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ABSTRACT
Null mutations in the genes whiteand brown, but not scarlet, enhance a rough eye phenotype in a Drosophila
melanogaster model of tauopathy; however, adding rosy mutations suppresses these effects. Interaction with
nucleotide-derived pigments or increased lysosomal dysregulation are potential mechanisms. Finally, tau
toxicity correlates with increased GSK-3f3 activity, but not with tau phosphorylation at Ser202/Thr205.

N transgenic models of tauopathy in Drosophila
melanogaster; transgenes are often introduced into a
“white” genetic background, which is a homozygous null
allele of the white gene classically known for its role in eye
pigmentation. Here, we demonstrate that white, as well as
brown and 10sy, two other pigmentrelated genes, dose
dependently affect the tau-induced eye phenotype, tau
phosphorylation, and GSK-3(3 activity. The effects of these
pigmentrelated genes are notlight dependent, suggesting
involvement of other cellular mechanisms, such as in-
creased lysosomal dysregulation or interaction of tau with
pigment or pigment precursor molecules, e.g., drosopter-
ins, which might induce tau seeding and aggregation.
Additionally, tau toxicity correlates with increased GSK-
3B/Shaggy activity, but not with tau phosphorylation at
Ser202/Thr205, suggesting a role of GSK-3 activity in
regulating tau toxicity independent from its ability to
phosphorylate tau at S202/T205 and also implying the
ability of white, brown, and rosy to regulate GSK-3(3 activity.
The red eye of D. melanogaster is rendered white by
homozygous mutation of the white (w) gene. Pelements,
naturally occurring transposable elements in Drosoph-
ila, can be modified to carry transgenes (RUBIN and
SPRADLING 1983) and used for mutagenesis by inserting
into genomic regions (COOLEY et al. 1998a,b). The white
mutant background is commonly used for insertion of
transgenes that carry a cDNA sequence of the wild-type
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white gene, mini-white (w*™°), which serves as a positive
marker of transgene incorporation (KLEMENZ el al.
1987). One copy of w*™“ is sufficient to induce red eye
development in a white homozygous mutant, although
the degree of pigmentation may vary depending on
insertion position. We created a model of tau-induced
toxicity in Drosophila by expressing full-length, wild-
type human tau in the eye of the fly, directly fusing the
tau cDNA to the eye-specific glass (gl) promoter (“gltau”
fly), which yields a rough eye phenotype (JACKSON et al.
2002). This transgene is in a w'’® homozygous back-
ground and carries one copy of w™™“. While conducting
a genetic screen for modifiers of tau toxicity using P
element insertion mutants, we observed that the rough
eye phenotype was affected by the Pelements themselves
and hypothesized that this effect was due to the addi-
tional w*™° carried on the Pelement. To test this hypoth-
esis, we crossed our gltau fly to a w" strain (Canton-S)
and compared the gttau phenotype in a w'’® ho-
mozygous background to that obtained in a w"/w'"*®
heterozygous background. The w'/’*homozygotes showed
asignificant reduction in eye size and increased omma-
tidial disorganization as compared to w’/w'""® heterozy-
gous flies (Figure 1, B and C). Furthermore, w''*®
homozygous eyes often had necrotic plaques, which
were never observed in w’/w'''* heterozygotes. To more
accurately describe levels of degeneration, we utilized
the Nikon AZ100M microscope NIS-Elements AR 3.0
software (Nikon Instruments, Melville, NY), which
features an “extended depth of focus” (EDF) algorithm
that allows for three-dimensional reconstruction, as
demonstrated in Figure 2, A-C. This imaging allows
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FIGURE 1.—Scanning electron micrographs (SEMs) and color light micrographs demonstrating null alleles of white (w) and
brown (bw) enhance tau-induced toxicity. Arrows: necrotic patches. (A) Wild-type (Canton-S). (B) white heterozygote: w'/w'''%;
gttau/+. (C) white homozygote: w''"%; gltau/+. (D) brown allele: w'/w'"%; bw'/gttau. (E) white homozygote + brown: w'''%; bw'/
gttau. (F) Null allele of rosy revert white and brown enhanced toxicity: w''"%; bw'/gltau; ry’*/+. (G) Null mutations in scarlet
(st) do not affect tau-induced toxicity: w*/w'"'%; gltau/+; st'/+. Flies were anesthetized with carbon dioxide for light microscopy
images, taken with a digital-camera equipped Zeiss dissecting microscope. Flies were dehydrated in hexamethyldisilazane prior to
mounting for SEM, as previously described in JACKSON et al. (2002). SEM images were taken on a Hitachi S-2460N scanning electron
microscope. Stocks and crosses were maintained on a standard yeast-molasses-cornmeal medium at 23° or 25°.

for estimated eye-volume calculations and can be used in
our tauopathy model as a metric for degeneration.
Figure 2D plots the mean total eye volumes of all the
genotypes used in this study, with the actual volume
means and P values for each pairwise genotypic com-
parison listed in Table 1.

