ORIGINAL ARTICLE

Human Molecular Genetics, 2015, Vol. 24, No. 18 5154-5173
doi: 10.1093/hmg/ddv238

Advance Access Publication Date: 30 June 2015

Original Article

PABPN1 suppresses TDP-43 toxicity in ALS disease

models

Ching-Chieh Chou'?, Olga M. Alexeeval, Shizuka Yamada3, Amy Pribadi?,
Yi Zhangh4, Bi Mo?, Kathryn R. Williams?, Daniela C. Zarnescu? and

Wilfried Rossolll.2*

'Department of Cell Biology, “Center for Neurodegenerative Disease, Emory University School of Medicine,
Atlanta, GA 30322, USA, *Department of Molecular and Cellular Biology, University of Arizona, Tucson, AZ 85721,
USA and *Department of Neurology, Xiangya Hospital, Central South University, Changsha, Hunan, China

*To whom correspondence should be addressed. Email: wrossol@emory.edu

Abstract

TAR DNA-binding protein 43 (TDP-43) is a major disease protein in amyotrophic lateral sclerosis (ALS) and related
neurodegenerative diseases. Both the cytoplasmic accumulation of toxic ubiquitinated and hyperphosphorylated TDP-43

fragments and the loss of normal TDP-43 from the nucleus may contribute to the disease progression by impairing normal RNA
and protein homeostasis. Therefore, both the removal of pathological protein and the rescue of TDP-43 mislocalization may be
critical for halting or reversing TDP-43 proteinopathies. Here, we report poly(A)-binding protein nuclear 1 (PABPN1) as a novel
TDP-43 interaction partner that acts as a potent suppressor of TDP-43 toxicity. Overexpression of full-length PABPN1 but not a
truncated version lacking the nuclear localization signal protects from pathogenic TDP-43-mediated toxicity, promotes the
degradation of pathological TDP-43 and restores normal solubility and nuclear localization of endogenous TDP-43. Reduced
levels of PABPN1 enhances the phenotypes in several cell culture and Drosophila models of ALS and results in the cytoplasmic
mislocalization of TDP-43. Moreover, PABPN1 rescues the dysregulated stress granule (SG) dynamics and facilitates the removal
of persistent SGs in TDP-43-mediated disease conditions. These findings demonstrate a role for PABPN1 in rescuing several

cytopathological features of TDP-43 proteinopathy by increasing the turnover of pathologic proteins.

Introduction

TAR-DNA-binding protein 43 (TDP-43) has emerged as a key play-
er in the pathogenesis of neurodegenerative diseases, based on
genetic and pathological studies (1). TDP-43 has first been iden-
tified as a major component of abnormal cytoplasmic aggregates
in amyotrophic lateral sclerosis (ALS) and frontotemporal lobar
degeneration (FTLD) (2,3). The vast majority of both familial
and sporadic ALS cases (ca. 97%) and the most common type of
FTLD (ca. 45%), now classified as FTLD-TDP, are characterized by
TDP-43 pathology and are now recognized as belonging to the
same disease spectrum (4). A direct causal link was established
by the discovery of >30 different missense mutations in exon 6

of the TARDBP gene encoding TDP-43, accounting for ca. 4%
of inherited and 1.5% of sporadic ALS cases and rare patients
with FTLD-TDP (5). Pathologic accumulation of TDP-43 in ubiqui-
tin-positive aggregates was subsequently found in a variety of
neurodegenerative diseases including Alzheimer’s disease
(AD), Parkinson’s disease and Huntington'’s disease (6,7), indi-
cating that TDP-43 proteinopathy may contribute broadly to
neurodegeneration.

