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Phospho-dependent ubiquitination and degradation
of PAR-1 regulates synaptic morphology
and tau-mediated Ab toxicity in Drosophila
Seongsoo Lee1, Ji-Wu Wang1, Wendou Yu1 & Bingwei Lu1

The conserved kinases PAR-1/MARK are critically involved in processes such as asymmetric

cell division, cell polarity and neuronal differentiation. Their deregulation has been implicated

in diseases including Alzheimer’s disease and cancer. Given the importance of PAR-1/MARK

in health and disease, their activities need to be tightly controlled. However, little is known

about the molecular mechanisms underlying their regulation in vivo. Here we show that in

Drosophila, a phosphorylation-dependent ubiquitination mechanism restrains PAR-1 activa-

tion. Active PAR-1 generated by LKB1-controlled phosphorylation is targeted for ubiquitination

and degradation by SCF (Skp, Cullin, F-box containing complex) (Slimb), whose action is

antagonized by the deubiquitinating enzyme fat facets. This newly identified PAR-1-modifying

module critically regulates synaptic morphology and tau-mediated postsynaptic toxicity of

amyloid precursor protein (APP)/Ab-42, the causative agents of Alzheimer’s disease, at the

Drosophila neuromuscular junction. Our results provide new insights into the regulation of

PAR-1 in various physiological processes and offer new therapeutic strategies for diseases

involving PAR-1/MARK deregulation.
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P
AR-1 encodes a highly conserved polarity-regulating kinase
originally identified in Caenorhabditis elegans1. In
multicellular organisms, PAR-1 homologues are critically

involved in diverse processes, from cell polarization to Wnt
signalling, immunity and metabolism2,3. In the nervous system,
PAR-1 and its mammalian homologues, the microtubule affinity-
regulating kinases MARK1–MARK44,5, regulate neuronal
polarization, differentiation, migration and synaptogenesis. The
diverse physiological functions of these kinases are likely
mediated by a large repertoire of substrates2. One main
mechanism of PAR-1/MARK action is to regulate microtubule
dynamics through its substrate tau4,6, whose aberrant
phosphorylation is associated with Alzheimer’s disease (AD)
and related tauopathies7.

The detrimental consequences of deregulation or dysfunction
of PAR-1/MARKs entail a stringent control over their activities
in vivo. PAR-1/MARK activity can be regulated by phosphoryla-
tion, intra-molecular interaction and inter-molecular interaction2.
Certain kinases have been implicated in phosphorylating PAR-1/
MARKs. For example, phosphorylation by LKB1 and MARKK
both positively regulate PAR-1/MARK activity, and LKB1
has been shown to promote PAR-1 activity in AD-related
processes8–10. It is not known how the active phospho-PAR-1
(p-PAR-1) generated by LKB1 and/or MARKK action is regulated
in vivo.

Protein ubiquitination and deubiquitination have essential
roles in cell signalling during development and in tissue
maintenance in adults. Defects in this process contribute to
disease conditions, such as neurodegeneration and cancer11,12.
The SCF (Skp_Cul1_F-box) E3 ubiquitin (Ub) ligase complex is
primarily involved in ubiquitinating phospho-substrates, with the
F-box-containing subunit recognizing and recruiting phospho-
targets13. Hence, the SCF complex is particularly important for
kinase signalling. One of the well-studied SCF complexes is the
Drosophila SCF(Slimb)14 and its mammalian counterpart SCF(b-
TrCP)15, which contain the F-box proteins Slimb and b-TrCP,
respectively, and are critically involved in diverse processes13,16.
The effects of ubiquitination on the turnover or activity of target
proteins are counteracted by deubiquitinating enzymes17. In
Drosophila, the deubiquitinating enzyme fat facets (FAFs) has
been implicated in synapse development18. Whether SCF(Slimb)
and FAF may interact during synapse development by targeting
common synaptic substrates is not known.

In genetic screens for modifiers of PAR-1 in Drosophila, we
have uncovered a regulatory mechanism involving LKB1,
SCF(Slimb) and FAF. Activated p-PAR-1 generated by LKB1-
controlled phosphorylation is targeted for ubiquitination and
degradation by SCF(Slimb), whose action is antagonized by FAF.
These studies identify PAR-1 as the first common substrate for
SCF(Slimb) and FAF. In Drosophila AD models, this newly
identified PAR-1-modifying module critically regulates the
toxicity of amyloid precursor proteins (APP)/Ab-42, leading
candidates for the causative agents of AD19, at the postsynapse of
the neuromuscular junction (NMJ), and it acts by influencing tau.
These results thus offer mechanistic insights into the in vivo
regulation of an important kinase, with particular relevance for
understanding the synaptic mechanisms of AD pathogenesis.

Results
Identification of FAF as a deubiquitinating enzyme of PAR-1.
To identify novel regulators of PAR-1, we performed a genetic
screen for modifiers of a degeneration phenotype caused by
GMR-Gal44PAR-1 in the retina6. A strong modifier came out of
this screen was FAF. A FAF-overexpressing EP line (EP381),
which alone caused a mild rough eye phenotype, likely due to its

moderate upregulation of endogenous PAR-1 protein level
(Supplementary Fig. S1), caused a dramatic reduction of eye
size when introduced into GMR-Gal44PAR-1 background
(Fig. 1a–d). This effect of FAF is specific, as the co-expression
of a different deubiquitinating enzyme Cylindromatosis
(CYLD)20 failed to modify the GMR-Gal44PAR-1 phenotype
(Supplementary Fig. S2a). Conversely, introduction of a FAF
RNA interference (RNAi) transgene, which was effective in
knocking down FAF mRNA and protein expression (Supplemen-
tary Fig. S3), partially suppressed GMR-Gal44PAR-1 effect
(Supplementary Fig. S4).

