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a b s t r a c t

In Alzheimer's disease and other tauopathy, abnormal Tau proteins form intracellular aggregates and Tau
filaments. However, the mechanisms that regulate Tau aggregation are not fully understood. In this
paper, we show that POLDIP2 is a novel regulator of Tau aggregation. From a cell-based screening using
cDNA expression library, we isolated POLDIP2 which increased Tau aggregation. Expression of POLDIP2
was increased in neuronal cells by the multiple stresses, including Ab, TNF-a and H2O2. Accordingly,
ectopic expression of POLDIP2 enhanced the formation of Tau aggregates without affecting Tau phos-
phorylation, while down-regulation of POLDIP2 alleviated ROS-induced Tau aggregation. Interestingly,
we found that POLDIP2 overexpression induced impairments of autophagy activity and partially pro-
teasome activity and this activities were retained in DUF525 domain of POLDIP2. In a drosophila model of
human tauopathy, knockdown of the drosophila POLDIP2 homolog, CG12162, attenuated rough eye
phenotype induced by Tau overexpression. Further, the lifespan of neural-TauR406W transgenic files were
recovered by CG12162 knockdown. Together, these observations indicate that POLDIP2 plays a crucial
role in Tau aggregation via the impairment of autophagy activity, providing insight into Tau aggregation
in Tau pathology.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Tau is a microtubule-associated protein that localizes mainly
in the axon of neurons. Tau protein binds to and stabilizes mi-
crotubules and is highly soluble in normal condition [1]. On the
contrary, Tau is hyperphosphorylated in AD and other tauo-
pathies, during aging and under stress condition, leading to the
formation of insoluble aggregates, known as neurofibrillary
tangles (NFTs) in the affected neurons [2]. In familiar type AD,
several genes that are involved in generating Ab (APP, PSEN1 and
PSEN2) [3] or in frontotemporal dementia with parkinsonism 17,
Tau itself (TAU P301L, R406W, V337M etc.) are closely related to
onset of the disease [4]. In most case (>95%) of chronic AD and
ctive oxygen species; H2O2,
ein-Tau fusion protein; UPS,
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tauopathy, however, no single gene induces these diseases, and
both age-related memory loss and increases rate of disease oc-
curs with aging.

In general, the accumulation of Tau aggregates is critical for
the pathogenesis in tauopathy. There seems to be a linkage be-
tween Tau aggregation and protein degradation machineries, the
ubiquitin-proteasome system (UPS) and autophagy degradation
pathway. UPS is the major mechanism for protein quality control
through selective degradation of damaged/unfolded proteins [5].
Autophagy also degrades cytosolic materials from proteins to
organelles, especially insoluble protein aggregates [6]. Accord-
ingly, altered UPS function and autophagy degradation are
frequently found in chronic neurodegenerative diseases, such as
Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's
disease (HD) and amyotrophic lateral sclerosis (ALS) [7,8]. In
these diseases, reduced activity of the degradation systems is
accompanied by accumulation of the aggregation-prone proteins,
such as Tau in tauopathy, including AD. However, cellular sig-
nal(s) and molecular determinant(s) responsible for the regula-
tion of the degradation system and neuronal degeneration
remain unknown.
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Reactive oxygen species (ROS) often contributes to the devel-
opment of neurodegenerative diseases [9]. Levels of ROSs are
elevated during aging and increased in Alzheimer's disease [10].
Mutant superoxide dismutase 1 (mSOD1) hetero knockout mice
crossed with AD model mice show increased ROS and early
impairment of learning/memory deficit [11]. Scavenging ROS sup-
presses neurotoxicity and reduces Tau aggregation, showing posi-
tive effects in animal models of neuronal diseases [12]. Despite the
proposed contribution of ROS to neurodegeneration in vitro and
in vivo, little is known about the molecular mechanism that ROS
regulates the accumulation of aggregation-prone proteins under-
lying the neuropathology. POLDIP2 (also known as PDIP2, PDIP38)
was first recognized as a protein that binds to DNA polymerase
delta [13]. POLDIP2 is predicted to interact with PCNA [14] and
regulates NOX4 function in muscle cells [15]. However, the role of
POLDIP2 in neurodegenerative disease is not understood.