To rule out background effects in the w''**line, the gt
tau fly was crossed to another white allele line, w**?, to
create white transhomozygotes (w'''*/w**’?); tau enhanc-
ing effects comparable to those seen in w''** homozy-
gous flies were observed (Figure 2D; Table 1). This effect
is dose dependent, as increasing copies of w*™° further
suppressed the white mutation-induced toxicity. The
white gene encodes an ATP binding cassette cotrans-
porter (ABC transporter) that is expressed in many
tissues in Drosophila (O’HARE et al. 1984; MouNT 1987;
http://flyatlas.org). In the eye, White is coupled to either
Brown or Scarlet—both also ABC transporters—to trans-
portone of two types of pigment molecules into pigment
granules. White and Brown transport guanine-derived
drosopterin precursors, while White and Scarlet trans-
port tryptophan-derived xanthommatin precursors
(DREESEN et al. 1988; TEARLE et al. 1989; MACKENZIE
et al. 2000). We tested whether mutations in brown (bw)
or scarlet (st) exerted effects similar to those of white
mutations. Although no significant effect of s¢! was
found (Figure 1G), the bw’ allele greatly enhanced tau-
induced toxicity, producing severe eye reduction and
large necrotic patches (Figure 1D), demonstrating
specificity of the enhanced toxicity to brown and white,
but not scarlet. One copy of bw' was sufficient to induce
this phenotype in a w’/w''® background. A similar

degree of toxicity was observed with a single bw’ null
allele in a w'** homozygous background (“white +
brown”) (Figure 1E; Figure 2D). Although mutant ho-
mozygous white pigment phenotypes are epistatic to
mutant brownand scarlet pigment phenotypes, the lack of
an epistatic effect of whitewith brownwith tau, in addition
to the lack of a phenotype with a st mutation, indicates a
specific role of drosopterins or drosopterin precursors
transported by Brown in enhancing tau toxicity and not
general effects by all pigment precursors or pigment
granules. To rule out potential background effects from
the bw' line, other brown alleles were tested and also
showed enhanced toxicity, albeit less severe than those
observed with bw' (bw'’and bw'’; Figure 2D and Table 1).
From these observations, it can be concluded that loss-
of-function mutations in white and brown enhance tau-
induced toxicity.

We hypothesized that reductions in White and Brown
impair transport of drosopterins or their precursors into
pigment granules, causing their cytosolic accumulation.
The gene rosy (ry) encodes xanthine dehydrogenase
(XDH), which is found in pigment granules that contain
Brown but not those that contain only Scarlet (ReAUME
etal. 1991). Although the role of XDH in pigmentation is
complex, itis clear that rosymutations are associated with
decreased drosopterin levels, suggesting that rosy is
involved in producing pterins transported by Brown
and White. One copy of mutant rosy (ry°*®) was sufficient
torevert the enhanced toxicity of whitehomozygotes and
white + brownflies (Figure 1F), although white + brown +
rosy flies were not completely rescued to the levels of
white + rosyalone (Figure 2D), emphasizing the strength
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F1Gure 2.—Three-dimensional reconstructions of eye volumes (A-C) were obtained using a Nikon AZ100M light microscope
and Nikon DS-Fil digital camera with EDF algorithm with Nikon NIS-Elements AR 3.0 software on Z-stack planar images. Stacks
were created by 10-um intervals between planes; area and volume per plane were obtained by software analysis determined by
region of interest boundaries. Top-down and side views are shown to demonstrate 3D reconstructions and observable differences

in eye volume due to tau toxicity. (A) Wild-type eye. (B) white heterozygote eye: w'/w'''%;

1118. 1118,
>

ghtau/+. (C) white homozygote: w

gltau/+. (D) Mean total eye-volume plot of genotypes described in this study. Pvalues for each pairwise comparison are found in
Table 1. Graph was created with SigmaPlot 9.0 (Systat, San Jose, CA).

of degeneration that brown induces. To rule out poten-
tial background effects from the ry’* line, a different rosy
allele, ry’, was tested; it suppressed the enhanced toxicity
of white homozygotes flies nearly identically to the ry’”
allele (Figure 2D and Table 1).