We also tested the functional interaction between PAR-1 and
FAF in a different context. When overexpressed at the postsynapse
of the larval NMJ, Mhc-Gal44PAR-1 exerted synaptic toxicity as
shown by a marked loss of boutons21. Although FAF
overexpression or FAF-RNAi alone had no discernable effect on
NMJ synapse morphology, which is likely due to the alterations of
endogenous PAR-1 level not reaching a threshold level required
for toxicity (Supplementary Fig. S1), in Mhc-Gal44PAR-1
background, FAF-RNAi rescued the loss of boutons formed on
muscle 6/7, whereas FAF overexpression showed significant
enhancement (Fig. 1e–i). The co-expression of CYLD failed to
modify the effect of PAR-1 at the NMJ (Supplementary Fig. S2b),
supporting FAF as a positive regulator of PAR-1.

Ub-specific protease 9X (USP9X), the putative mammalian
homologue of FAF, was previously identified as a binding partner
of MARK4 (refs 22,23), but the functional effect of this interaction
was not well defined. Using an hs-FAF-myc transgene24, we found
that endogenous PAR-1 level was dramatically increased after heat
shock (hsþ ) (Fig. 1j). In contrast, the overexpression of CYLD
failed to alter PAR-1 level (Supplementary Fig. S5). To test
whether FAF acts as a deubiquitin enzyme of PAR-1, we first
tested whether PAR-1 is normally ubiquitinated in vivo. We co-
expressed UAS-PAR-1-myc and UAS-HA-Ub in the eye.
Transgenic PAR-1 was then subjected to immunoprecipitation
(IP) with anti-Myc, and its ubiquitination status was tested by
western blotting with anti-HA. A smear of HA immunoreactivity
was detected in PAR-1 IP (Fig. 1k), indicating poly-ubiquitination
of PAR-1 in vivo. Moreover, in faf mutant tissue extracts, we
observed moderately increased ubiquitination of PAR-1
(Supplementary Fig. S6a), and the effect was more dramatic
when p-T408-PAR-1 (Supplementary Fig. S6b), which
corresponds to an activated form of PAR-1 (ref. 10) was
analysed (Supplementary Fig. S6). These data support p-PAR-1
as a physiological substrate of FAF. To test whether FAF directly
de-ubiquitinates PAR-1, we used affinity-purified FAF and
HA-Ub-labelled PAR-1 in an in vitro reaction. FAF clearly
reduced poly-ubiquitinated PAR-1 level in vitro (Fig. 1l),
supporting that FAF directly de-ubiquitinates PAR-1.

SCF(Slimb) as an E3 that antagonizes FAF in regulating
PAR-1. We were interested in identifying the E3 Ub ligase for
PAR-1. Based on the assumption that the E3 for PAR-1 would
exhibit strong functional interaction with FAF, we performed
genetic interaction tests between FAF and candidate E3s for
whom gain-of-function or loss-of-function alleles were available.
One strong interacting gene was Slimb. Inhibition of Slimb
expression using a Slimb-RNAi transgene, which efficiently
knocked down Slimb protein expression (Supplementary Fig.
S7c), resulted in increased endogenous PAR-1 or transgenic PAR-1
protein levels (Supplementary Figs S1b and S7c) and induced
NMJ and eye phenotypes similar to that caused by PAR-1 over-
expression (Fig. 2c, Supplementary Fig. S7). Moreover, although
co-overexpression of a wild-type (WT) Slimb transgene with
FAF(EP381) had roughly the same effect (Fig. 2g) as
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overexpression of FAF(EP381) alone (Fig. 2f), co-expression of a
Slimb-RNAi transgene with FAF(EP381) resulted in dramatically
reduced eye size (Fig. 2h), similar to that seen after PAR-1 and
FAF(EP381) co-expression (Fig. 1d). Co-expression of
FAF(EP381) and Slimb-DF, a dominant-negative form of Slimb14,
also caused eye size reduction, albeit less dramatic than
FAF(EP381)/Slimb-RNAi co-expression, and the resulting
animals exhibited dark patches of necrotic tissues not seen in
animals expressing either transgene alone (Fig. 2i). Supporting

the specificity of FAF and Slimb interaction, Archipelago (Ago),
another F-box component of SCF25, did not interact with FAF
(Supplementary Fig. S8), and Slimb did not exhibit obvious
interaction with CYLD (Supplementary Fig. S9).

To verify that the genetic interaction between Slimb and FAF
was mediated by PAR-1, we co-expressed a PAR-1-RNAi
transgene, whose efficiency was characterized before21. This
resulted in suppression of the synthetic toxicity between FAF and
Slimb-DF (Fig. 2j) or between FAF and Slimb-RNAi
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Figure 1 | FAF positively regulates PAR-1 activity and protein stability. (a–d) Genetic interaction between PAR-1 and FAF in the fly retina. All flies were

grown at 25 1C. Images of female flies are shown. The genotypes are: GMR-Gal4/þ control (a), GMR-Gal44FAFEP381 (b), GMR-Gal44UAS-PAR-1 (c) and

GMR- Gal44UAS-PAR-1þ FAFEP381 (d) (n¼ 16, 17, 16 and 16 animals, respectively). Statistically significant differences are Po0.001 (GMR-Gal44UAS-PAR-

1, GMR- Gal44UAS-PAR-1þ FAFEP381) as determined by Student’s t-test. Experiments were performed in triplicate. Dashed lines outline the eye contour.