In this paper, we identified POLDIP2 as an important modulator
of Tau aggregation. We showed that POLDIP2 regulated Tau ag-
gregation via the inhibition of autophagy and mediated neurotox-
icity in a fly model expressing Tau.

2. Materials and methods

2.1. Cell culture and DNA transfection

Cell culture was previously described [16]. HEK293T, HeLa and
SH-SY5Y cells were cultured in DMEM (Hyclone) supplemented
with 10% (v/v) fetal bovine serum (Hyclone). Primary cortical
neurons were prepared from mouse brains at embryonic day 16.
The neurons were seeded on poly-L-lysine (0.01% in 100 mM borate
buffer, pH 8.5)-coated plates and maintained in neurobasal me-
dium containing 2% B-27 supplement (Invitrogen) and 0.5 mM L-
glutamine. Half of the medium was exchanged every 3 days.
HEK293T and SH-SY5Y cells were transfected using the Polyfect
reagent (Qiagen).

2.2. Western blotting and antibodies

The lysates were prepared as described previously [17]. The
blots were blocked for 1 h and incubatedwith following antibodies:
PHF-1, TG5 (a generous gift from Dr. P. Davies, Albert Einstein
College of Medicine, USA), P3R and P8R (a gift from Dr. E. Klaile,
Karolinska Institute, Sweden), FLAG (Sigma), a-tubulin, b-actin and
GFP (Santa Cruz Biotechnology), p62, ULK1, and p-ULK1 (Cell
signaling) antibodies. Membranes were rinsed and incubated for
1 h with peroxidase-conjugated anti-mouse or rabbit antibody and
visualized using the ECL detection system.

2.3. Filter trap assay for Tau aggregates

SH-SY5Y cells transfected with pcDNA3-HA and pPOLDIP2-HA
with GFP-Tau cDNA and The lysates were prepared as described
previously [16]. After brief sonication, equal amounts of cell lysates
were passed through a nitrocellulose filter (0.2 mm). The mem-
brane was washed three times with 1% SDS and blocked in the 5%
non-fat milk for 1 h followed by immunoblotting.

2.4. DNA construction

To construct serial deletion mutants of human POLDIP2
(BC000655.2, polymerase delta-interacting protein 2 isoform 2),
POLDIP2-WT (amino acids 1e368), POLDIP2-A (amino acids
201e368), POLDIP2-B (1e200), and POLDIP2-C (1e72) were
amplified by PCR using gene-specific synthetic DNA oligonucleo-
tides and subcloned into p3xFLAG-CMV-14.
2.5. Small interfering RNA (siRNA) transfection

The siRNA oligonucleotides against POLDIP2 (#1, 1119184; #2,
1119188; #3, 1119189) and scrambled control were purchased
(Bioneer) and RNA interference assay was done according to the
manufacturer's instruction.

2.6. Transgenic drosophila

Drosophila melanogaster was raised in the dark at 25 �C. WT
(w1118) and POLDIP2 mutant (CG12162EY08866) strains used in this
study were obtained from the Bloomington Drosophila Stock Cen-
ter at Indiana University. The gl-tau2.1 line was kindly provided by
Dr. D. Geschwind (University of California, USA) [18]. UAS-tauR406W

fly line for the generation of elav-tau406W was from Dr. M. Feany
(Harvard Medical School, USA) [19].

2.7. Longevity assay

More than 200 files of each genotype were collected, divided
into tubes of 10 flies and incubated at 29 �C on the standard food.
The culture mediumwas changed every 2 days and the numbers of
dead files were recorded.

