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NMNAT suppresses Tau-induced
neurodegeneration by promoting clearance
of hyperphosphorylated Tau oligomers

in a Drosophila model of tauopathy
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Tauopathies, including Alzheimer’s disease, are a group of neurodegenerative diseases characterized by
abnormal tau hyperphosphorylation that leads to formation of neurofibrillary tangles. Drosophila models
of tauopathy display prominent features of the human disease including compromised lifespan, impairments
of learning, memory and locomotor functions and age-dependent neurodegeneration visible as vacuoliza-
tion. Here, we use a Drosophila model of frontotemporal dementia with parkinsonism linked to chromosome
17 (FTDP-17), in order to study the neuroprotective capacity of a recently identified neuronal maintenance
factor, nicotinamide mononucleotide (NAD) adenylyl transferase (NMNAT), a protein that has both NAD
synthase and chaperone function. NMNAT is essential for maintaining neuronal integrity under normal con-
ditions and has been shown to protect against several neurodegenerative conditions. However, its protective
role in tauopathy has not been examined. Here, we show that overexpression of NMNAT significantly sup-
presses both behavioral and morphological deficits associated with tauopathy by means of reducing the
levels of hyperphosphorylated tau oligomers. Importantly, the protective activity of NMNAT protein is inde-
pendent of its NAD synthesis activity, indicating a role for direct protein—protein interaction. Next, we
show that NMNAT interacts with phosphorylated tau in vivo and promotes the ubiquitination and clearance
of toxic tau species. Consequently, apoptosis activation was significantly reduced in brains overexpressing
NMNAT, and neurodegeneration was suppressed. Our report on the molecular basis of NMNAT-mediated
neuroprotection in tauopathies opens future investigation of this factor in other protein foldopathies.

towards neurotoxicity revealed that many phosphor epitopes
created by proline-directed kinases (SP/TP) sites show relative
specificity for disease states (8,9). In fact, blocking phosphor-

INTRODUCTION

Tauopathies, including Alzheimer’s disease (AD) and fronto-

temporal dementia with parkinsonism linked to chromosome
17 (FTDP-17), are a group of neurodegenerative diseases char-
acterized by the presence of abnormally hyperphosphorylated
tau proteins that form predominantly paired helical filaments
(PHF) (1,2). In general, tau proteins are neuronal microtubule-
binding proteins promoting microtubule assembly and stabil-
ization (1,2). In the disease state, the hyperphosphorylation
of tau is about four to eight times higher than in age-matched
controls, disrupting its general microtubule-binding function
and facilitating the formation of neurofibrillary tangles
(3—7). Investigating the role of phosphorylation states of tau

ylation by mutating 14 of these SP/TP sites to alanine signifi-
cantly reduced tau toxicity in vivo (9). Hence, tau toxicity in
tauopathies can be directly correlated with its hyperpho-
sphorylated state.

Drosophila melanogaster has been used previously as an
in vivo model for tauopathy, recapitulating many of the
salient features of the disease (10,11). Transgenic flies neuron-
ally overexpressing either wild-type or mutant human tau,
hTauR*%V " associated with FTDP17, showed adult onset,
progressive neurodegeneration with compromised lifespan
and accumulation and hyperphosphorylation of tau (11).
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Interestingly, all these disease features are exhibited in
Drosophila tauopathy models with minimal formation of
insoluble tau aggregates or NFTs (11,12), which are common-
ly associated with the human disease pathology, thereby sug-
gesting an essential role for the soluble, hyperphosphorylated
tau oligomers in the onset and progression of degenerative
phenotypes. Furthermore, in these fly models, overexpression
of tau in the mushroom body neurons elicited decrements in
associative olfactory learning and memory prior to the
initiation of neurodegeneration, indicating that perturbations
in behavioral plasticity may be one of the earliest manifesta-
tions of tauopathy (13).

In an unbiased screen in Drosophila, we identified a neur-
onal maintenance function of nicotinamide mononucleotide
(NAD) synthase nicotinamide mononucleotide adenylyltrans-
ferase (NMNAT) (14). In addition to maintaining neuronal
integrity under normal conditions, overexpression of
NMNAT has been shown to protect against activity-,
injury-, as well as spinocerebellar ataxia 1 (SCAIl) protein,
Ataxin 1, with polyglutamine expansion-induced neurodegen-
eration (14—16), suggesting a diverse neuroprotective func-
tion of NMNAT. Furthermore, NMNAT displays chaperone
function, and NMNAT-mediated protection against neurode-
generation was achieved partly through a proteasome-
mediated pathway in a manner similar to heat-shock protein
70 (Hsp70) (16,17). Several reports have implicated the
therapeutic potential of chaperones in different models of
tauopathy and other neurodegenerative conditions (18-21).
Specifically, in a cellular model of tauopathy, an inverse re-
lationship between aggregated tau and the levels of HSP70/
90 was observed, illustrating a neuroprotective effect of over-
expressing these heat shock proteins. It was shown in this
study that overexpressed Hsp70 or 90 directly associated
with tau aggregates and reduced hyperphosphorylated tau
burden and promoted tau solubility (22).

In this study, we set out to investigate the neuroprotective
capacity of NMNAT in a Drosophila model of tauopathy.
We found that NMNAT suppresses the morphological vacuo-
lization, the learning and memory decrements and the loco-
motor deficits associated with pan-neuronal overexpression
of human wild-type or mutant tau in Drosophila. Importantly,
we observed comparable neuroprotection from expressing
either wild-type or enzyme-inactive NMNAT (NMNATYK)
in our tauopathy model. We hypothesized that NMNAT can
act like other chaperones to promote the clearance of hyper-
phosphorylated tau via ubiquitination. We carried out exten-
sive biochemical analyses to test this hypothesis and found
that NMNAT specifically binds human tau and disease-
associated phosphorylated tau. Overexpression of either wild-
type or enzyme-inactive NMNAT reduced the levels of hyper-
phosphorylated tau oligomers and promoted clearance of
hyperphosphorylated tau oligomers through ubiquitination,
in a proteasome-mediated manner. Consequently, tau-induced
age-dependent neurodegeneration was suppressed by NMNAT
overexpression, as indicated by reduced levels of apoptosis
and activated caspase 3. Hence, we show that the neuronal
maintenance factor NMNAT can offer significant protection
in tauopathy, and the molecular basis for NMNAT-mediated
protection is through promoting the clearance of toxic hyper-
phosphorylated tau oligomers.