Values represent areas of retinal surface normalized with GMR-Gal4/þ control. Scale bar (a–d), 100mm. (e–h) Representative NMJ terminals of the

indicated genotypes revelled by anti-horseradish peroxidase (HRP) immunostaining. The genotypes areMhc-Gal4/þ control (e), Mhc-Gal44FAFEP3520 (f),

Mhc-Gal44UAS-PAR-1 (g) and Mhc-Gal44UAS-PAR-1þ FAFEP3520 (h). Scale bar (e–h), 10mm (i) Quantification of the total number of boutons per muscle

area on muscle 6/7 of A3 in the indicated genotypes. N indicates the number of animals analysed. The error bars represent means±s.e.m. P-values were

determined using two-tailed Student’s t-test for each comparison. Experiments were performed in triplicate. (j) Western blot analysis of endogenous PAR-1

protein level after FAF induction from hs-Myc-FAF. Actin serves as a loading control. Values represent PAR-1 levels normalized with wild-type control in

three independent experiments. (k) Western blot analysis showing in vivo ubiquitination of PAR-1 in animals co-expressing PAR-1-Myc and HA-Ub (lane 8).

(l) In vitro deubiquitination assay using affinity-purified, HA-Ub-modified phsopho-PAR-1 as the substrate, and affinity-purified FAF as the enzyme. Note the

decrease of poly-ubiquitinated PAR-1 and the corresponding increase of non-ubiquitinated or mono-ubiquitinated PAR-1 after FAF treatment. Brackets

indicate ubiquitinated PAR-1 (Ub-PAR-1) in (k,l.). IB, immunoblot; n.s., not significant.
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(Supplementary Fig. S10), suggesting that FAF and SCF(Slimb)
both acted on PAR-1. If PAR-1 were a common target through
which deregulated Slimb and FAF activities resulted in eye
degeneration, we would expect to see altered endogenous PAR-1
protein levels under those conditions. Indeed, FAF(EP381)/Slimb-
DF co-expression led to a significant increase of PAR-1 protein
level, whereas FAF(EP381)/Slimb-WT co-expression led to a
modest decrease (Fig. 2k).

Given the role of SCF(Slimb) in targeting phospho-proteins for
degradation, we tested whether SCF(Slimb) might affect p-T408-
PAR-1. As shown in Fig. 2l, p-PAR-1 was present at low levels in
the postsynaptic membrane in control NMJ, as reported before21.
In animals co-expressing FAF and Slimb-DF, the level of p-PAR-1
was significantly increased (Fig. 2l,m). The specificity
of this p-PAR-1 staining is supported by the significant
increase of staining signals in animals overexpressing LKB1
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in triplicate. Dashed lines outline the eye contour. Values represent areas of retinal surface normalized with GMR-Gal4/þ control. (a–j) Scale bar, 100mm.

(k) Western blot analysis of PAR-1 protein levels in the indicated genotypes. Actin serves as a loading control. Values represent PAR-1 levels in the indicated

genotypes normalized with GMR-Gal44FAFEP381 control in three independent experiments. (l) Double labelling of larval NMJs with anti-horseradish

peroxidase (HRP) in green and anti-p-PAR-1 in red. Merged images are shown in lower panels. The genotypes are: Mhc-Gal44FAFþ Slimb-DF and
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numbers showing genetic interaction between PAR-1 and Slimb at the NMJ. N indicates the number of animals analysed. The error bars represent

means±s.e.m. P-values were determined using two-tailed Student’s t-test for each comparison. Experiments were performed in triplicate.

(o) Quantification of bouton numbers showing genetic interactions among Slimb, FAF, and PAR-1 at the NMJ. N indicates the number of animals analysed.

The error bars represent means±s.e.m. P-values were determined using two-tailed Student’s t-test for each comparison. Experiments were performed

in triplicate.
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(Supplementary Fig. S11), the kinase responsible for PAR-1 T408
phosphorylation10.

To test for a functional link between PAR-1 and Slimb in
NMJ synaptic morphogenesis, we examined whether p-PAR-1
co-localized with Slimb. Slimb formed punctate structures that
co-localized with p-PAR-1 at the NMJ (Supplementary Fig. S12a).
The Slimb-positive signals were dramatically reduced
when Slimb was knocked down postsynaptically in Mhc-
Gal44UAS-Slimb RNAi, but only mildly reduced when Slimb
was knocked down presynaptically in elav-Gal44UAS-Slimb
RNAi (Supplementary Fig. S12b). This result, together with the
significant loss of boutons in Mhc-Gal44UAS-Slimb RNAi
but not elav-Gal44UAS-Slimb RNAi animals (Supplementary
Fig. S7a,b), suggested that like PAR-1 (ref. 21), Slimb has a more
prominent role at the postsynapse.

We next used the NMJ to further investigate the relationships
among Slimb, FAF and PAR-1. Postsynaptic overexpression of
PAR-1 resulted in B40% reduction of NMJ boutons (Fig. 2n), an
effect rescued by the co-expression of Slimb-WT but enhanced by
Slimb-DF (Fig. 2n). Dlg was previously shown to be a key
substrate mediating the effect of PAR-1 on synaptic morphology,
and it is delocalized from the postsynapse by PAR-1 (ref. 21). The
effect of PAR-1 overexpression on Dlg localization was rescued by
Slimb-WT (Supplementary Fig. S13), consistent with Slimb
negatively regulating PAR-1 function. Moreover, although
postsynaptic expression of either FAF(EP381) or Slimb-DF had
no obvious effect on NMJ bouton number, presumably because of
their moderate effects on endogenous PAR-1 level (Supplemen-
tary Fig. S1a), their co-expression resulted in an B40% loss of
boutons, which was blocked by PAR-1-RNAi (Fig. 2o). These
results are consistent with FAF and Slimb having antagonistic
roles in regulating the abundance of PAR-1 protein. Deregulation
of this process could lead to the accumulation of activated
p-PAR-1 and ensuing synaptic toxicity.