The use of the glass promoter induces expression in
many cell types of the eye (ELLIS et al. 1993), including
photoreceptors, cone cells, and pigment cells, in which
the majority of pigment granules are found. Pigment
granules function to optically isolate each ommatidium
and reduce excess exposure to light (KIRSCHFELD and
FrRANCESCHINTI 1969; FRANCESCHINI and KIRSCHFELD
1976). To test whether the effects on tau toxicity due
to mutations in white and brown were due to a reduced
facility for light absorption, or were photoreceptor-
activity dependent, flies were reared in 24 hr darkness
from embryo until 2-3 days post-eclosion (dark reared)
and compared to flies grown in a 12-hr light/12-hr dark
cycle but keptin otherwise identical environmental con-
ditions (light reared). As seen in Figure 3A, the effects
of white and brown were identical in dark reared and
lightreared gttau flies; eye-volume calculations between
groups demonstrate no difference between dark- and
light-reared flies; moreover the enhanced toxic effects
of whiteand brownare present even in the absence oflight
(Figure 3B). We conclude that tau toxicity itself, and the
effect of white and brown mutations on tau, are light
independent, suggesting that cellular functions of white
and brown apart from photoreceptor isolation and pro-
tection modify tau toxicity (discussed further below). As
the majority of pigment granules are in pigment cells, it
is reasonable to conclude that the synergistic toxic tau
effects are more abundant in pigment cells. However,

given that a small number of pigment granules are also
found in photoreceptors (KIRSCHFELD 1979; HOFSTEE
and STAVENGA 1996), as well as the light independence
of the phenotypes, we cannot rule out that the tau-
white—brown-enhanced degeneration is present in
photoreceptors and other cell types as well, nor that
nonautonomous cell-induced degeneration is also occur-
ring. Indeed, mRNA for white, rosy, and brown is enriched
in Malpighian tubules (CHINTAPALLI ¢f al. 2007), and the
white gene product, at least, is involved in the transport
of important regulatory molecules (Evans et al. 2008).
Thus, it is entirely possible that “eye-color” genes affect
retinal degeneration indirectly via their influence on
synthesis and transport of molecules that circulate in
hemolymph and are taken up by tau-producing cells.
Tauopathies are neurodegenerative diseases charac-
terized in part by hyperphosphorylated intracellular
aggregates of the microtubule-associated protein tau.
Tau phosphorylation at S202/T205, as detected by the
AT8 antibody (BIERNAT et al. 1992),is a common feature
in tauopathies and accumulates in fairly late neurofi-
brillary tangle development (IKURA et al. 1998; WADA
et al. 1998; AUGUSTINACK et al. 2002; FERRER et al. 2002;
WRAY et al. 2008; HAN et al. 2009). Thus, increased ATS8
signal is predicted to correlate with enhanced toxicity
found in white and white + brown backgrounds; however,
AT8 immunoreactivity was reduced in w'"’* homozygous
flies as compared to w'/w'''® heterozygotes (Figure 4A).
Furthermore, AT8 signal was barely detectable in white +
brown flies—a genotype with the strongest level of de-
generation; however, one copy of ry’, which reduced
cellular degeneration, again surprisingly increased AT8
signal in white + brown flies to levels comparable to those
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TABLE 1

Eye-volume statistics

A. Volume measurements (pm?® X 107%)

1

ZU2202

16 19

Wild type  w/+ w'''® bw bw bw w,bw w,bw,ry w,ry’* w,y'
Mean 16514.7 9860.0  5595.6  5815.7 3133.6  4903.0 53025  2881.0 84469  13048.7  12936.8
n 5 8 8 5 7 8 9 7 8 9 8

B. Pairwise comparisons Pvalues: ANOVA with Holm-Sidak test for significance (P < 0.01)

Wild type w/+ w''® w?” bw! bw'® bw" w,bw w,bw,ry w, " w,ry'
Wild type - <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
w/+ - <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.063 <0.001 <0.001
w''® - 0.797 0.002 0.358 0.689  <0.001  <0.001 <0.001 <0.001
W - 0.003 0.289 0.541 0.001 0.003 <0.001 <0.001
bw' - 0.026 0.005 0.753  <0.001 <0.001 <0.001
bw'® - 0.585 0.011  <0.001 <0.001 <0.001
bw" - 0.002  <0.001 <0.001 <0.001
w,bw - <0.001 <0.001 <0.001
w,bw,ry - <0.001 <0.001
w, " - 0.878
w,ry' -

Statistical analysis performed with SigmaPlot 9.0. All listed genotypes other than “Wild type” contain 1 copy of gitau transgene.

observed in w"/w'"*® flies (Figure 4A). Total tau levels
as detected by the T46 antibody (Kosix et al. 1988;
BRAMBLETT et al. 1993) were similar between genotypes.