TDP-43 is an RNA-binding protein that shares a similar struc-
ture with heterogeneous nuclear ribonucleoproteins (8). TDP-43
contains two RNA-recognition motifs and a Q/N-rich prion-like
C-terminal region, which makes it intrinsically aggregation-prone
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and plays a key role in pathogenesis (9). TDP-43 is predominantly
expressed in the nucleus but can shuttle between nuclear and
cytoplasmic compartments and plays multiple roles in RNA pro-
cessing in both compartments (10). The disease-associated
changes found in ALS and FTLD-TDP cases include aberrant ag-
gregation of ubiquitinated and hyperphosphorylated TDP-43,
the accumulation of truncated 20-25 kDa TDP43 C-terminal frag-
ments (TDP-CTFs), cytoplasmic mislocalization and loss of TDP-
43 from the nucleus. Various cellular stress factors cause TDP-43
to localize in cytoplasmic stress granules (SGs) as a normal
physiological response (11-13). It has been speculated that chron-
ic and prolonged SG formation may be an initiating event trigger-
ing irreversible TDP-43 inclusion pathology (14-16). TDP-43
inclusion pathology may reflect an exaggeration of normal accu-
mulation of TDP-43 into cytoplasmic RNA granules under dis-
ease-associated mutations (17,18) or stressful conditions (15).
While the effect of hyperphosphorylation on the properties of
TDP-43 is still controversial, it may modulate the oligomerization
(19,20) and increase protease resistance (21). Not only are pro-
teins that target proteins for degradation present in TDP-43
aggregates but mutations in several genes affecting protein deg-
radation cause ALS/FTLD-TDP characterized by TDP-43 aggrega-
tion. Taken together, these studies implicate a failure of TDP-43
clearance via autophagy and/or the ubiquitin-proteasome sys-
tem (UPS) in human ALS/FTLD-TDP (22). The biological role of
TDP-43 in RNA processing and the fact that TDP-43 accumulation
can be triggered by a dysfunction of protein degradation path-
ways support the hypothesis that disruption of both RNA and
protein homeostasis are central to ALS pathogenesis (23).

ALS and other TDP-43 proteinopathies are characterized
by both the formation of TDP-43 containing aggregates in the
cytoplasm and the loss of normal TDP-43 from the nucleus (2).
Numerous studies have provided evidence for a toxic gain-of-
function of pathologic TDP-43 that accumulates in the cytoplasm
(24). Overexpression of wild-type or mutant TDP-43 in neurons
has been shown to mimic key features of TDP-43 proteinopathy
in vitro, including the sequestration of RNA-binding proteins
into detergent-insoluble aggregates (25,26). Especially expression
of TDP-CTF, a C-terminal fragment of TDP-43 from aa 208-414
found in ALS/FTLD-TDP patients, recapitulates key features of
TDP-43 proteinopathy in transfected neurons (27,28). Other stud-
ies show that similarly, partial loss of TDP-43 can cause progres-
sive neurodegeneration phenotypes similar to ALS (29,30). Taken
together, this suggests that the toxic gain-of-function and the
loss-of-function hypotheses are not mutually exclusive and
could both contribute to neurodegeneration (31-34). This also
suggests that targeting the deleterious effects of TDP-43 protei-
nopathy requires both the removal of pathological cytoplasmic
TDP-43 and the restoration of nuclear TDP-43 levels.

Here, we report poly(A)-binding protein nuclear 1 (PABPN1,
also known as PABP2) as a novel modifier of TDP-43 proteinopa-
thy in several in vitro and in vivo models of ALS and FTLD-
TDP. PABPN1 is thought to function during post-transcriptional
processing of RNA in the nucleus, regulating polyadenylation
and nuclear export of mRNAs, and the turnover of IncRNA (35).
Expansion of an N-terminal polyalanine repeat region causes
the muscle disease oculopharyngeal muscular dystrophy
(OPMD), which is also characterized by the presence of TDP-43-
positive aggregates (36), suggesting a potential functional link be-
tween TDP-43 and PABPN1. In this study, we identified PABPN1 as
a novel direct interaction partner of TDP-43 that also acts as a
potent suppressor for TDP-43-induced toxicity, whereas the
loss of PABPN1 conversely enhances the phenotype in various
models of TDP-43 proteinopathy ranging from yeast to Drosophila
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and mammalian primary neurons. PABPN1 overexpression
strongly reduces protein levels of exogenously expressed ALS
patient-specific mutant and truncated TDP-43 but only weakly
affects wild-type TDP-43. PABPN1 does not change levels of
endogenous full-length TDP-43, and restores its solubility and
proper nuclear localization under disease conditions. Our data
show that increased protein turnover of pathological TDP-43 by
PABPN1 is mainly mediated via the UPS. In addition, PABPN1
rescues the dysregulation of SG dynamics in TDP-43-mediated
disease conditions. In summary, PABPN1 acts as a protective
modifier across various cell culture and animal models of TDP-
43 proteinopathy by rescuing important disease phenotypes.