Evidence that p-PAR-1 is a direct target of SCF(Slimb). The
genetic and biochemical evidence presented so far are consistent
with SCF(Slimb) directly targeting PAR-1. To test this possibility,
we used the in vivo ubiquitination assay as described in Fig. 1k to
examine the effect of Slimb on PAR-1 ubiquitination. Over-
expression of Slimb led to increased PAR-1 ubiquitination
(Fig. 3a). We also examined the effects of Slimb-WT and Slimb-
DF on the steady-state levels of p-PAR-1 and total PAR-1
expressed from a UAS-PAR-1 transgene. Slimb-WT decreased,
whereas Slimb-DF increased, the ratio of p-PAR-1/total PAR-1
(Fig. 3b,c), suggesting that SCF(Slimb) preferentially promotes
the degradation of p-PAR-1. Consistently, endogenous p-PAR-1
level was increased by Slimb-RNAi (Supplementary Fig. S7c). In
co-IP experiments using fly head extracts prepared from animals
expressing PAR-1-WT or PAR-1-T408A mutant in the eye, PAR-
1-WT but not PAR-1-T408A interacted with endogenous Slimb,
supporting that Slimb preferentially recognizes p-T408-PAR-1
(Fig. 3d). This is consistent with role of the F-box subunit of SCF
in recognizing and recruiting phospho-targets13. Correlated with
decreased binding of PAR-1-T408A to Slimb, the in vivo
ubiquitination of PAR-1-T408A was greatly diminished
compared with PAR-1-WT (Fig. 3e). Furthermore, unlike PAR-
1-WT, whose eye phenotype and steady-state level were
negatively regulated by Slimb, PAR-1-T408A was no longer
responsive to Slimb (Fig. 3f,g).

To further demonstrate that SCF(Slimb) targets p-T408 PAR-1
for ubiquitination and degradation, we performed pulse-chase
experiments in HEK293 cells transfected with myc-tagged PAR-
1-WT or PAR-1-T408A and in the presence of the translation
inhibitor cycloheximide. Although PAR-1-WT was gradually

degraded during the chase period in a proteasome-dependent
manner, PAR-1-T408A remained stable (Fig. 3h). Collectively,
these data demonstrate that SCF(Slimb) targets p-PAR-1 for
ubiquitination and degradation.

LKB1 kinase cooperates with SCF(Slimb) to regulate PAR-1.
LKB1 phosphorylates PAR-1 at the T408 site10. We tested
whether LKB1 cooperates with SCF(Slimb) to regulate PAR-1.
We first examined the localization and biochemical interaction of
LKB1 with PAR-1 in vivo using an LKB1-GFP transgene. LKB1-
GFP clearly localizes to the NMJ synapse when expressed
postsynaptically (Supplementary Fig. S14), and LKB1-GFP co-
IPs with endogenous PAR-1 (Supplementary Fig. S15a). We next
tested the relationships among LKB1, Slimb and PAR-1 at the
NMJ. Like PAR-1, LKB1 induced a strong bouton-loss phenotype
when overexpressed postsynaptically (Fig. 4a, Supplementary Fig.
S15b, c). This effect was blocked by PAR-1-RNAi (Fig. 4a),
consistent with LKB1 being an upstream activating kinase for
PAR-110. Previous studies established Dlg as a key substrate
mediating the postsynaptic effects of PAR-1 at the NMJ, with the
phosphorylation by PAR-1 negatively regulating the synaptic
localization and function of Dlg21. Co-expression of Dlg-SA,
which is no longer phosphorylated by PAR-1 and can protect
against PAR-1-induced synaptic toxicity21, effectively blocked
LKB1 overexpression-induced bouton loss (Fig. 4a). Dlg-WT also
showed some protective effect, albeit weaker than Dlg-SA,
whereas the phospho-mimetic Dlg-SD had no effect (Fig. 4a).
LKB1 thus positively regulates PAR-1 at the postsynapse.

We next tested possible functional interactions among LKB1,
Slimb and FAF at the NMJ. The bouton-loss phenotype of LKB1
overexpression was effectively rescued by Slimb-WT or FAF-
RNAi, but enhanced by Slimb-DF or FAF (Fig. 4b). We also tested
the genetic interaction between LKB1 and Slimb in the retina.
Although overexpression of LKB1 or Slimb-RNAi each resulted
in slight roughness of the eye, their co-expression caused necrosis
and a further reduction of eye size (Fig. 4c), supporting their
genetic interaction. We also examined the relationship between
LKB1 and FAF. The co-expression of LKB1 and FAF led to
dramatically reduced eye size (Fig. 4c). Thus, LKB1 and FAF both
positively regulate PAR-1, and the overexpression of FAF may
enhance LKB1 overexpression effects through the stabilization of
p-PAR-1 generated by LKB1.

To gather biochemical evidence that LKB1 and Slimb/FAF
work cooperatively in a phospho-dependent ubiquitination and
degradation mechanism to regulate PAR-1, we examined PAR-1
protein levels in animals co-expressing LKB1 and Slimb variants
or FAF-RNAi. The co-expression of Slimb-WT or FAF-RNAi
with LKB1 synergistically reduced endogenous PAR-1 and
p-PAR-1 levels, whereas Slimb-RNAi had opposite effects
(Fig. 4d,e), consistent with LKB1 and Slimb/FAF regulating
phospho-dependent ubiquitination and degradation of PAR-1.