RESULTS

NMNAT expression rescues learning and memory and
locomotor deficits induced by human tau overexpression

Tauopathies, such as AD, are characterized by accumulation
of abnormally phosphorylated and aggregated tau, leading to
synaptic dysfunction underlying age-dependent severe demen-
tia (11,23,24). It has been shown that overexpression of wild-
type tau in the adult Drosophila mushroom body neurons,
which are centers of olfactory learning and memory, is mani-
fested in compromised associative olfactory learning and
memory. This significantly precedes the onset of visible neur-
onal loss and neurodegeneration (13), suggesting that compro-
mised behavioral plasticity may be the earliest detectable
manifestations of tauopathies. To investigate whether neuronal
maintenance factor NMNAT offers protection in tauopathy,
we first assessed learning and memory functions and loco-
motor deficits induced by tau expression with or without
NMNAT overexpression.

To model tauopathy in Drosophila CNS, we overexpressed
either wild-type or Arg***— Trp (R406W) mutant tau, an
isoform associated with an early-onset familial form of demen-
tia, with a pan-neuronal elav-GAL4 driver (11). In addition, we
overexpressed either wild-type or enzyme-inactive NMNAT
(NMNATWYR) to assess its protective capacity in this neurode-
generative model. In NMNATYK, two of the key residues
required for substrate binding are mutated, resulting in <1%
enzymatic activity of the wild-type protein (14). To control
for tau expression dosage in different genotypes, we used GFP
expression whenever NMNAT was not overexpressed.

We have established an aversive phototaxis suppression
(APS) assay to measure learning and memory function
(25,26), where flies were forced to associate an aversive stimu-
lus (bitter taste from quinine) with light and learn to avoid light
and suppress phototaxis. Wild-type flies are able to learn the task
after 10 training trials (25,26). Learning ability can be tested in
five consecutive trials immediately after the training phase (0 h
post-conditioning, PC0), whereas memory capacity can be
tested in five trials 6 h after the training phase (6 h post-
conditioning, PC6). A successful avoidance of light in the test
trial was considered ‘pass’ and the passing rate for all trials
was calculated and plotted as indexes for learning or memory
abilities. We hypothesized that tau-overexpressing flies will
exhibit impaired behavioral plasticity and will have compro-
mised learning and memory function. As shown in Figure 1A
and Supplementary Material, Tables S1—S4, overexpression
of Tau or Tau®™%" in the CNS did not affect the learning
(PCO0) and memory (PC6) abilities of 2-day-old (2 DAE, days
after eclosion) flies, but resulted in significantly reduced PCO
and PC6 in 20 DAE flies, suggesting that human Tau expression
in Drosophila CNS causes learning and memory deficits in an
age-dependent manner. Interestingly, loss of one copy of
endogenous NMNAT (nmnat/+) significantly reduced both
leaming and memory abilities in 2 DAE flies overexpressing
TauR***"V, suggesting that a reduced endogenous NMNAT
level caused an earlier onset of impairment in learning and
memory and exacerbated the deficit initiated by mutant tau
overexpression. Conversely, overexpressing NMNAT in the
CNS significantly improved tau-induced learning and memory
deficits in 20 DAE flies. Importantly, overexpression of
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Figure 1. NMNAT rescues learning and memory deficits and locomotor
impairments induced in tauopathy. (A) Learning and memory functions
were studied in flies of specified genotypes using APS assay, where flies
were conditioned to associate light with the bitter taste of quinine. PCO, 0 h
post-conditioning (learning index); PC6, 6h post-conditioning (memory
index). Overexpression of tau or tau™**®V causes age-dependent decrements
in learning and memory functions. NMNAT or NMNATY® overexpression
rescues these deficits. Error bars represent results in five consecutive trials
for 20 individual flies of each age and genotype (statistical significance
noted in Supplementary Material, Tables 1—4). (B) Locomotor performance
was investigated using negative geotaxis assay. Overexpression of tau or
tau™**V causes significant deficit in locomotor activities which are rescued
by NMNAT or WR. Each bar graph is an average of 10 trials of 100 flies
of each genotype and age. *P < 0.05, **P < 0.005.

NMNATWYR was neuroprotective to a level similar to wild-type
NMNAT overexpression (Fig. 1A, Supplementary Material,
Tables S1—S4). These results suggest that tau expression in
the CNS induced age-dependent learning and memory impair-
ment that can be suppressed by NMNAT overexpression. The
neuronal level of NMNAT is an important determinant of the
age of onset as well as the severity of the deficit, as a reduced
level of NMNAT lowered the age of onset of learning and
memory deficits, whereas overexpression of NMNAT signifi-
cantly improved learning and memory functions, in our
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tauopathy model. However, overexpression of either wild-type
or enzyme-inactive NMNAT alone in wild-type background
did not have any effect on learning and memory index in
20 DAE flies compared with controls (Supplementary Material,
Fig. S1A).