This lack of correlation of tau phosphorylation with
phenotype prompted us to investigate the activation
state of glycogen synthase kinase-33 beta (GSK-3B),
which is known to target the Ser202/Thr205 site

recognized by AT8 (MaNDELKOW et al. 1992). GSK-33
is a constitutively active kinase that is inactivated when
phosphorylated at serine-9 (SUTHERLAND et al. 1993).
Immunoblots using an antibody specific to phospho-
GSK-3p%" revealed strong decreases in inhibitory GSK-
3B phosphorylation in white and white + brown flies,

indicating increased activity. However, one copy of ry*
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F1GURrE 3.—Tau toxicity modulation by whiteand brownis light independent. (A) Light micrographs of gitau flies reared in 24 hr

darkness from embryo to 2-3 days posteclosion (dark reared) as compared to gktau flies reared in 12-hr light/12-hr dark cycle
under identical environmental conditions (22°, ambient humidity). No phenotypic difference due to light was observed in white
heterozygotes (top row, w*/w'"'®; gktau/ +), whitehomozygotes (middle row, w''’; gltau/+), or brown genotypes (bottom row, w*/
w''"%; bw'/ gltau). Images taken with Nikon AZ100M microscope equipped with Nikon DS-Fil digital camera. (B) Eye-volume meas-
urements show no statistical difference within genotypes between light vs. dark reared flies. P values were determined by ttest
(SigmaStat 11.0, Systat, San Jose, CA) and graphs were created using SigmaPlot 9.0.
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FIGURE 4.—rosy restores tau phosphorylation and decreases inhibitory GSK-33 phosphorylation. (A) white homozygote and
white + brown show reduced S202/T205 phosphorylation (AT8 antibody, Pierce/Thermo Scientific, Rockford, IL), which is restored
with r0sy’” allele. Total tau levels are similar (T46 antibody, Invitrogen, Carlsbad, CA). (B) Phosphorylation of GSK-3p at Ser9,

which inactivates GSK3, is reduced in white homozygotes and white + brown, indicating increased GSK-33 activity; Ser9 phosphor-
ylation is restored by a mutation in rosy (phospho-GSK3p-Ser9 antibody, GeneTex, Irvine, CA). Protein was extracted from fly

heads and processed in TBS buffer with phosphatase and protease inhibitors (Roche Diagnostics, Manheim, Germany) and
run on 10-20% SDS-PAGE gels (Bio-Rad, San Diego, CA). B-Tubulin is shown as loading control (Accurate Chemical, Westbury,
NY). P values were determined by ttest (SigmaStat 11.0) and graphs were created with SigmaPlot 9.0 (Systat, San Jose, CA).

greatly increased inhibitory phosphorylation of GSK-3(3
in a white + brown background (P < 0.001; Figure 4B).
We derive four conclusions from these data:

1. S202/T205 phosphorylation does not correlate well
with severity of tau phenotypes in our model. Recent
studies using tau constructs resistant to phosphoryla-
tion also demonstrated uncoupling of tau phosphor-
ylation at $S202/T205 and toxicity (STEINHILB et al.
2007; CHATTERJEE et al. 2009), suggesting that other
mechanisms, such as increased microtubule binding
affinity by tau (CHATTERJEE ef al. 2009), or alternatively,
tau oligomerization (KaYED and Jackson 2009), may
have more direct toxic effects.

. GSK-3f3 activity does not correlate with in vivophosphor-
ylation of $202/T205, suggesting that other kinases may
outcompete GSK-33 in vivo for tau phosphorylation at
the 5202/T205 sites. Some putative competing kinases
are cyclin-dependent kinase 5 (PAUDEL et al. 1993) or
extracellular regulated kinase (DREWES el al. 1992); each
has been shown to also target the S202/T205 sites.

. GSK-3 activation state correlates well with tau
toxicity, with lower activity state correlated with re-
duced toxicity. This suggests that GSK-3 activity

modulates tau-induced toxicity through mechanisms
independent of direct $202/T205 phosphorylation.
GSK-3B has several downstream targets and is a
regulator in many pathways, including Wnt, PI3K,
and hedgehog signaling (LIANG and SLINGERLAND
2003; CADIGAN and Liu 2006; WANG et al. 2007). One
such target is the cotranscription factor, Armadillo,
which we have previously shown to modulate tau
toxicity (JACKSON et al. 2002). GSK-33 may also
modulate tau-induced toxicity by regulating the
activity of the kinase partitioning defective 1 (par-I)
(TrmMm et al. 2008). PAR-1, also known as MARK
(Microtubule-Associated Protein/Microtubule Affin-
ity Regulating Kinase), is another known tau kinase
(DREWES et al. 1995) shown to modulate tau-induced
toxicity; however, reports differ as to whether PAR-1
activity enhances (NISHIMURA et al. 2004; CHATTERJEE
et al. 2009) or suppresses (SHULMAN and FEANY 2003;
CHEN et al. 2007; Tuies and MaNDELKOW 2007) tau-
induced toxicity.