3. Results

3.1. Identification of POLDIP2 as an inducer of Tau aggregation

To find out new regulator(s) of Tau protein aggregation, we
screened 5000 cDNAs encoding protein kinases, membrane pro-
teins and other proteins that are expressed in the brain and are
associated with human diseases [20]. With the cell-based assay
using GFP-Tau, GFP allowed the detection and formation of Tau
aggregates under a fluorescence microscope. During the screening,
transfection efficiency was normalized by cotransfection with
monomeric RFP. GFP-positive dots were counted as aggregates of
the Tau. From screening using the expression library, we could
isolate putative positive cDNA clones (Fig. 1A and B). Ectopic
expression of the putative positive clones enhanced the aggrega-
tion of GFP-Tau in the transfected cells (Fig. 1B). In particular,
POLDIP2 overexpression exhibited strong effects on the aggrega-
tion of GFP-Tau (Fig.1C) and induced neuronal cell death (Fig.1D) in
a dose-dependent manner.

3.2. The expression of POLDIP2 is increased by reactive oxygen
stress for Tau aggregation

We then investigated the signal that might regulate the
expression of POLDIP2. Interestingly, we found that treatment with
amyloid beta1-42 (Ab), a pathogenic factor of AD [17], tumor ne-
crosis factor alpha (TNF-a) or H2O2 increased the expression of
POLDIP2 in mouse primary hippocampal neurons, while other
signals did not affect it (Fig. 2A). All these signals are believed to be
crucial in many neurodegenerative disease [21]. Among these sig-
nals, we focused on ROS because this signal is highly associated
with sporadic type of neurodegenerative disease but its mechanism
is not known yet [22]. Treatment with H2O2 also increased POLDIP2
expression in SH-SY5Y human neuroblastoma cells (Fig. 2B).

We next addressed whether ROS could affect Tau aggregation.
The results from cell-based GFP-Tau dot formation assay showed
that treatment with H2O2 increased the numbers of GFP-Tau ag-
gregates in SH-SY5Y cells (Fig. 2C). In addition, H2O2 increased the
amounts of detergent-insoluble tau aggregates on filter-trap assay
(Fig. 2D, upper panel). With the notion that POLDIP2 expression
was induced by ROS, we examined whether POLDIP2 was involved



Fig. 1. Isolation of POLDIP2 as a regulator of Tau aggregation. The 5000 cDNAs in mammalian expression vector were screened by a cell-based assay using GFP-Tau, as shown in
scheme (A). SH-SY5Y cells were transfected with GFP-Tau alone or together with GSK3b or putative positive clones for 24 h. Cells showing Tau aggregates were counted under
fluorescence microscope (B). SH-SY5Ycells were transfected with GFP-Tau and the increasing amounts of POLDIP2 for 24 h and GFP-Tau aggregation was then analyzed under
microscope (C). SH-SY5Ycells were transfected with POLDIP2 for 24 h and cell death was analyzed (D). Data are means ± S.D. (p < 0.05).
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with the aggregation of Tau.We found that POLDIP2 expressionwas
significantly reduced by POLDIP2 siRNA#1 and 2, andmarginally by
POLDIP2 siRNA#3 (Fig. 2E). Interestingly, knockdown of POLDIP2
expression by POLDIP2 siRNA#1 or 2, but not POLDIP2 siRNA#3,
inhibited ROS-induced Tau aggregates (Fig. 2F). These results
indicate that POLDIP2 is critical in Tau aggregation induced by ROS.

3.3. Increased POLDIP2 impairs autophagy activity

Many studies have shown that the aggregation of Tau protein is
accompanied by Tau hyperphosphorylation, a typical pathophysi-
ologic modification of Tau [16]. When we examined Tau phos-
phorylation with western blot analysis, however, ROS or
overexpression of POLDIP2 did not much affect the phosphoryla-
tion status of Tau protein (Fig. 2D, lower panels; data not shown).
These results led us to address a possibility that POLDIP2 might
interfere the clearance of Tau protein by affecting autophagy and
UPS. In addition, it was shown that multiple stresses, including ROS
and Ab, impair the activity of affect autophagy flux [23] and pro-
teasome complex [24]. Especially, aggregation-prone proteins,
including Tau aggregates, are believed to be clarified by autophagy
[25].

