neurotoxicity is nonetheless observed. n=7 per
genotype. *indicates P<0.05, unpaired t-test. Flies are 20 days old.

Supplementary Figure 7. Western blot analysis reveals no change in tau levels in the
presence of genetic modifiers (upper panel). A phosphorylation-independent
polyclonal antibody (Dako) was used to detect tau. The blot was reprobed with
an antibody to actin to illustrate equivalent protein loading (lower panel). Driver is
elav-GALA4. Flies are 2-3 days old.
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