Mutations in white, brown, and rosy can affect GSK-3(3
activity, although more work is needed to understand
the mechanisms behind this regulation.
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Human homologs of rosy/XDH and white (ABCGI)
have been cloned and mapped, and both are expressed
in several tissues including the brain (IcHIDA et al. 1993;
XU et al. 1994; CHEN et al. 1996; CrROOP et al. 1997;
SAKSELA et al. 1998). Mutations in ABCGI are associated
with mood and panic disorders (NAKAMURA et al. 1999),
and mutations in whiteand brown have a range of neuro-
behavioral effects in flies, including reduced sensitivity
to anesthesia, learning defects, and abnormal courtship
behavior (ZHANG and ODENWALD 1995; CAMPBELL and
NasH 2001; DIEGELMANN et al. 2006). Our data fit a
model in which an enzymatic product of XDH is trans-
ported by White and Brown into granules and in which
interaction of this product with tau is detrimental to the
cell. Drosopterins are derived from the nucleotide
guanosine-b'-triphosphate (GTP), and it has been dem-
onstrated that mammalian tau can interact directly with
nucleic acids (SCHRODER et al. 1984; WANG et al. 2006;
SJOBERG et al. 2006); thus it is conceivable that nucleo-
tides and derivatives such as drosopterins directly in-
teract with tau and induce aggregation. This association
could also sterically inhibit the interaction of kinases
with tau, causing a reduction of AT8 signal.

An alternative model is one of White reduction and
tau-overexpression synergism in lysosomal dysregula-
tion. In Drosophila, whitemutants have abnormally large
pigment granules. Granules with improper pigment
balance due to white, brown, or scarlet mutations become
autolysosomes (SHOUP 1966; STARK and Sapp 1988).
Lysosomal dysregulation is a characteristic feature of
Niemann-Pick disease type C and Sanfillipo syndrome
type B, both tauopathies (BLANCHETTE-MACKIE ef al.
1988; SokoL et al. 1988; SuzUKI et al. 1995; OHMI et al.
2009). Additionally, DERMAUT et al. (2005) showed that
abnormal loss-of-function mutations in benchwarmer,
which are associated with enlarged lysosomes, also dose
dependently enhance tau toxicity. Lysosomal degrada-
tion of tau may be an important method of tau clearance;
thus, dysfunctional lysosomes may exacerbate tau toxic-
ity. It has been suggested that XDH is required for the
formation of the pigment granules that contain Brown
and White (REAUME et al. 1991); thus, rosynull mutations
may rescue white and brown enhanced tau-induced
toxicity by preventing the formation of granules that
would otherwise become abnormal and autophagic. It
may be that the strong reduction in Ser202/Thr205 tau
phosphorylation seen with white and brown mutations
is due to tau being sequestered into large but dysfunc-
tional lysosomal /autophagosomal bodies where it is pro-
tected from kinase activity.

The results presented here identify novel genetic
modifiers of tau-induced toxicity that have with human
homologs; such modifiers may function to increase
seeding for tau aggregation, augment lysosomal dysre-
gulation, or both. In addition, these data also suggest a
novel connection between white, brown, and rosy and
GSK-38/shaggy activity. Finally, given the common use of

these eye-color mutations as genetic backgrounds for
identification of P-element transformants, these results
also have important implications for interpreting ge-
netic disease models in Drosophila.

We thank S. Chatterjee, G. Lawless, A. Ratnaparkhi, T.-K. Sang, and
D. E. Krantz for helpful discussions, ]. Hirsh (University of Virginia) for
providing the w**”* line, the Bloomington Drosophila Stock Center
(Indiana University) for providing bw, ry, and stalleles, J. Olson and U.
Banerjee for use of the Scanning Electron Microscope Facility, and the
UCLA Fly Food Facility. The authors thank the anonymous reviewers
for their constructive suggestions. National Instutes of Health Grants
NS04648, AG16570, and T32 MH073526 and the American Health
Assistance Foundation supported this research.

LITERATURE CITED

AUGUSTINACK, J. C., A. SCHNEIDER, E. M. MANDELKOW and B. T. HyMAN,
2002  Specific tau phosphorylation sites correlate with severity
of neuronal cytopathology in Alzheimer’s disease. Acta Neuropa-
thol. 103: 26-35.

BierNAT, J., E. M. MaNDELKOW, C. SCHROTER, B. LICHTENBERG-
KRAAG, B. STEINER et al., 1992 The switch of tau protein to an
Alzheimer-like state includes the phosphorylation of two serine-
proline motifs upstream of the microtubule binding region.
EMBO J. 11: 1593-1597.

BLANCHETTE-MACKIE, E. J., N. K. DWYER, L. M. AMENDE, H. S. KRUTH,
J. D.BUTLER et al., 1988  Type-C Niemann-Pick disease: low den-
sity lipoprotein uptake is associated with premature cholesterol
accumulation in the Golgi complex and excessive cholesterol
storage in lysosomes. Proc. Natl. Acad. Sci. USA 85: 8022-8026.

BrRaMBLETT, G. T., M. GOEDERT, R. Jakes, S. E. MERRICK, ]. Q.
TroJANOWSKI et al., 1993 Abnormal tau phosphorylation at
Ser396 in Alzheimer’s disease recapitulates development and con-
tributes to reduced microtubule binding. Neuron 10: 1089-1099.