PAR-1 regulation has an impact on the synaptic toxicity of
APP/Ab-42. The LKB1/PAR-1 axis mediates the toxicity of APP
in the retina10. We tested whether the phospho-dependent
ubiquitination of PAR-1 regulated by SCF(Slimb) and FAF
influences the toxicity of APP or Ab-42. Overexpression of FAF
had a mild effect, and WT human APP had no effect on eye size
or morphology (Fig. 5b,d). However, their co-expression resulted
in significant roughness and eye size reduction (Fig. 5e).
Overexpression of Ab-42 alone caused a slight roughness and
eye size reduction, as reported26, but a significant enhancement
was observed upon FAF co-expression (Fig. 5c,f). Thus, the PAR-
1-deubiquitinating enzyme FAF influences the toxicity of APP/
Ab-42 in the retina.
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AD is increasingly being recognized as a synaptic failure, and
accumulating evidence implicates Ab-42 in causing synaptic
toxicity through a postsynaptic mechanism27,28. The potential
postsynaptic toxicity of APP or Ab-42 has not been established in
Drosophila. We found that postsynaptic overexpression of APP or
Ab-42 at the NMJ caused B20% reduction of bouton
number (Supplementary Fig. S16). This effect was rescued by
knocking down PAR-1 or FAF, but exacerbated by inhibiting
Slimb via Slimb-DF (Fig. 5k). Similarly, overexpression of Ab-42
postsynaptically also caused a reduction of bouton number,
and this effect was rescued by Slim-WT, PAR-1-RNAi or
FAF-RNAi (Fig. 5l).

PAR-1 exhibits enriched accumulation at the postsynaptic
membrane of the NMJ synapses, where it critically regulates

synapse morphology and function21. Postsynaptic co-expression
of APP and PAR-1 caused a more severe loss of boutons
(Fig. 5h,m), an effect rescued by co-expressing Slimb-WT but not
Slimb-DF (Fig. 5i,j,m). Thus, regulation of PAR-1 by SCF(Slimb)
critically mediates the toxicity of APP/Ab-42 at the postsynapse.

Phospho-dtau mediates the postsynaptic toxicity of PAR-1. We
were interested in understanding the mechanisms by which
APP/Ab-42 and PAR-1 exert postsynaptic toxicity. Recent
studies in mammalian AD models have emphasized an important
role of tau in mediating the cognitive effects of APP/Ab28.
Interestingly, an unexpected postsynaptic role of tau has
emerged29,30. To test whether Drosophila tau (dtau) might
mediate the postsynaptic toxicity of APP/Ab-42, we tested
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whether it was expressed postsynaptically at the NMJ. Using
a well-characterized dtau antibody31, we found that it was
relatively enriched at the NMJ and co-localized with PAR-1
(Fig. 6a,b), which was predominantly localized to the
postsynapse21, and Dlg (Fig. 6c), a known postsynaptic marker.

This synaptic localization of dtau was eliminated in dtau-RNAi
animals (Fig. 6d).

We next asked whether dtau might mediate the postsynaptic
toxicity of PAR-1. The bouton-loss phenotype caused by
postsynaptic PAR-1 was partially suppressed by dtau-RNAi
(Fig. 6e). This effect was specific, as the bouton-loss phenotype
caused by postsynaptic overexpression of LRRK2 (ref. 32) was not
affected by dtau-RNAi (Fig. 6e). To test whether direct
phosphorylation of dtau by PAR-1 might underlie their
postsynaptic interaction, we used a non-phosphorylatable form
of human tau with the PAR-1-target sites mutated (htauS2A)6.
Like dtau-RNAi, htauS2A overexpression alone had no obvious
effect on synapse morphology. However, its co-expression
partially suppressed the effects of postsynaptic PAR-1 but not
LRRK2 (Figs 6f and 7a). In comparison, h-tau R406W (htauM), a
pathogenic form of tau associated with tauopathy, caused a
severe bouton-loss phenotype when overexpressed alone
(Fig. 6f), which was partially rescued by Slimb-WT or
FAF-RNAi (Supplementary Fig. S17a), but exacerbated by
PAR-1 co-expression (Fig. 6f).

As mentioned earlier, Dlg was previously identified as a
substrate of PAR-1 that mediates some of the effects of PAR-1 on
postsynaptic morphology and function21. The incomplete rescue
by Dlg-SA of PAR-1 overexpression-induced toxicity led to the
proposal that there are other key synaptic targets of PAR-1
(ref. 21). To test whether both Dlg and dtau might function
downstream of PAR-1 at the postsynapse, we co-expressed
Dlg-SA and htauS2A in PAR-1-overexpression background. This
resulted in a complete rescue of PAR-1-overexpression effect
(Fig. 6f). Dlg and dtau seemed to act independently, as suggested
by the inability of Dlg-WT or Dlg-SA to rescue the bouton-loss
phenotype caused by htauM (Supplementary Fig. S17b). These
results implicate both tau and Dlg as downstream effectors in
mediating the postsynaptic effects of PAR-1.

PAR-1-dtau axis mediates the synaptic effects of APP/Ab� 42.
We next tested the role of dtau in mediating the toxic effects of
APP/Ab-42 and the modifiers of PAR-1 identified above. The
bouton-loss phenotypes caused by the postsynaptic over-
expression of APP, LKB1 or the co-expression of FAF and Slimb-
DF were all effectively suppressed by the co-expression of
htauS2A (Fig. 7a) or dtau-RNAi (Fig. 7b). These results support
that postsynaptic dtau, and in particular its phosphorylation by
PAR-1, has a critical role in mediating the synaptic toxicity of
APP/Ab-42.