Results
TDP-43 is a novel interaction partner of PABPN1

In a yeast two-hybrid screen for proteins that directly interact
with human TDP-43 (hTDP-43), in addition to known TDP-43-as-
sociated proteins such as hnRNPA3, we also identified PABPN1 as
a putative novel interaction partner. PABPN1 is a ubiquitously ex-
pressed protein that is involved in processive polyadenylation of
pre-mRNA transcripts (35). PABPN1 shares similarity with RNA
regulatory proteins and interacts with hnRNP-A1 and A2/B1
(37), as well as its nuclear import receptor transportin (38) and
poly(A) polymerase (39). To verify the yeast two-hybrid inter-
action, we cloned full-length hTDP-43 and PABPN1 into bait
and prey vectors. Both proteins were able to homodimerize as re-
ported previously (40,41), but also showed specific interactions
with each other (Table 1).

To confirm the protein-protein interaction in mammalian
cells, we co-transfected Neuro-2a (N2a) neuroblastoma cells
with expression constructs for FLAG-tagged TDP-43, and GFP-
tagged full-length or truncated PABPN1 (full length: FL; deletion
of C-terminal nuclear localization signal (NLS) 18aa: ANLS18; de-
letion of C-terminal 50aa: ANLS50) (Fig. 1A). The C-terminus of
PABPN1 is highly enriched in methylated arginine residues and
contains an NLS (42). Deletion of the last 18aa partially inacti-
vated the NLS function and caused uniform nucleocytoplasmic
distribution, whereas deletion of the last 50aa led to cytoplasmic
localization (Fig. 1B). FLAG-tagged TDP-43 associates with full-
length PABPN1 and to a lesser degree with PABPN1N5°0 and
PABPN1°N518 demonstrating that the C-terminal region of
PABPN1 is not essential for their interaction (Fig. 1C). Treatment
with RNaseA did not abolish the association between TDP-43 and
PABPN1, showing that this interaction is not mediated via RNA.

Table 1. TDP-43 and PABPN1 interact in yeast two-hybrid assays

Activation domain

PGADT? vector hPABPN1 hTDP-43
Binding domain
PGBKT?7 vector - - -
hPABPN1 - ++ +
hTDP-43 - + +++

Full-length hTDP-43 and PABPN1 (hPABPN1) were cloned into yeast two-hybrid
vectors and co-transformed into a reporter strain. Columns represent empty
pGADT7 prey vector and hPABPN1 and hTDP-43 cloned into pGADT7,
respectively; rows represent empty pGBKT7 bait vector and hPABPN1 and hTDP-
43 cloned into pGBKT7, respectively. Strength of interaction was measured by
scoring growth on selective media (SD/-Ade/-His/-Leu/-Trp) from weak (+) to
strong (+++). Both TDP-43 and PABPN1 interact with themselves (indicating
dimerization) but also with each other.
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Figure 1. TDP-43 and PABPN1 associate by protein-protein interaction in mammalian cells and tissue. (A) Schematic domain structures of hTDP-43 and PABPN1 constructs
used in this study. (Top) Human TDP-43 protein contains an NLS, two RNA-recognition motifs, a nuclear export sequence and a glycine-rich C-terminal domain where the
majority of ALS-associated mutations are located. We cloned fusion constructs of wild-type TDP-43, the ALS-specific missense mutations Q331K, M337V and A382T, and a
C-terminal fragment from aa 208-414 (TDP-CTF) that accumulates as a cleavage product in ALS and FTLD-TDP patient tissue. (Bottom) Human PABPN1 contains an
N-terminal stretch of 10 alanines (Ala), a coiled-coil domain, one RRM domain and an NLS in the arginine-rich C-terminus. We use two C-terminal truncation
mutations of PABPN1 with a partial (aa 289-306, PABPN1*N'5%8) or full deletion of the NLS region (aa 257-306, PABPN1°N559) (B) Localization of PABPN1 constructs in
primary motor neurons. Fluorescence microscopy images show that GFP-PABPN1 is predominantly localized in the nucleus. GFP-PABPN1°V5'® shows
nucleocytoplasmic localization, whereas GFP-PABPN1*N-5*° ig confined to the cytoplasm. Scale bar: 10 pm. (C) Association of PABPN1 with TDP-43 in transfected N2a
cells. (Left panel) Western blot analysis of anti-FLAG immunoprecipitates from N2a cells co-expressing FLAG-tagged TDP-43 and GFP or GFP-tagged PABPN1 shows
association of TDP-43 with PABPNT1 that is independent of RNA-binding or the presence of the PABPN1 C-terminal region (full length: FL; ANLS18 and ANLS50). RNase
A treatment is indicated. Right panel: western blot analysis of cell lysates (input). (D) Association of TDP-43 with PABPN1 in mouse brain tissue. Western blot analysis
of anti-PABPN1 immunoprecipitates from mouse brain lysates with anti-TDP-43 confirms the specific association of both proteins.