In addition to learning and memory functions, we next
tested locomotor activity using a negative geotaxis assay
(25,27,28% As shown in Figure 1B, overexpression of either
tau or tau"**®V in the CNS caused an age-dependent decrease
in locomotor activity as measured by climbing performance.
However, overexpression of NMNAT restored the locomotor
performance close to the wild-type level. Overexpressing
enzyme-inactive NMNATWR restored the locomotor perform-
ance in 2 and 10 DAE flies, and an increase in locomotor
performance compared with tau and GFP expressing flies,
although not to the extent of the performance of GFP-only
expressing flies (Fig. 1B). This observation is consistent
with the level of hyperphosphorylated tau in flies overexpres-
sing NMNATY®R and Tau in 20 DAE flies (see below Fig. 4).
Again, as observed with cognitive performance, overexpres-
sion of NMNAT or NMNATY® alone did not elicit any sig-
nificant differences in climbing performance, compared with
control flies (Supplementary Material, Fig. S1B).

The results from behavioral analyses showed that, first,
overexpressing tau or tau****V in the CNS caused an age-
dependent decrease in learning and memory abilities and loco-
motor activity; second, the behavioral deficits were attenuated
by overexpressing NMNAT; and third, the level of NMNAT is
an important determinant for the age of onset and the severity
of the behavioral deficits.

NMNAT rescues age-dependent vacuolization induced
by tau expression

Previous work has shown that overexpression of tau in
Drosophila results in an age-dependent vacuolization and
degeneration of cells in the cortex as well as in neuropil struc-
tures (11). Such vacuolization is more severe in flies overex-
pressing mutant tau®*°V. To assess whether NMNAT can
rescue this tau-induced morphological change and neurode-
generation at the cellular level, we examined the morphology
of the fly brain at 2 and 20 DAE with immunofluorescence
labeling for NMNAT, pTau®*®* and DAPI (Fig. 2). The
level and distribution of tau phosphorylation at serine 262
(pTau®*?) was examined because phosphorylation at this
residue has been shown to be absolutely essential to mediate
toxicity in established Drosophila models of AD (29). At 2
DAE, vacuolization was not observed in the tau-overengressed
fly brain (Fig. 2A1—4), but was present in the tau®***" over-
expressed fly brain (Fig. 2B1—4, vacuole indicated by white
arrowheads). At 20 DAE, multiple large vacuoles can be
observed in both tau and tau™°"V fly brain, indicating
severe neurodegeneration (Fig. 2C1-D4). Overexpressing
either wild-type (Fig. 2E1—-F4) or enzyme-inactive NMNAT
(Fig. 2G1—-H4) significantly reduced the number and size of
these age-dependent vacuolization in 20 DAE flies (Fig. 3).
Interestingly, NMNAT overexpression also altered the distri-
bution of tauP>? In tau or tau®**®V expressing brains,
tauP>?%? was accumulated with age and distributed in
clusters or filamentous pattern (Fig. 2A2, B2, C2 and D2,
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Figure 2. NMNAT suppresses tau-induced morphological vacuolization. Tau or tau

NMNAT | pTAU®e2s DAPI Merge
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R406W

overexpression causes age-dependent vacuolization (A—D) demarcated

by white arrowheads. Brains were stained for pTau®®%? to detect hyperphosphorylated tau and also NMNAT levels (red) and DAPI to mark cell bodies. Over-
expression of wild-type NMNAT (E and F) or enzyme-inactive NMNATY® (G and H) significantly reduced the size and occurrence of vacuoles in 20-day-old
flies. Scale bar = 20 pm. Black arrows: filamentous tau; white arrows demarcate vacuole boundary.

black arrowheads). However, in NMNAT co-expressing
brains, the level of tauP>"*%? was significantly reduced and
no clusters were observed (Fig. 2E2, F2, G2 and H2). As a
control experiment, we examined whether NMNAT or

NMNATY®R overexpression with GFP in the adult brain pro-
duces any morphological phenotypes. As shown in Supple-

mentary Material, Figure S2, no morpholo%\}cal anomaly was
observed in 20 DAE NMNAT or NMNAT"® overexpressing
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Figure 3. NMNAT reduces the total vacuole volume per brain induced by
hTau overexpression. Overexpression of both wild-type and enzyme-deficient
NMNAT reduces total vacuole volume per brain. Vacuole volume was quan-
tified by using the FluoViewl0-ASW (Olympus) software, assuming each
vacuole to be spherical in form. Numbers at the bottom of the bars indicate
the number of brains quantified per age per genotype. *P < 0.001, **P < 0.05.

fly brains. These results suggest that NMNAT overexpression
can suppress the vacuolization phenotype caused by
tau-induced neurodegeneration at the cellular level.

NMNAT reduces the level of tau hyperphosphorylation

The significant rescue of tau-induced behavioral and morpho-
logical impairments by either wild-type or enzyme-inactive
NMNAT suggested that the mode of protection availed by
NMNAT might possibly have an enzyme-independent mech-
anism. Studies using tauopathy models have suggested the
main cause of neurodegeneration to be tau hyperphosphoryla-
tion and oligomerization that interfere with proper neuronal
functions and lead to cell death (9,11,29-31). In order to
reveal the mechanism underlying the protective effects of
NMNAT, we next determined the impact of NMNAT expres-
sion on the levels of hyperphosphorylated tau.
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To determine the conformation and phosphorylation state of
tau protein, we used the following specific antibodies that are
commonly used to detect tau abnormalities in disease state:
AT8 and ATI180 antibodies to preferentially recognize tau
phosphorylation characteristic of AD state (11,32,33),
tauP>"%2 antibody to probe for serine 262-specific phosphor-
ylation of tau, as phosphorylation at this residue has been
shown to be essential for neurotoxicity associated with a dif-
ferent model of AD (29), and human tau antibody to probe
the total level of tau protein expressed. The specificity of
these antibodies was indicated by lack of immunoreactivity
in the control flies that were not expressing human tau
(Fig. 4A and B, lanes 1—4). In tau- or tau®***“-expressing
flies, a significant level of phosphorylated tau was detected
in the CNS by all three phospho-specific antibodies
(Fig. 4A and B, lanes 5—6). When NMNAT or NMNAT"®
was co-overexpressed, a significant decrease in phospho-tau
was detected by ATS, ATI180 and pSer262 antibodies in 2
DAE flies (Fig. 4A and B, lanes 7 and 9, quantifications in
4C and E). The level of phospho-tau was higher in
tauR406W-expressing flies than that in tau flies, consistent
with a more aggressive phenotype produced by tau®***V over-
expression (11). Phospho-tau accumulated with age as the
levels were substantially elevated in 20 DAE tau- or
tauR406W-expressing flies, and overexpressing NMNAT pro-
vided significant reduction in the level of phospho-tau
(Fig. 4A and B, lane 8, and quantifications in 4D and F).
More interestingly, removing one copy of endogenous
NMNAT significantly increased the level of phospho-tau in
tauR*%°V_expressing flies (Fig 4A and B, lanes 11 and 12,
and quantifications in 4C—F), consistent with the observation
that removing one copy of endogenous NMNAT exacerbated
the learning and memory defect caused by tau®***V overex-
pression (Fig. 1). These results suggest that the level of
phospho-tau is correlated with the severity of the neurodegen-
erative phenotypes and that NMNAT-mediated suppression
of tau-induced behavioral and morphological deficits is the
result of a reduced level of hyperphosphorylated tau, hence
mitigating toxicity caused by such modifications.