We also assessed the extent to which dtau might mediate the
toxicity of APP/Ab-42 and the modifiers of PAR-1 in the retina.
The eye phenotype caused by FAF/Slimb-DF co-expression was
significantly attenuated by added expression of htauS2A, but
severely exacerbated by the addition of htauM (Fig. 7c). More-
over, the exacerbated toxicity caused by htauM and FAF/Slimb-
DF synergy was partially relieved by PAR-1-RNAi, consistent
with their genetic interaction requiring PAR-1-directed tau
phosphorylation (Fig. 7c). At the biochemical level, we observed
that, as reported before10, APP promoted tau phosphorylation
at the PAR-1-target sites (Supplementary Fig. S17c). This
effect was attenuated by Slimb-WT but enhanced by Slimb-DF
(Supplementary Fig. S17c), supporting a critical role of
SCF(Slimb)-mediated PAR-1 regulation in the induction of tau
phosphorylation by APP. Together, these results support a key
role of posttranslational PAR-1 regulation in modulating tau-
mediated APP/Ab-42 toxicity.

Discussion
Here we reveal a previous unknown mechanism of PAR-1
regulation in Drosophila that involves phosphorylation-
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dependent ubiquitination and degradation. This mechanism
targets the phosphorylated and activated forms of PAR-1 for
ubiquitination and degradation. Using the Drosophila NMJ
synapses and the retina as assay systems, we demonstrate that
this newly identified mechanism of PAR-1 activity regulation is
important for specifying synaptic morphology, such as bouton
number, and neuronal survival, and is highly relevant to AD
pathogenesis. It is anticipated that this regulatory mechanism
may also be relevant to PAR-1/MARK function in other
physiological or developmental contexts.

Our results show that active PAR-1 phosphorylated by LKB1
at the T408 site is normally present at a very low level. This
could be due to a low basal phosphorylation of PAR-1 by LKB1,
or that p-PAR-1 level is tightly regulated under physiological

conditions. Our further studies support that p-PAR-1 is normally
tightly controlled by SCF(Slimb) for ubiquitination and degrada-
tion, and that FAF antagonizes SCF(Slimb) action in this process.
This conclusion was supported by comprehensive genetic and
biochemical interaction and studies. Although SCF(Slimb) and
FAF are both likely to have more than one substrates in vivo,
which might contribute to some of the phenotypes observed in
the genetic interaction studies (Supplementary Fig. S10), it is not
clear how many targets are commonly regulated by them. The
fact that PAR-1-RNAi could effectively rescue the synthetic
effects between FAF and Slimb provided strong evidence that
PAR-1 is a major mediator of their in vivo interaction. To our
knowledge this is the first example of a common substrate
regulated by SCF(Slimb) and FAF.
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Ubiquitination represents one fundamental mechanism by
which physiological and pathological signals may alter synapse
structure and function33,34. The Drosophila NMJ synapses, which
are glutamatergic in nature and possess well-defined pre- and

postsynaptic compartments, provide a model system to
understand mechanisms regulating synaptic differentiation and
plasticity by ubiquitination and the contribution of synaptic
dysfunction to AD pathogenesis. AD is increasingly being
recognized as a synaptic failure35, and emerging data support
postsynaptic toxicity as a key mechanism of APP/Ab action.
Interestingly, recent studies have focused attention on a
pathogenic action of tau at the postsynaptic compartment as
well28. The ability of Drosophila NMJ to recapitulate the
postsynaptic toxicity of APP/Ab and tau and to model their
functional interaction thus establishes the NMJ as a powerful
model system for elucidating the synaptic mechanisms of AD.
Our studies placing the newly identified module of PAR-1
regulation in-between APP/Ab and tau thus provide novel
insights into the signalling mechanisms, underlying the
postsynaptic toxicity of Ab and tau. It is worth pointing out
that the effects of both PAR-1 (ref. 21) and Slimb (this study) on
NMJ synapses are primarily postsynaptic.

The positioning of SCF(Slimb) and FAF into the APP or Ab/
LKB1/PAR-1/tau pathogenic pathway also raises the possibility
that APP/Ab or other disease-related signals may directly
impinge on SCF(Slimb) or FAF to regulate their expression or
activity (Fig. 7d). Previous studies showed that FAF has an
important role in regulating synaptogenesis at the NMJ18,
although its synaptic targets were largely unknown. FAF/USP9X
exhibits dynamic expression patterns in the rodent brain,
especially in the hippocampal regions relevant to AD36. If
USP9X, like FAF, acts in a similar pathogenic cascade to regulate
mammalian MARKs, its dynamic expression may contribute to
region-specific vulnerability. USP9X is upregulated in the mouse
brain with age37. This could contribute to the age-dependent
effects of APP/Ab on cognition and neuronal survival. Our results
show that overexpression of FAF alone in the fly eye had a mild
effect on eye morphology, whereas its overexpression in the
muscle has no effect on NMJ morphology. Although this
might be caused by different levels of FAF expression driven by
different Gal4 drivers, or different sensitivities of eye and muscle
to FAF activity, it is also possible that the activity of FAF or its
interacting proteins are differentially regulated in a tissue-specific
manner in flies.

Accumulating evidence strongly implicates PAR-1/MARKs as
critical factors in AD. PAR-1/MARKs phosphorylate tau and
associate with neurofibrillary tangles in AD4,38. PAR-1/MARK-
mediated phosphorylation critically confers tau toxicity in fly and
mammalian models6,39. Elevation of PAR-1/MARK-mediated tau
phosphorylation was observed in AD40,41. Consistently, PAR-1/
MARK are activated by APP/Ab in Drosophila or mammalian

Figure 6 | Phospho-dtau mediates the postsynaptic toxicity of PAR-1.