The C-terminal fragment TDP-CTF was also found to specifically
associate with full-length PABPN1 in pulldown assays (Supple-
mentary Material, Fig. S1). To verify association of the endogenous
proteins, we used anti-PABPN1 antibodies to co-immunoprecipi-
tate endogenous TDP-43 from embryonic mouse brain lysates
(Fig. 1D). Taken together, our results identify PABPN1 as a novel
direct interaction partner of TDP-43.

PABPN1 modulates TDP-43 toxicity in yeast and primary
neuron models of TDP-43 proteinopathy

The budding yeast Saccharomyces cerevisiae has emerged as an
important tool for investigating protein misfolding as a cause of
several human neurodegenerative disorders, including a yeast

model for TDP-43 proteinopathy (43-45). Remarkably, overex-
pression of hTDP-43 in yeast triggers spontaneous formation of
aggregates similar to those observed in degenerating neurons
of ALS patients (43). To determine whether PABPN1 can modulate
TDP-43 toxicity in the yeast model, we performed spotting assays
with a yeast strain transformed with expression plasmids for yel-
low and cyan fluorescent protein-tagged hTDP-43 and PABPN1
(hPABPN1) under control of the galactose-inducible GAL1 pro-
moter. Inducing strong overexpression of hTDP-43-YFP from a
multicopy plasmid resulted in dramatic inhibition of yeast
growth as compared with a control plasmid expressing YFP
alone (43). Importantly, we found that whereas mCerulean-
hPABPN1 alone only weakly inhibited proliferation, it strongly
mitigated the toxic effect of hTDP-43 on cell growth (Fig. 2A).
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Figure 2. PABPN1 modulates TDP-43 toxicity in several in vitro and in vivo models
of TDP-43 proteinopathy. (A) TDP-43 and PABPNT1 toxicity in yeast. Spotting assays
were used to measure cellular growth in yeast co-expressing hTDP-43 fused with
yellow fluorescent protein (YFP) or the YFP control, together with monomeric
Cerulean fluorescent protein-tagged human PABPN1 (mCerulean-hPABPN1) or
the mCerulean control. Co-expression of PABPN1 strongly suppressed TDP-43
toxicity. (B) Cell death assay with the membrane-impermeable DNA-binding
fluorescent EthD-I. Fluorescence microscopy of primary cortical neurons shows
red fluorescent staining of nuclei in dead or dying cells when membranes are
compromised. Cells were transfected with expression plasmids for GFP (top) or
GFP-TDP-CTF (bottom). Scale bar: 10 pm. (C) Quantification of TDP-43-mediated
cell death upon overexpression of PABPN1. Neurons were transfected with GFP
control (Ctrl), and GFP-tagged hwt TDP-43 (TDP-43%T), ALS-specific mutant
TDP-43 (TDP-43%*31K TDP-43M3%7V and TDP-434%2T) or TDP-CTF expression
plasmids. Co-expression of blue fluorescent protein-tagged PABPN1 (BFP-
PABPN1) but not the BFP control reduced TDP-43 toxicity. Statistical analysis
was performed with two-way ANOVA and Bonferroni’s post hoc test (five
independent experiments, *P <0.05, **P < 0.001, TDP-43 constructs versus Ctrl;
tP<0.05, BFP-PABPN1 versus BFP. BFP: Ctrl (n=564), WT (n=517), Q331K
(n=341), M337V (n=393), A382T (n=350), CTF (n=333); BFP-PABPN1: Ctrl
(n=509), WT (n=529), Q331K (n=2378), M337V (n=335), A382T (n=352), CTF
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The result demonstrates that PABPN1 acts as a potent suppressor
of TDP-43 toxicity in a yeast model of TDP-43 proteinopathy.