Thus, we examined whether POLDIP2 affected autophagy ac-
tivity using mCherry-GFP-LC3. In the mCherry-GFP-LC3 assay, in-
hibition of lysosomal activity displays mCherryþ/GFPþ double-
positive puncta because of the localization of acid-labile GFP-LC3
in autolysosomes, while acid-sensitive GFP signals normally
disappear in autolysosomes. Interestingly, we found that over-
expression of POLDIP2 drastically increased the formation of colo-
calized mCherry-GFP dots and reduced the numbers of mCherry-
only cells (Fig. 2G), indicating an inhibition in late autophago-
some/lysosome function [26]. Accordingly, we found that overex-
pressed POLDIP2 greatly increased the levels of LC3 II and p62
(Fig. 2H), an ubiquitin-binding autophagy receptor [27]. Consistent
to the recent report [28], knockdown of POLDIP2 expression
enhanced autophagy activity (Fig. 2I). These results strongly sug-
gest that increased POLDIP2 impairs autophagy. We further
assessed proteasome activity and found that ROS inhibited enzy-
matic activity of proteasome in SH-SY5Y cells (Fig. S1A). Knock-
down of POLDIP2 expression partially but not much rescued the



Fig. 2. POLDIP2 expression is increased by oxidative stress to enhance Tau aggregation and to impair autophagy flux. Primary cortical neurons were treated with 50 ng/ml TNF-a,
200 mM H2O2 or 5 mM Ab1�42 and then analyzed by western blotting (A). SH-SY5Y cells were incubated with H2O2 for 24 h and analyzed by western blotting (B). SH-SY5Y cells were
transfected with GFP-Tau and then incubated with 200 mM H2O2 for 24 h. Tau aggregates were then observed under fluorescence microscope (C) and analyzed by filter-trap assay
(D). SH-SY5Y cells were transfected with POLDIP siRNA (#1, 2, and 3) alone (E) or together with GFP-Tau (F). After 48 h, cells were analyzed for POLDIP2 knockdown by western
blotting (E) and Tau aggregation (F). HeLa cells were cotransfected with POLDIP2 and GFP-mCherry-LC3 for 24 h (G, left panel) and the numbers of RFP only-positive or GFP/RFP-
colocalized cells were counted and represented as bar graph (G, right panel). SH-SY5Ycells were transfected with POLDIP2 and cell lysates were analyzed with western blotting (H).
SH-SY5Y cells were cotransfected with GFP-LC3 and POLDIP2 siRNA (#1, 2, and 3) and GFP-LC3 dot formation was examined under fluorescence microscope (I). Data are
means ± S.D. (n > 3).
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impairment of proteasome activity by ROS (Fig. S1B). In addition,
ectopic expression of POLDIP2 marginally increased the accumu-
lation of unstable degron (Fig. S1C) and suppressed proteasome
activity (Fig. S1D).

3.4. The POLDIP2 regulates Tau aggregation and autophagy via
DUF525 domain

The POLDIP2 has 2 distinct domains; Yccv-like domain and
DUF525 domain [28]. To define the domain(s) responsible for Tau
aggregation, several deletion mutants of POLDIP2 were generated
(Fig. 3A). From western blot analysis, we observed similar levels of
expression among POLDIP2 full-length and two deletion mutants
except POLDIP2-C mutant which was not expressed in the trans-
fected cells (Fig. 3B). Like POLDIP2, POLDIP2-A mutant containing
the DUF525 domain only effectively increased Tau aggregation,
while POLDIP2-B mutant containing the Yccv-like domain and
POLDIP2-C mutant lacking both Yccv-like domain and DUF525
domain did not stimulate Tau aggregation (Fig. 3C).