There could be two possible modes of action of how
NMNAT reduces phosphorylated tau oligomers. First,
NMNAT could affect the activity of some of the kinases
involved in hyperphosphorylating Tau and therefore reduce
the level of phosphorylation of tau. Second, NMNAT could
act as a chaperone to interact with these hyperphosphorylated
oligomers and promote clearance in a proteasome-mediated
manner. To test the first hypothesis, we overexpressed
NMNAT in Cos7 cells and examined the expression level of
a list of kinases previously implicated in tau phosphorylation
(Supplementary Material, Fig. S3). Two types of phosphoryl-
ation motifs are present within tau protein: proline-directed
serine/threonine sites and the KXGS motifs within the four
microtubule-binding repeat domains (serine residues at 262,
293, 324 and 356) (34,35). We examined the following six
major kinases that have been implicated in hyperphosphoryla-
tion of tau. First, we examined p38 microtubule-associated
protein (MAP) kinase and its activated form phosphorylated
at Thr180/pTyrl182 as MAPK/ERK-P was found in a
subset of neurons and glial cells bearing abnormal tau depos-
ition, and strong p38-P immunoreactivity was observed in
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and Tau5e262

as well as total hTau and actin for loading control. (C and D) Quantification of phosphorylated-tau species normalized to actin and total hTau from

samples in (A) in 2 DAE (C) and 20 DAE (D) flies or in (B) in 2 DAE (E) or 20 DAE (F) flies. *P < 0.05.

~50-70% of neurons with neurofibrillary tangles and in
dystrophic neurites of senile plaques in AD (36). Second, we
investigated stress-activated protein kinase JNK and its acti-
vated form phosphorylated at Thr183/Tyr185 (37). Third, we
checked the levels of GSK3B and its activated form
phosphorylated at Ser9 as it has been shown that in AD, hyper-
phosphorylated tau plays a very important role in neurodegen-
eration and tau is hyperphosphorylated on residues that

overlap with GSK3f targets; in animal models, tau hyperpho-
sphorylation by GSK3 accelerates neurodegeneration in the
context of both wild-type and mutant tau (38—41). Fourth,
we investigated ERK and its active form phosphorylated at
Thr202/Tyr204 (42). Fifth, we examined MAP/microtubule
affinity-regulating kinases family (MARKI1-4) of serine/
threonine kinases that can phosphorylate MAPs including
tau at KXGS sites such as Ser262 (34), as recent evidence
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supports a role for the prior phosphorylation of tau by MARK
to initiate the pathogenic cascade of hyperphosphorylation by
other kinases leading to the formation of tau lesions (43).
Finally, we investigated whether NMNAT levels affected
PP2A, one of the major protein phosphatases involved in tau
dephosphorylation in vivo (44). As shown in Supplementary
Material, Figure S3, we did not observe any changes in the ex-
pression or activation for p38MAPK, ERK, JNK, GSK3{,
MARK, as detected by a phospho-MARK family (Activation
Loop) antibody, and PP2A, from NMNAT overexpression
(Supplementary Material, Fig. S3). These results suggest that
NMNAT does not affect the levels of either total or
phosphorylated forms of the major kinases implicated in tau
phosphorylation. Therefore, it is unlikely that NMNAT
reduces the level of phosphorylation of tau by affecting
the activity of these known major kinases involved in
hyperphosphorylating Tau.

NMNAT interacts with tau oligomers

We next examined the second possibility that NMNAT could act
as a chaperone to interact with hyperphosphorylated tau oligo-
mers and promote their clearance in a proteasome-mediated
manner. Our previous work on the biochemical properties of

+ NMNAT™® and probed for Tau.