Cap1Gan, K- M., and Y. I. Liu, 2006 Wnt signaling: complexity at the
surface. J. Cell Sci. 119: 395-402.

CampBELL, ]. L., and H. A. Nasn, 2001 Volatile general anesthetics
reveal a neurobiological role for the white and brown genes of
Drosophila melanogaster. J. Neurobiol. 49: 339-349.

CHATTERJEE, S., T. K. SanG, G. M. LawLess and G. R. JACKSON,
2009 Dissociation of tau toxicity and phosphorylation: role of
GSK-3beta, MARK and Cdk5 in a Drosophila model. Hum.
Mol. Genet. 18: 164-177.

CHEN, H., C. RossIEr, M. D. LAL1OTI, A. LYNN, A. CHAKRAVARTI ¢/ al.,
1996 Cloning of the cDNA for a human homologue of the Dro-
sophila white gene and mapping to chromosome 21q22.3. Am. J.
Hum. Genet. 59: 66-75.

CHeN, Y. M., Q. J. WanG, H. S. Hu, P. C. Yu, |J. Zuu et al.,
2006 Microtubule affinity-regulating kinase 2 functions down-
stream of the PAR-3/PAR-6/atypical PKC complex in regulating
hippocampal neuronal polarity. Proc. Natl. Acad. Sci. USA 103:
8534-8539.

CHINTAPALLL V. R.,J. WANG and J. A. T. Dow, 2007  Using FlyAtlas to
identify better Drosophila melanogaster models of human disease.
Nat. Genet. 39: 715-720.

CooLEky, L., C. BERG and A. SPRADLING, 1988a Controlling P ele-
ment insertional mutagenesis. Trends Genet. 4: 254-258.

CooLEY, L., R. KELLEY and A. SPRADLING, 1988b Insertional muta-
genesis of the Drosophila genome with single P elements. Sci-
ence 239: 1121-1128.

Croopr, J. M., G. E. TILLER, J. A. FLETCHER, M. L. Lux, E. RaAB et al.,
1997 Isolation and characterization of a mammalian homolog
of the Drosophila white gene. Gene 185: 77-85.

DermAavUT, B., K. K. NorGA, A. KaNIA, P. VERSTREKEN, H. PAN et al.,
2005 Aberrant lysosomal carbohydrate storage accompanies
endocytic defects and neurodegeneration in Drosophila bench-
warmer. J. Cell. Biol. 170: 127-139.

DIEGELMANN, S., M. ZARs and T. ZArs, 2006 Genetic dissociation of
acquisition and memory strength in the heat-box spatial learning
paradigm in Drosophila. Learn. Mem. 13: 72-83.



DreEesen, T. D., D. H. JounsoN and S. HENIKOFF, 1988  The brown
protein of Drosophila melanogaster is similar to the white pro-
tein and to components of active transport complexes. Mol. Cell.
Biol. 8: 5206-5215.

DREWES, G., B. LICHTENBERG-KRAAG, F. DORING, E. M. MANDELKOW,
J. BIERNAT et al., 1992 Mitogen activated protein (MAP) kinase
transforms tau protein into an Alzheimer-like state. EMBO J. 11:
2131-2138.

DRrREWES, G., B. TRINCZEK, S. ILLENBERGER, J. BIERNAT, G. ScHMITT-ULMS
et al., 1995 Microtubule-associated protein/microtubule-
affinity-regulating kinase (pllOmark): a novel protein
kinase that regulates tau-microtubule interactions and
dynamic instability by phosphorylation at the Alzheimer-
specific site serine 262. J. Biol. Chem. 270: 7679-7688.

Eruis, M. C., E. M. O'NEILL and G. M. RuBIN, 1993 Expression of
Drosophila glass protein and evidence for negative regulation
of its activity in non-neuronal cells by another DNA-binding pro-
tein. Development 119: 855-865.

Evans, J. M., J. P. Day, P. CABRERO, J. A. T. Dow and S.-A. DAVIES,
2008 A new role for a classical gene: white transports cyclic
GMP. J. Exp. Biol. 211: 890-899.

FERRER, 1., M. BARRACHINA and B. Puic, 2002 Glycogen synthase
kinase-3 is associated with neuronal and glial hyperphosphory-
lated tau deposits in Alzheimer’s disease, Pick’s disease, progres-
sive supranuclear palsy and corticobasal degeneration. Acta
Neuropathol. 104: 583-591.

FrancescHINI, N., and K. KIRSCHFELD, 1976 The automatic control
of the light flux in the compound eye of Diptera: spectral, stat-
ical, and dynamical properties of the mechanism. Biol. Cybernet-
ics 21: 181-203.