(a–d) Immunostaining showing dtau localization at third instar larval

muscle and NMJ. (a) WT larvae stained with anti-dtau antibody shown in

red. Scale bar, 50mm. (b–d) Higher magnification images of NMJ boutons

double-labelled with anti-dtau and anti-PAR-1 in WTanimals (b), or labelled

with anti-dtau and anti-Dlg in WT (c) and Da-Gal44dtau-RNAi animals (d).

Scale bar, 5 mm. (e) Quantification of NMJ bouton number showing specific

genetic interaction between PAR-1 and dtau, but not between hLRRK2 and

dtau. N indicates the number of animals analysed. The error bars represent

means±s.e.m. P-values were determined using two-tailed Student’s t-test

for each comparison. Experiments were performed in triplicate. (f)

Quantification of NMJ boutons showing mediation of the postsynaptic

effects of PAR-1 by both Dlg and tau. N indicates the number of animals

analysed. The error bars represent means±s.e.m. P-values were

determined using two-tailed Student’s t-test for each comparison.

Experiments were performed in triplicate. n.s, not significant.
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Figure 7 | The dtau mediates the toxic effects of APP/Ab-42 and the direct modifiers of PAR-1. (a,b) Quantification of NMJ bouton number showing

rescue by htauS2A (a) or dtau-RNAi (b) of the bouton-loss phenotypes induced by manipulations of the expression APP/Ab–42 or the PAR-1 ubiquitination

modifiers. N indicates the number of animals analysed. The error bars represent mean±s.e.m. P-values were determined using two-tailed Student’s t-test for each

comparison. Experiments were performed in triplicate. (c) Genetic interaction between tau and the modifiers of PAR-1 in the retina. Eye images of female flies are

shown. All flies were grown at 22 1C. The genotypes are: GMR-Gal44UAS-htauS2A (n¼ 16), GMR-Gal44FAFEP381 þUAS-Slimb-DF (n¼ 16), GMR-Gal44UAS-

htauS2Aþ FAFEP381þUAS-Slimb-DF (n¼ 17), GMR-Gal44UAS-htauM (n¼ 17), GMR-Gal44UAS-htauMþ FAFEP381þUAS-Slimb-DF (n¼ 18) and GMR-

Gal44UAS-htauM þ FAFEP381þ UAS-Slimb-DF þUAS-PAR-1-RNAi (n¼ 18). Statistically significant differences are Po0.001 (GMR-Gal44FAFEP381þUAS-Slimb-

DF, GMR-Gal44htauS2Aþ FAFEP381þUAS-Slimb-DF; GMR-Gal44UAS-htauM, GMR-Gal44UAS-htauMþ FAFEP381þUAS-Slimb-DF; GMR-Gal44UAS-htauMþ
FAFEP381þUAS-Slimb-DF, GMR-Gal44UAS-htauMþ FAFEP381þUAS-Slimb-DFþUAS-PAR-1-RNAi) as determined by Student’s t-test. Experiments were

performed in triplicate. Dashed lines outline the eye contour. Values represent areas of retinal surface normalized with GMR-Gal4/þ control. Scale bar, 100mm.

(d) A model depicting the possible signalling pathways linking APP/Ab–42 to synaptic dysfunction and synapse loss seen in AD. Dashed lines indicate potential

direct regulations. n.s, not significant; UPS, Ubiquitin-proteasome system.
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neurons10,39,42. Activated PAR-1 also directly phosphorylates the
PSD-95 homologue Dlg, impairing its postsynaptic localization21.
This may be mechanistically related to the synaptic PSD-95
defects seen in AD43,44. Interestingly, a recent genome-wide
association study suggested a potential link of MARK4 to late-
onset AD45. Our results support that phosphorylation of tau and
Dlg/PSD-95 by PAR-1/MARK both contribute to AD-related
synaptic toxicity39. Dlg/PSD-95 primarily acts as a scaffold
molecule at the postsynapse46. The postsynaptic effect of tau,
especially that of phospho-tau, is poorly understood. The fly NMJ
offers a model system to dissect the mechanisms of phospho-tau
toxicity at the postsynapse.

Methods
Fly strains. The UAS-PAR-1-WT, UAS-PAR-1-T408A, UAS-PAR–1-RNAi, UAS-
LKB1-WT, UAS-LKB1-KD, UAS-LKB1 RNAi, UAS-Dlg-WT-GFP, UAS-Dlg-SA-
GFP, UAS-Dlg-SD-GFP, UAS-htauM and UAS-htauS2A were described before10,21.
UAS-HA-Ub was provided by Dr K Chung47, UAS-Slimb-WT by Dr F Rouyer48,
UAS-LKB1-GFP by Dr D St Johnston49, UAS-Myc-Slimb-DF by Dr J Jiang50, UAS-
Ago-WT and UAS-Ago-DF by Dr K Moberg25, UAS-Ab-42 by Dr K Iijima-Ando26,
UAS-CYLD20 by Dr X Tian, and faf BX4, faf F08 and hs-Myc-FAF by Dr J Fischer24.
The Mhc-Gal4 driver was provided by Dr T Littleton. The
UAS-FAF RNAi lines were obtained from Vienna Drosophila RNAi Centre. The
FAF EP381, FAF EP3520, UAS-APP-WT, UAS-Slimb RNAi and GMR-Gal4 lines were
obtained from Bloomington Drosophila Stock Centre.