NMNAT has uncovered an enzyme-independent chaperone
function that contributes to its neuroprotective effects in
models of SCA1 (16). NMNAT was shown to be recruited
with chaperone heat shock protein 70 (Hsp70) into the protein
aggregates of human Ataxinl with 82 poly-glutamin expansion
(hATX[82Q]) and to reduce aggregation load partly through a
proteasome-mediated pathway (16). To test the hypothesis
that the chaperone function of NMNAT may contribute to the
clearance of toxic phosphor tau oligomers, we first examined
whether NMNAT interacts directly with overexpressed human
tau proteins by 1mmun0})r601p1tation analysis using brain
lysates from tau- or tau® -expressing flies. As shown in
Figure 5A, endogenous NMNAT spec1ﬁcall¥ interacted with
tau and phospho-tau proteins in tau- or tau®**®“-expressing
fly brains. These phospho-tau epitopes included AT8 and
AT180, corresponding to tau conformations found in disease.
Furthermore, we observed interaction between NMNAT and
tau phosphorylated at Ser262, a KXGS (MARK) site, normally
phosphorylated by MARK affecting microtubule stability and
integrity (45). Moreover, inhibition of PP2A by okadaic acid,
which mimics tau pathology in vitro, was sufficient to induce
hyperphosphorylation of tau at Ser262 via hyperactivation of
GSK3p. Therefore, the current consensus is that even though
phosphorylation at Ser-262 in normal conditions might regulate
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the function of tau (35), the abnormal hyperphosphorylation at
this residue is only observed in disease state (46,47). Using a
specific antibody recognizing tau with pSER262, we observed
a strong 64 kDa band and an additional lower band correspond-
ing to 55-60 kDa in the brain lysate. Previous work has shown
that pathologically hyperphosphorylated (including pSer262)
human Tau band runs at 64 kDa, whereas the normally phos-
phorylated Tau at Ser262 runs in the range of 55-60 kDa
(48). Normally phosphorylated hTau is known to play an im-
portant role in the regulation of Tau function and microtubule
dynamics (45). Interestingly, we observed that only the
pTau®*°% at 64 kDa was detected in the NMNAT immunopre-
cipitated fraction but not the 55—60 kDa band (Fig. 5A). These
results suggest that NMNAT directly interacts with toxic
hyperphosphorylated Tau species.

Next, to uncover the mechanism of NMNAT-mediated tau
clearance, we examined the state of tau ubiquitination, as
several studies have reported the involvement of the ubiquitin-
proteasome in tau degradation (30,49-57). Moreover, tau
extracted from AD brains but not from control brains was
shown to be heavily ubiquitinated by the E3 ubiquitin ligase
CHIP in vitro (5). We therefore investigated whether NMNAT
overexpression can promote ubiquitination of tau oligomers.
To test this, we overexpressed either wild-type or enzyme-in-
active NMNAT in the tauR***V_expressing flies and immuno-
precipitated total human tau from the brain lysates. As shown
in Figure 5B, western analysis with a ubiquitin-specific antibody
showed that overexpression of NMNAT or NMNATW® pro-
moted the clearance of lower-molecular-weight (<250 kDa)-
ubiquitinated tau oligomers (Fig. 5B arrowheads) while increas-
ing the levels of ubiquitinated tau monomer (Fig. 5B, ~75 kDa
bands indicated by an arrow). These results indicate that
NMNAT overexpression reduces mutant human tau-induced
toxicity by promoting clearance of the lower-molecular-weight-
ubiquitinated tau oligomers via the ubiquitin-proteasome
pathway. In addition, higher-molecular-weight (>250 kDa)-
ubiquitinated tau species observed in the stacking gel in tau-
RA06W_expressing flies (Fig. 5B, lanes 3 and 6) were signifi-
cantly increased with NMNAT overexpression (Fig. 5B, lanes 9
and 12). This suggests that NMNAT may be able to promote the
formation of higher molecular weight tau oligomers that are far
less toxic than low molecular weight tau oligomers. To confirm
that these ubiquitin-positive bands that immunoprecipitated
with tau antibody were indeed ubiquitinated tau oligomers, we
probed the same blot with anti-tau antibody (Fig. 5C). Here,
we detected protein bands with the same molecular weight as
those previously probed by ubiquitin antibody, and further
observed that NMNAT expression promoted the formation of
higher molecular weight tau oligomers (stacking gel, Fig.5C)
and reduced the level of ubiquitinated tau monomer and low mo-
lecular weight oligomers (Fig. 5C). Furthermore, we also probed
the same blot with an antibody specific for pTau>*°* and con-
firmed that some of these high molecular weight tau oligomers
are also positive for phosphorylation at Ser262 residue (Supple-
mentary Material, Fig. S4). To further examine the direct inter-
action between NMNAT and ubiquitinated tau oligomers, we
immunoprecipitated the fly brain lysates with an anti-NMNAT
antibody and probed for total tau. As shown in Figure 5D, we
observed that indeed NMNAT interacted with ubiquitinated
tau oligomers, and NMNAT overexpression increased the

binding between NMNAT and ubiquitin-tau monomer and
high molecular weight oligomers. These results suggest that
NMNAT directly interacts with tau proteins and promotes
the clearance and breakdown of toxic oligomeric tau species
of low molecular weight through the ubiquitin-proteasome
pathway, and also facilitates the formation of less toxic high
molecular weight tau aggregates, thereby reducing the neuronal
load of highly toxic oligomeric tau species.

NMNAT protects against tau-induced apoptosis

Neuronal overexpression of hTau in Drosophila is shown to
induce apoptosis resulting in age-dependent vacuolization
(11). So far, we have shown that overexpression of NMNAT
suppresses human tau- induced neurodegeneration, and
reduces hyperphosphorylated tau levels by promoting ubiqui-
tination and clearance. Next, we wanted to test whether
NMNAT expression affects the level of apoptosis induced
by tau overexpression. As shown in Figure 6, overexpression
of either tau or tau™*°V causes significant increases in the
levels of cleaved caspase 3 (Fig. 6A and B, lanes 5 and 6),
consistent with previous observations (58,59). However, over-
expressing NMNAT or NMNATW®R significantly reduced
caspase 3 activation via cleavage in both D2 and D20 flies
(Fig. 6A and B, lanes 7—10, quantifications in 6C—D). In con-
trast, loss of an endogenous copy of NMNAT (nmnat/+)
caused a significant increase in cleaved caspase 3 levels
(Fig. 6A and B, lanes 11-12, quantifications in 6C—D). Fur-
thermore, we also stained 10 DAE adult brains overexpressing
tau®4**V with GFP, NMNAT or WR for cleaved-caspase 3
immunoreactivity, to estimate the number of cells about to
undergo apoptosis (Fig. 7). We observed more number of
cleaved-caspase 3-positive cells in brains overexpressin

tau®**V alone (10.6 + 1.21), compared with tauR40°

brains overex&ressing either NMNAT (3 + 0.45, P < 0.005)
or NMNATWR (4.4 +40.51, P<0.005). These results
suggest that human tau overexpression induces caspase activa-
tion and apoptosis, and higher levels of NMNAT expression
significantly reduced the level of caspase 3 activation and
the resultant apoptosis, whereas a reduced level of NMNAT
expression exacerbated apoptosis induced by tau expression.