Han, D., H. Y. QuresHI, Y. Lu and H. K. PaupEir, 2009 Familial
FTDP-17 missense mutations inhibit microtubule assembly pro-
moting activity of tau by increasing phosphorylation at Ser202
in vitro. J. Biol. Chem.

HorsTEE, C. A., and D. G. STAVENGA, 1996 Calcium homeostasis in
photoreceptor cells of Drosophila mutants inaC and trp studied
with the pupil mechanism. Vis Neurosci. 13: 257-263.

IcHipA, K., Y. AMAYA, K. Nopa, S. MiNosHIMA, T. HosoyvA et al.,
1993 Cloning of the cDNA encoding human xanthine dehydro-
genase (oxidase): structural analysis of the protein and chromo-
somal location of the gene. Gene 133: 279-284.

IkURA, Y., T. Kupo, T. Tanaka, H. Tanii, I. GRUNDKE-IQBAL et al.,
1998 Levels of tau phosphorylation at different sites in Alz-
heimer disease brain. Neuroreport 9: 2375-2379.

Jackson, G. R., M. Wiepau-Pazos, T. K. SanG, N. WacLE, C. A.
BrowN et al., 2002 Human wild-type tau interacts with wingless
pathway components and produces neurofibrillary pathology in
Drosophila. Neuron 34: 509-519.

Kavep, R, and G. R. Jackson, 2009 Prefilament tau species as
potential targets for immunotherapy for Alzheimer disease and
related disorders. Curr. Opin. Immunol. 21: 359-363.

KirscHFELD, K., 1979 The function of photostable pigments in fly
photoreceptors. Biophys. Struct. Mechanism 5: 117-128.

KirscHFELD, K., and N. FRANCESCHINI, 1969 A mechanism for the
control of the light flow in the rhabdomeres of the complex
eye of Musca. Kybernetik 6: 13-22.

KrLeMENZ, R., U. WEBER and W. J. GEHRING, 1987 The white gene as
a marker in a new P-element vector for gene transfer in Drosoph-
ila. Nucleic Acids Res. 15: 3947-3959.

Kosik, K. S., L. D. OreccHIO, L. BINDER, J. Q. TROjJaANOWSKI, V. M.
LEE et al., 1988 Epitopes that span the tau molecule are shared
with paired helical filaments. Neuron 1: 817-825.

LIANG, J., and J. M. SLINGERLAND, 2003  Multiple roles of the PI3K/
PKB (Akt) pathway in cell cycle progression. Cell Cycle 2: 339—
345,

MAackENzIE, S. M., A. J. HoweLLs, G. B. Cox and G. D. EwWART,
2000 Sub-cellular localisation of the white/scarlet ABC trans-
porter to pigment granule membranes within the compound
eye of Drosophila melanogaster. Genetica 108: 239-252.

MaNDELKOW, E. M., G. DREWES, J. BIERNAT, N. GUSTKE, J. VAN LINT
et al., 1992  Glycogen synthase kinase-3 and the Alzheimer-like
state of microtubule-associated protein tau. FEBS Lett. 314:
315-321.

MounT, S. M., 1987 Sequence similarity. Nature 325: 487.

Note

441

NAkaMURA, M., S. UeNo, A. SaNO and H. TaNaBk, 1999 Poly-
morphisms of the human homologue of the Drosophila white
gene are associated with mood and panic disorders. Mol. Psychi-
atry 4: 155-162.

NISHIMURA, I., Y. YANG and B. Lu, 2004 PAR-1 kinase plays an initi-
ator role in a temporally ordered phosphorylation process that
confers tau toxicity in Drosophila. Cell 116: 671-682.

O’HARE, K., C. MurprHY, R. LEvis and G. M. RuBiN, 1984 DNA
sequence of the white locus of Drosophila melanogaster. J. Mol.
Biol. 180: 437-455.

Onwmi, K., L. C. Kupo, S. RyazanTsev, H. Z. ZHAO, S. L. KARSTEN e¢f al.,
2009  Sanfilippo syndrome type B, a lysosomal storage disease, is
also a tauopathy. Proc. Natl. Acad. Sci. USA 106: 8332-8337.

Pauper, H. K., J. LEw, Z. Ar1 and J. H. WANG, 1993  Brain proline-
directed protein kinase phosphorylates tau on sites that are abnor-
mally phosphorylated in tau associated with Alzheimer’s paired
helical filaments. J. Biol. Chem. 268: 23512-23518.

ReAUME, A. G., D. A. KNEcHT and A. CHOVNICK, 1991 The rosy locus
in Drosophila melanogaster: xanthine dehydrogenase and eye
pigments. Genetics 129: 1099-1109.

RuBIN, G. M., and A. C. SPRADLING, 1983 Vectors for P element-
mediated gene transfer in Drosophila. Nucleic Acids Res. 11:
6341-6351.

SAKSELA, M., R. LapAaTTO and K. O. Rarvio, 1998 Xanthine oxido-
reductase gene expression and enzyme activity in developing hu-
man tissues. Biol. Neonate 74: 274-280.