Interestingly, we found that POLDIP2-A containing the DUF525
domain only, but not POLDIP2-Bmutant, increased colocalization of
mCherry and GFP dots and reduced the numbers of mCherry-only
cells as much as POLDIP2 did (Fig. 3D). These results indicate that
the DUF525 domain is crucial for autophagy inhibitory function of
POLDIP2 and suggest a strong correlation between Tau aggregation
and autophagy inhibition exhibited by POLDIP2. Unlike their effects
on autophagy inhibition, we could not find any clear correlation
between Tau aggregation by the POLDIP2 mutants and their effects
on proteasome inhibition (data not shown).
Fig. 3. POLDIP2 regulates Tau aggregation and autophagy flux through its DUF525 domain
amino-acid residues of human POLDIP2 (A). Western blot analysis showing expression of the
SY5Y cells were cotransfected with POLDIP2 deletion mutants and GFP-Tau (C) or GFP-m
examined under microscope. The effects of POLDIP2 mutants on Tau aggregation and auto
3.5. POLDIP2 knockout rescues human Tau-mediated neural
degeneration in drosophila

To assess an in vivo role of POLDIP2 in Tau pathology, we used a
drosophila model expressing Tau in the eye [18] and whole-
neurons [19]. The flies with the retinal overexpression of human
Tau (gl-tau2.1) showed moderate toxicity, characterized by the loss
of photoreceptor neurons, leading to observation in drosophila eye
as a rough surface (Fig. 4A). The CG12162 gene has been identified
as a fly homolog of the POLDIP2 and 1 p-element insertion mutant
line (Bloomington stock No.17500, CG12162EY08866) showed
reduced level of CG12162 mRNA (Fig. S2A). We then reconstituted
the knockout flies (CG12162DEY08866) by ejecting p-element from
CG12162EY08866 flies. Compared with that in control flies (w1118),
there was no detectible difference in the eye morphology of
CG12162 knockout flies or CG12162DEY08866 reconstituted flies
(Fig. 4A, left 3 panels).

We then crossed CG12162EY08866 mutant or CG12162DEY08866

reconstitution flies with gl-tau2.1 Tau flies. Interestingly, knock-
down of fly POLDIP2 homologue in the retina of Tau transgenic flies
(gl-tau2.1/CG12162EY08866) markedly rescued Tau-induced retinal
degeneration. On the contrary, reconstitution of CG12162EY08866 fly
in Tau flies (gl-tau2.1/CG12162DEY08866) again caused rough eye
phenotype (Fig. 4A, right 3 panels). These observations indicate
that POLDIP2 level is critical in Tau-induced neurotoxicity in the
flies. Compared with Tau transgenic flies, the results from western
blot analysis revealed that Tau phosphorylation at PHF-1 epitope
(Ser 396/404) was not affected by knockdown of fly POLDIP2 ho-
mologue in the fly eye expressing Tau (gl-tau2.1/CG12162EY08866)
. Schematic diagram of POLDIP2 domains and its deletion mutants. Numbers indicate
transfected POLDIP2 wild-type (WT) and 3 deletion mutants in HEK293T cells (B). SH-
Cherry-LC3 (D). After 24 h, Tau aggregation (C) and LC3 puncta formation (D) were
phagy activity are summarized in (A). Data are means ± S.D. (n > 3).



Fig. 4. Knockdown of POLDIP2 expression rescues Tau toxicity in a Drosophila model. WT (w1118) and POLDIP2 knockdown mutant (CG12162EY08866), and POLDIP2-reconstituted
(CG12162DEY08866) flies were crossed with flies showing tau rough eye (gl-tau2.1), generating double transgenic fly lines (gl-tau2.1/CG12162EY08866 and gl-tau2.1/CG12162DEY08866). Eye
morphology of each line was examined (A). Flies expressing TauR406W in whole body neurons (elav-gal4; UAS-TauR406W) were crossed with POLDIP2 knockdown mutant flies,
generating double transgenic flies (elav-gal4; UAS-TauR406W/CG12162EY08866) and with POLDIP2-reconstituted flies, generating double transgenic flies (elav-gal4; UAS-TauR406W/
CG12162DEY08866). Flies were collected at 1 day after eclosion and lifespan was measured at 29 �C (n > 200) (B).
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(Fig. S2B), consistent to those of our cell models. Similarly, other
Drosophila tau model also showed that ROS exacerbates tau
toxicity without altering tau phosphorylation [29].