DISCUSSION

Drosophila models of neuronal tauopathy exhibit key features
of the human disorders including adult onset, age-dependent
increase in neurodegeneration, accumulation of abnormal tau
and compromised lifespan (11). Interestingly, neuronal tauo-
pathy in Drosophila exhibits all these pathological hallmarks
of the disease without forming neurofibrillary tangles,
showing that the toxic species compromising behavior and
lifespan seem to be the soluble phosphorylated tau oligomers
(11). Neuronal maintenance factor NMNAT has been shown
to protect against polyglutamine-expansion-induced neurode-
generation in a Drosophila model of SCAL, partly through a
ubiqutitin-proteosome-mediated pathway (14,16). The chaper-
one function of NMNAT predicted a possibility of a role of
NMNAT in regulating protein homeostasis and aggregation
in neurons with toxic tau overload. We tested this possibility
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Figure 6. NMNAT-mediated protection of morphological defects in tauopathy is partly through reduction in apoptosis. (A and B) Levels of aj)optosis were
measured in 2 and 20 DAE wild-type flies (yw, lanes 1 and 2) and flies overexpressing GFP (lanes 3 and 4); wild-type hTau (A) or hTau****" (B) with
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caspase 3, total caspase 3 and actin as a loading control. (C and D) Quantification of cleaved caspase 3 levels in panel A (C) or B (D). The level of cleaved

or total caspase 3 were normalized to that of actin. The ratio of cleaved casp

directly in this study by showing that expressing either wild-
type or mutant human tau in the CNS induced age-dependent
neurodegenerative phenotypes including vacuolization in the
brain, impaired learning and memory functions and behavioral
deficits in locomotor capabilities in Drosophila, all of which
can be significantly suppressed by overexpression of
NMNAT proteins. Importantly, we found that the severity of
neurodegenerative phenotypes was correlated with the level
of hyperphosphorylated tau oligomers, and NMNAT overex-
pression specifically reduced hyperphosphorylated tau oligo-
mers, although increased the level of tau monomers and
high molecular weight aggregates. In addition, we further
show that NMNAT protein directly interacted with the tau oli-
gomers to promote ubiquitylation and clearance of the toxic
tau oligomeric species. The reduction of tau oligomers was
correlated with reduced caspase 3 activation, suggesting that
NMNAT significantly reduces tau-induced apoptosis and
hence rescues tau-induced neurodegenerative phenotypes.

ase 3 to total caspase 3 was displayed. *P < 0.005.

NMNAT rescues morphological and behavioral defects
in tauopathy

Previous work has shown that overexpression of wild-type or
mutant tau causes abnormal vacuolization in the cortex and
neuropil structures in flies in an age-dependent manner (11).
Such vacuolization is commonly observed in other neurodegen-
eration models in Drosophila and is correlated with the relative
speed and severity of degeneration in flies (60—62). However,
such degeneration in flies is not coupled with the formation
of insoluble neurofibrillary tangles (11). It was shown that cho-
linergic neurons were significantly affected by tau overexpres-
sion (11); however, in our studies, we observed vacuole
formation throughout various parts of the brain when tau was
expressed in the CNS. Therefore, other neuronal populations
may also be susceptible to tau-induced neurodegeneration. In
addition to vacuole formation, tau expression in the CNS
resulted in a high level of pTau** accumulation, a
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Figure 7. Overexpression of NMNAT or NMNATWR reduces the total number of cleaved caspase 3-positive cells in Tau®***V brains. Whole-mount adult brains
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(blue, C, G and K) and hTau (magenta, D, H and L). (M) The total number of cleaved caspase 3-positive cells per mid-brain were averaged per genotype and

plotted. N =8, *P < 0.005.

phosphorylated form of tau that is linked with several neurode-
generative conditions (29) throughout the brain. Overexpres-
sion of NMNAT proteins (wild-type or enzyme-inactive)
significantly reduced the size and occurrence of vacuolization
throughout the brain. Interestingly, NMNAT expression also
affected the levels and distribution of pTau®*"*°Z proteins. Spe-
cifically, increased NMNAT levels decreased the overall levels
of pTau®™* and reduced the filamentous accumulation of
pTau®*%?, These observations indicate that NMNAT protein
can regulate the clearance of misfolded tau oligomers. The
ability of NMNAT protein to regulate misfolded protein aggre-
gates has previously been observed in a Drosophila model of
SCA1, where NMNAT was recruited together with chaperone
Hsp70 to the hATXI1[82Q] protein aggregates and
affected the levels of aggregation (16). Therefore, a similar

neuroprotective mechanism may be at play in the current tauo-
pathy model, where the chaperone function of NMNAT contri-
butes to the regulation of misfolded protein load in the brain.
Learning and memory deficits associated with tauopathies
in Drosophila were first reported when tau was overexpressed
in mushroom body neurons, which are known as the centers
for olfactory learning and memory (13). In this case, selective
tau overexpression in these neurons affected associative olfac-
tory learning and memory before the onset of apparent neuron-
al loss. In our study, we expressed tau proteins in all neurons
in the CNS and observed an age-dependent decline of learning
and memory indices. In previous studies, such a decline in
cognitive functions seems to precede the morphological
defects, which only become apparent with age (13).
Interestingly, removing one copy of endogenous NMNAT



significantly exacerbated the learning and memory deficits
induced by tau®*®V expression, suggesting that the level of
neuronal NMNAT protein is a critical determinant of the
onset and severity of the degeneration induced by mutant
tau. In contrast, higher levels of NMNAT expression rescued
the learning and memory and locomotor deficits induced by
either wild-type or mutant tau, further suggesting the import-
ance of the neuronal NMNAT levels and a likely protein—
protein interaction-mediated neuroprotective mechanism
afforded by NMNAT.