ScHRODER, H. C., A. BErnND, R. K. ZAHN and W. E. MULLER,
1984 Binding of polyribonucleotides and polydeoxyribonu-
cleotides to bovine brain microtubule protein: age-dependent
modulation via phosphorylation of high-molecular-weight micro-
tubule-associated proteins and tau proteins. Mech. Aging Dev.
24: 101-117.

SHoup, J. R., 1966 The development of pigment granules in the eyes
of wild type and mutant Drosophila melanogaster. J. Cell Biol. 29:
223-249.

SHULMAN, ]. M., and M. B. FEaNY, 2003  Genetic modifiers of tauop-
athy in Drosophila. Genetics 165: 1233-1242.

SJOBERG, M. K., E. SHESTAKOVA, Z. MANSUROGLU, R. B. MAccioNI and
E. BoNNEFOY, 2006  Tau protein binds to pericentromeric DNA:
a putative role for nuclear tau in nucleolar organization. J. Cell.
Sci. 119: 2025-2034.

SoxkoL, J., J. BLANCHETTE-MACKIE, H. S. KruTH, N. K. DWYER, L. M.
AMENDE et al., 1988 Type C Niemann-Pick disease: 1Lysosomal
accumulation and defective intracellular mobilization of low den-
sity lipoprotein cholesterol. J. Biol. Chem. 263: 3411-3417.

STARK, W. S., and R. Sapp, 1988  Eye color pigment granules in wild-
type and mutant Drosophila melanogaster. Can. J. Zool. 66:
1301-1308.

STEINHILB, M. L., D. D1as-SANTAGATA, T. A. FuLGA, D. L. FELCH and
M. B. FEANY, 2007  Tau phosphorylation sites work in concert to
promote neurotoxicity in vivo. Mol. Biol. Cell 18: 5060-5068.

SUTHERLAND, C., I. A. LEIcHTON and P. COHEN, 1993 Inactivation of
glycogen synthase kinase-3 beta by phosphorylation: new kinase
connections in insulin and growth-factor signalling. Biochem. J.
296 (Pt 1):15-19.

Suzuki, K., C. C. PARKER, P. G. PENTCHEV, D. KaTZ, B. GHETTI ¢t al.,
1995 Neurofibrillary tangles in Niemann-Pick disease type C.
Acta Neuropathol. 89: 227-238.

TEARLE, R. G., J. M. BELOTE, M. MCcKEOWN, B. S. BAKER and A. .
HoweLLs, 1989 Cloning and characterization of the scarlet
gene of Drosophila melanogaster. Genetics 122: 595-606.

Thies, E., and E. M. MANDELKOW, 2007  Missorting of tau in neurons
causes degeneration of synapses that can be rescued by the kinase
MARK2/Par-1. J. Neurosci. 27: 2896-2907.

Tmvm, T., K. Barusamy, X. L1, J. BIERNAT, E. MANDELKOW et al.,
2008  Glycogen synthase kinase (GSK) 3beta directly phosphor-
ylates serine 212 in the regulatory loop and inhibits microtubule
affinity-regulating kinase (MARK) 2. J. Biol. Chem. 283: 18873
18882.

Wapa, Y., K. Isnicuro, T. J. Iton, T. UcHipA, H. HOoTANI et al,
1998 Microtubule-stimulated phosphorylation of tau at Ser202
and Thr205 by cdkb decreases its microtubule nucleation activity.
J. Biochem. 124: 738-746.

Wang, X. S., D. L. WaNg, J. Zarao, M. H. Qu, X. H. Znou e al,
2006 The proline-rich domain and the microtubule binding



442 S. S. Ambegaokar and G. R. Jackson

domain of protein tau acting as rna binding domains. Protein Xu, P, T. P. HurcksteEADT, R. HARRISON and ]J. R. Hoipar,
Peptide Lett. 13: 679-685. 1994 Molecular cloning, tissue expression of human xanthine
WAaNG, Y., A. P. McMaHON and B. L. ALLEN, 2007 ~ Shifting paradigms dehydrogenase. Biochem. Biophys. Res. Commun. 199: 998-1004.
in Hedgehog signaling. Curr. Opin. Cell. Biol. 19: 159-165. 7ZHANG, S.D., and W. F. ODENWALD, 1995 Misexpression of the white
Wray, S., M. SaxtoN, B. H. ANDERTON and D. P. HANGER, (w) gene triggers male-male courtship in Drosophila. Proc. Natl.
2008  Direct analysis of tau from PSP brain identifies new phos- Acad. Sci. USA 92: 5525-5529.

phorylation sites and a major fragment of N-terminally cleaved
tau containing four microtubule-binding repeats. J. Neurochem.
105: 2343-2352. Communicating editor: D. I. GREENSTEIN