Immunohistochemistry. For immunohistochemistry, third instar lavae were
selected, dissected in phosphate-buffered saline (PBS), fixed in 4% formaldehyde
(Ted Pella) in PBS for about 15min and washed 3� in 0.1% Triton X-100 in PBS.
The primary antibodies used were: anti-PAR-1 (1:10,000); anti-phospho-PAR-1
(1:1,000); anti-Slimb (1:1,000); anti-Dlg (4F3) (1:50, Hybridoma bank, University
of Iowa); anti-GFP (1:8,000, Abcam); and anti-dtau (1:3). Primary antibody
incubation was performed at 4 1C overnight. All secondary antibodies (Molecular
Probes) and Texas Red or FITC-conjugated anti-HRP (Jackson ImmunoResearch
Laboratories) were used at 1:200 and incubated for about 2 h at room temperature.
Laval preparations were mounted in SlowFade Antifade kit (Invitrogen). Confocal
images were collected from Leica confocal microscopes SP2 and SP5 equipped with
an oil immersion objective (X40 HCX PL APO 1.25 or X100 HCX PL APO 1.46).
Leica Application Suite Advanced Fluorescence software was used to capture,
process and analyse images. Analysis of the NMJ was performed essentially as
described32. All crosses for genetic interaction studies in the NMJ were performed
at 25 1C.

Transfection, IP and western blot analysis. Transfection of HEK 293T cells
was performed using 1 mg pCDNA-PAR-1-WT-Myc or PAR-1-T408A construct.
To generate the pCDNA-PAR-1-WT-Myc or pCDNA-PAR-1-T408A-Myc
constructs, the corresponding cDNA inserts were cloned into the pCDNA3.1
vector (Invitrogen).

For co-IP experiments, 70mg frozen fly heads expressing UAS-PAR-1-WT-Myc
or UAS-PAR-1-T408A-Myc transgene driven by GMR-Gal4 were collected. In the
case of LKB1 IP, 50 third instar larvae of lkb1X5 mutant genotype or those
expressing a UAS-LKB1-GFP transgene driven by Mhc-Gal4 were dissected. They
were homogenized in IP buffer (50mM Tris–HCl pH 8.0, 0.1% NP40, 150mM
NaCl, 2mM Na3VO4, 10mM NaF, 60mM b-glycerolphosphate, 10% glycerol,
protease inhibitors and 50mM MG132) and then centrifuged at 12,000 g for 30min
at 4 1C. Supernatants were pre-cleared by incubation with protein G agarose
(Pierce) for 1 h at 4 1C and then incubated with the indicated IP antibodies for 4 h
at 4 1C, followed by incubation with protein G agarose for 3 h at 4 1C. Beads were
washed eight times with the IP buffer or PBS and boiled in SDS sample buffer. The
samples were subjected to gel electrophoresis and western blot analysis.

For western blot analysis, the primary antibodies used were: anti-PAR-1
(1:8,000), anti-phospho-PAR-1 (1:1,000); anti-HA (1:2,000, Sigma); anti-Myc
(1:1,000, Millipore); anti-GFP (1:2,000, Abcam); anti-Dlg (4F3) (1:1,000,
Hybridoma bank, University of Iowa); 12E8 (1:8,000); anti-Actin (1:40,000, Sigma);
and anti-Gapdh (1:3,000, Abcam).

In vivo ubiquitination assay. To perform the ubiquitination assay in vivo, 100
frozen fly heads of GMR-Gal44PAR-1-WT-MycþHA-Ubi or fafBX4/fafF08 geno-
types were collected and homogenized in the IP buffer (50mM Tris–HCl pH 8.0,
0.1% NP40, 150mM NaCl, 2mM Na3VO4, 10mM NaF, 60mM b-glycerolpho-
sphate, 10% glycerol and protease inhibitors) and centrifuged at 12,000g for 30min
at 4 1C. Supernatant was incubated with anti-PAR-1 or anti-p-PAR-1 antibody and
then with protein G agarose or EZview Red Anti-c-Myc Affinity Gel (Sigma)
overnight at 4 1C. Beads were washed six times with PBS and boiled in SDS sample
buffer.

In vitro deubiquitination assay. The p-PAR-1 proteins used as substrate were
affinity purified from 50mg frozen adult fly heads of GMR-Gal44PAR-1-WT-
MycþHA-Ub genotype, using an anti-p-PAR-1 antibody. The FAF proteins used
as the deubiquitinating enzyme were affinity purified with anti-Myc antibody from
50mg hs-Myc-FAF fly heads collected after hs for 1 h at 37 1C and then stabilized
for 2 h at 25 1C. To perform the in vitro deubiquitination assay, reactions were
performed at 25 1C for 2 h in the deubiquitination buffer (150mM NaCl, 50mM
Tris–HCl, pH 7.5, 10mM MgCl2, 1mM ZnCl2 and 1mM DTT). The reaction
mixtures were stopped by the addition of SDS-PAGE sample loading buffer and
boiled at 95–100 1C for 5min, before subjected to western blot analysis.

Statistical analysis. Fly eye sizes were measured on multiple samples (n415)
from both control and experimental genotypes using the NIH ImageJ software.
Average eye size was presented as a normalized percentage of control eye size. We
performed two-tailed unpaired Student’s t-test to analyse the significance of
differences between two groups. Quantification of NMJ bouton number was per-
formed according to previously descried protocols (Lee et al., 2010 (ref. 32)). NMJ
bouton number is normalized by muscle area at muscle 6/7 in abdominal segment
A3. The experimental genotypes were normalized relative to the control genotype.
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