Mechanism of tau-induced degeneration and
NMNAT-mediated protection in tauopathy

Using a Drosophila model of tauopathy, we were able to
analyze a plausible mechanism of NMNAT’s neuroprotective
capacity in ameliorating tau-induced neurodegeneration. We
found that the severity of morphological and behavioral defi-
cits associated with tau overexpression is directly correlated
with the level of hyperphosphorylated tau species associated
with various diseases (Fig. 4). Importantly, NMNAT expres-
sion reduced tau-induced degenerative phenotypes by redu-
cing the level of hyperphosphorylated tau and promoting the
ubiquitination and clearance of toxic tau oligomers (Fig. 5).

The key mediator of toxicity in tauopathy is the hyperpho-
sphorylation of tau. Several studies in animal models with
altered kinase or phosphatase activity supported the role of
tau hyperphosphorylation in promoting neurotoxicity (8—
10,43,48,63—67). For example, when 14 key phospho-epitopes
created by proline-directed kinase SP/TP sites in tau were
mutated to alanine, the toxicity associated with tau overexpres-
sion was significantly reduced, identifying a positive correl-
ation between increased phosphorylation at disease-associated
sites and neurotoxicity (8,9). In our study, increased NMNAT
levels effectively reduced tau hyperphosphorylation specifical-
ly at sites that are known to be phosphorylated in disease states,
including those recognized by AT8 and AT180, and conse-
quently reduced the level of apoptosis and neurodegeneration.
One important finding from our study is the specific reduction
of ubiquitinated tau oligomeric species in the range of 150—
250 kDa and increase of ubiquitinated monomeric tau and ubi-
quitinated higher molecular weight oligomeric tau >250 kDa
in NMNAT-overexpressing brains. As NMNAT expression
suppressed tau-induced degeneration, this finding suggests
that the mid-range (150—-250 kDa) tau oligomers are likely
the species mediating neuronal toxicity, whereas the monomers
and high-range (>250 kDa) tau oligomers are less toxic. This
finding is consistent with the emerging notion that high molecu-
lar weight (tau) protein aggregates may be protective when the
formation of aggregates can reduce the neuronal load of oligo-
meric species (39,68,69). We showed for the first time that a
neuroprotective protein NMNAT exerts its protective effects
by reducing specifically the toxic tau oligomers while increas-
ing the less toxic and maybe even protective higher molecular
weight tau species.

Molecular chaperones and their indispensible role in protein
folding have been implicated in many neurodegenerative dis-
eases, including Parkinson’s disease, AD and Huntington’s
disease (18—21). These stress-regulated proteins prevent im-
proper folding and aggregation of proteins and facilitate
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formation of proper conformation by recognizing and
binding to exposed hydrophobic residues of unfolded proteins
(70-72). The molecular chaperones Hsp70 and Hsp90 were
shown to prevent aggregation in a cellular model of tauopathy
(22). In fact, in AD brains, the levels of Hsp90 and Hsp70 are
shown to be inversely related to the expression of aggregated
tau, raising a good possibility that molecular chaperones may
protect against tau aggregation and NFT formation (22). We
have previously shown that NMNAT, in addition to its role
as a housekeeping enzyme in NAD synthesis, also functions
as a stress-responsive chaperone (16,73). Similar to Hsp70
and Hsp90 (22), NMNAT is also capable of binding to tau oli-
gomers in our study, and reduce tau toxic load by promoting
ubiquitination and clearance of tau oligomers. Our studies
also found that a reduced endogenous level of NMNAT sig-
nificantly exacerbated the tau-induced degeneration, further
indicating the critical role of NMNAT in maintaining neuronal
integrity and regulating the neuronal misfolded protein load.
Interestingly, gene-array studies found that the level of
human neuronal NMNAT isoform NMNAT2 was reduced in
brain specimens derived from AD patients (https:/www.
nextbio.com), providing a causative link between reduced
NMNAT levels and AD.

In summary, we report here that overexpression of human
wild-type of mutant tau-induced neurodegeneration can be
suppressed by NMNAT expression. NMNAT interacts directly
with tau and modulates neuroprotection in tauopathy in an
enzyme-independent manner. We further report a molecular
mechanism of tau-induced degeneration and NMNAT-
mediated neuroprotection. Our analysis places NMNAT in
the category of neuronal chaperones that are critical in regulat-
ing neuronal protein homeostasis, modulating misfolded
protein load and maintaining neuronal integrity. Future work
should elucidate the mechanism of NMNAT down-regulation
in these protein-folding diseases. Understanding the regulation
of NMNAT would be interesting and crucial to further explain
its role in maintaining proper neuronal health, and would open
novel therapeutic windows for this protein in neurodegenera-
tive disease treatment.

MATERIALS AND METHODS
Fly stocks and genetics

Flies were reared at room temperature in ambient light under a
normal 12 h light/dark cycle. Human wild-type tau (UAS-Tau)
or Arg**®— Trp (R406W) mutant tau containing no N-termin-
al inserts and four microtubule-binding domains (ON, 4R)
(UAS-Tau®*V) were generously provided by Dr Mel
Feany (Harvard Medical School) (11). For our tauopathy
model, human wild-type tau or Arg**®— Trp (R406W)
mutant tau was expressed with a pan-neuronal driver
elav-GAL4. Fly strains used in this experiment included yw
(WT), UAS-CDS8GFP, w;;UAS-NMNAT, w;;UAS-NMNAT"®
and w;,;nmnat/TM6B.