Further, we crossed wild-type, CG12162 mutant or CG12162
reconstitution flies with TauR406W

flies which express TauR406W in
whole neurons [19], and compared their lifespan. Tau flies (elav-
gal4; UAS-TauR406W) exhibited shorter lifespan (average 35 days)
than control flies (elav-gal4/þ, average 45 days). When Tau flies
were crossed with POLDIP2 mutant flies (CG12162EY08866) or
reconstituted flies (CG12162DEY08866), the lifespan was significantly
extended by POLDIP2 deficiency (average 42 days in elav-gal4;
UAS-TauR406W/CG12162EY08866) but not in the reconstituted line
(average 35 days in elav-gal4; UAS-TauR406W/CG12162DEY08866)
(Fig. 4B). Thus, these observations further support that POLDIP2
plays an important role in Tau-mediated neurodegeneration in a
model organism.

4. Discussion

Despite the discrepancy between Tau protein aggregation and
neurodegeneration, NFTs are considered as a major pathogenic
factor in tauopathy. Intracellular accumulation of Tau and neuro-
fibrillary degeneration are hallmark of tauopathies, including AD. In
this study employing genome-wide screening and subsequent
characterization, we found that POLDIP2 is an important player in
Tau aggregation and Tau-associated neuropathology. Unlike other
pathogenic mediators, such as GSK3b and Cdk5 [30], in Tau ag-
gregation, POLDIP2 does not alter Tau phosphorylation but regu-
lates Tau degradation/clearance system. Especially, it is interesting
to note that the POLDIP2 regulates autophagy flux through DUF525
domain which consists of two subdomains, ApaG and F-box c-ter-
minal like subdomain and is predicted to be involved in pro-
teineprotein interactions [31].
Though POLDIP2 was reported as a polymerase delta interaction
protein [13], it seems to be a multifunctional protein. POLDIP2 is
also known as a regulator of NOX4; in smooth muscle cells, POL-
DIP2 induces RhoA via NOX4 activation [15] and RhoAe ROCK (Rho
kinase) increases Tau-mediated neurodegeneration and RhoA and
Rock inhibition by Rock inhibitor reduces Tau protein level [32].
Also, RhoA and Rock inhibition stimulates protein degradation
system [33]. Thus, POLDIP2 might form a positive feedback loop
under ROS stimulation and inhibits protein degradation pathways.
Although the previous studies showed that autophagy is upregu-
lated in POLDIP2 knockout mouse embryo fibroblasts [28], the
mechanism by which POLDIP2 regulates autophagy remains to be
addressed.

Autophagy and proteasome activities are declined during aging,
while ROS are increased. Thus, dysregulation of these factors affects
longevity and accelerates aging [34,35]. In addition to its effect on
aging, global autophagy impairment also causes the aggregation of
misfolded proteins, which is associated with perturbation of
cellular functions and various human disorders. Moreover, ROS is
an important pathophysiological feature of many neurodegenera-
tive diseases and exacerbates the progression of neurodegenerative
diseases [36]. Consistently, neurodegenerative model mice with
SOD mutation show neurodegeneration with multiple protein ag-
gregation [11]. Most studies, however, have focused on the degra-
dation systems of the oxidized proteins or ROS-damaged
organelles, such as mitochondria [37]. On the other hand, our study
illustrates an important mediator, POLDIP2, of ROS to impair
autophagy pathway. Thus, enhancement of autophagy activity by
the inhibition of POLDIP2may provide an insight intomanipulation
of Tau-associated neuronal degeneration, as evidenced by the Tau
fly model with POLDIP2 deficiency.

In conclusion, we propose that POLDIP2 plays an important role
in a tauopathy model through the regulation of autophagy activity,
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linking the ROS signal to neuronal degeneration possibly in spo-
radic neurodegenerative diseases.
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