Immunocytochemistry

Adult brains were fixed in phosphate-buffered saline (PBS)
with 4% formaldehyde for 20 min and washed in PBS with
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0.4% Triton X-100. Antibody dilutions used were anti-
NMNAT 1:800; anti-tau 1:200 (DAKO); anti-tauPSe>6>
1:200 (Millipore, Billerica, MA, USA). Secondary antibodies
conjugated to Alexa-488, -555 and -647, Cy3 or Cy5
(Jackson ImmunoResearch, West Grove, PA, USA; and
Molecular Probes) were used at 1:250. DAPI staining was per-
formed after the washes post-secondary antibody staining,
using 1:1000 dilution of the original stock solution (5 mg/ml
in ddH,0; Invitrogen, Eugene, OR, USA) in PBS-0.1%
Triton for 10 min at room temperature. DAPI staining was
followed by three 10 min washes in PBS—0.1%Triton. All
primary antibody incubations were performed at 4°C over-
night or secondary for 2 h at room temperature, in the presence
of 5% normal goat serum.

Image acquisition and processing

Images from fluorescently labeled specimens were taken on an
Olympus IX81 confocal microscope and processed using
FluoView10-ASW (Olympus) and Adobe Photoshop CS4
(Adobe Systems, San Jose, CA, USA).

Protein extraction, immunoprecipitation and western
blotting

Twenty female fly heads of each genotype were collected at
specific ages and immediately flash-frozen before extraction.
For protein extraction, brains were homogenized in lysis
buffer consisting of 100 mm KCI, 20 mm HEPES, 10 mm
EDTA, 1 mm DTT, 5% glycerol, 0.1% Triton-X100, protease
inhibitor cocktail (Sigma) and a phosphatase inhibitor cocktail
(Roche). After homogenizing, the samples were centrifuged
briefly at 500g to remove debris. Ten microliters of total
protein lysate per sample (equivalent to 1 head) was loaded
onto a polyacrylamide gel (PAGE) and resolved by SDS—
PAGE and transferred onto nitrocellulose membrane. For
immunoprecipitation experiments, 40 2-day-old female fly
heads were homogenized in lysis buffer, precleared with
Protein-G beads for 1 h and incubated with Protein-G beads
conjugated with 10 pg of antibody per sample overnight at
4°C. The bead pellets were collected and washed four times
with lysis buffer before eluting out the bead fraction with
4 x Lamelli buffer, heating the samples at 95°C and centrifu-
ging for 5 min to collect the bead-eluted fraction. Lysates were
probed with anti-NMNAT (1:8000), anti-tau (1:1000, DAKO,
Carpinteria, CA, USA), anti—ghos hotau®**%% (1:1000; Milli-
pore); AT8 for PHE-TauS"2%# %5 (1:1000; ThermoScienti-
fic, Rockford, IL, USA); AT180 for PHE-Tau ™! (1:1000;
ThermoScientific); anti-caspase 3 (1:1000, Cell Signaling,
Beverly, MA, USA); anti-cleaved caspase 3 Aspl175 (1:1000,
Cell Signaling), anti-p38MAPK (1:1000, Cell Signaling),
anti-phospho-p38MAPK  (pThr180/pTyr182) (1:1000, Cell
Signaling), anti-JNK (1:1000, Cell Signaling), anti-
phosphoINK (pThr 183/Tyr 185) (1:1000, Cell Signaling),
anti-ERK (1:1000, Cell Signaling), anti-phosphoERK (pThr
202/pTyr 204) (1:1000, Cell Signaling), anti GSK3p
(1:1000, Cell Signaling), anti phosphor-GSK33 (Ser9)
(1:1000, Cell Signaling), anti-MARKT1 (1:1000, Cell Signal-
ing), anti phospho-MARK family (activation loop) (1:1000,
Cell Signaling), anti-dsRED (1:1000, Clontech, Mountain

View, CA, USA) and anti-actin antibodies (1:4000; Sigma,
St Louis, MO, USA). Western blot analysis was performed
with infrared dye-conjugated secondary antibodies, IR700
and IR800 (LI-COR Biosciences); blots were imaged and pro-
cessed on an Odyssey Infrared Imaging System. The wide
linear range of the Odyssey system made it easier to detect
bands and analyze changes in protein levels quantitatively.

Behavior assays

Negative geotaxis assay. Briefly, 10 age-matched female flies
per genotype were placed in a vial marked with a line drawn
horizontally 8 cm above the surface. The flies were tapped to
the surface and given 10 s to demonstrate climbing activity as
a negative geotaxic response. After 10 s, the number of flies
that successfully climbed above the 8 cm line was recorded.
This assay was repeated 10 times and the averaged data
(SEMs) represented as percentages where the number of
flies above the 8 cm mark was divided by the total number
of flies tested within each group.

APS assay. The APS assay was performed as described by Le
Bourg and Buecher (25,26). In this assay, each female fly per
genotype was individually conditioned to associate the bitter
taste of quinine with light and was then tested in a T-maze
and allowed to choose between a dark and a lighted vial.
Each positively phototaxic fly was trained in 10 trials to
move into the lighted vial, which contains the quinine-soaked
filter paper. Repetitive training reinforced them to make the
aversive association. Immediately after training, the fly was
tested in a series of five trials to see whether it learned to
make this association (PCO; learning function). These flies
were again tested 6 h later to see whether they remembered
to make this negative association of bitter taste with light
(PC6; memory function). The pass rate for each fly was aver-
aged out of five trials for PCO and PC6. Score differences
between control and experimental groups were assessed
using ANOVA and Tukey’s test (significance noted at
P <0.05).

Densitometry, quantification and statistical analyses

Densitometric analysis of blots was performed using the
Image] software (NIH). Data are represented as means +
SE. Statistical analysis was performed using ANOVA
Tukey’s test and Scheffe’s test. Values of P < 0.05 were
considered statistically significant.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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