Previously, we have shown that expression of GFP-TDP-CTF in
primary motor neurons leads to the formation of cytoplasmic
inclusions with the hallmarks of TDP-43 pathology (46). These
aggregates stain positive for ubiquitin, hyperphosphorylated
TDP-43 (Ser409/410), and the autophagy adapter SQSTM1/p62
(Supplementary Material, Fig. S2). To test further how PABPN1
expression affects neuronal TDP-43 proteinopathy models,
primary cortical neurons were transfected with GFP-fusion
constructs for wild-type TDP-43 (TDP-43%T), disease-associated
mutants (TDP-43%3?¥ TDP-43M*37V and TDP-433%2T) or TDP-
CTF and measured how rates of cell death were altered by co-
overexpression of BFP-PABPN1. Cell death among the transfected
neurons was determined by scoring the nuclear uptake of the
fluorescent dye ethidium homodimer I (EthD-I) (Fig. 2B). Consist-
ent with previous reports that mutant or truncated TDP-43-
enhanced cellular toxicity in cultured cell lines (13,47), primary
neurons (26,46,48) and animal models (34), expression of ALS-
specific mutant TDP-43 and TDP-CTF was more toxic than TDP-
43%T and increased the percentage of cell death in transfected
neurons (Control: 2.7 + 0.8%; TDP-43W": 9.8 + 1.2%; TDP-43%31K:
15.6 +1.8%; TDP-43"3*V: 153+ 0.6%; TDP-43%%%T: 11.9.+1.3%;
TDP-CTF: 20.4 + 0.5%) (Fig. 2C). The co-overexpression of PABPN1
greatly reduced cell death induced by TDP-CTF and mutant TDP-
43 by 55% (9.2 +0.7%) and ca. 45-49% (TDP-43%*™%; 7.9 + 0.6; TDP-
43M337V: 8 3+ 1.3). The overexpression of PABPN1 itself was not
toxic (3.4 + 1.0) (Fig. 2C).

Based on this finding, we tested whether reducing PABPN1
level had an impact on TDP-43 toxicity. We employed two different
PABPN1-specific ShRNA constructs (shPABPN1), which efficiently
decreased endogenous PABPN1 protein levels in western-blot ana-
lysis (Fig. 3C). Reduction of PABPN1 alone did not significantly

(n=317). (D) Quantification of TDP-43-mediated cell death upon knockdown of
PABPN1. Neurons were transfected with BFP control (Ctrl) and BFP-tagged TDP-
43 expression constructs. Co-expression of the PABPN1-specific shRNA
construct (shPABPN1) but not the nonsilencing control (shCtrl) exacerbated
TDP-43 toxicity. Statistical analysis was performed with two-way ANOVA and
Bonferroni’s post hoc test (five independent experiments,*P <0.05, ***P <0.001,
TDP-43 constructs versus Ctrl; tP <0.05, shPABPN1 versus shCtrl. BFP: Ctrl
(n=447), WT (n=370), Q331K (n=253), M337V (n=265), A382T (n=256), CTF
(n=379); BFP-PABPN1: Ctrl (n=507), WT (n=412), Q331K (n=286), M337V
(n=288), A382T (n=273) and CTF (n=446). (E) Quantification of cell death in
neurons expressing hnRNPA3 or PABPN1 variants (full length: FL; lacking 18aa
of NLS: ANLS18; lacking 50aa of NLS: ANLS50). Only expression of PABPN14NL520
led to increased cell death. Statistical analysis was performed with one-way
ANOVA and Bonferroni’s post hoc test (three independent experiments,*P < 0.05,
*P<0.01, **P<0.001. Ctrl (n=302), hnRNPA3 (n=300), FL (n=309), ANLS18
(n=304), ANLS50 (n=301). (F) Quantification of cell death in neurons co-
expressing TDP-CTF and hnRNPA3 or PABPN1 variants. PABPN1°NMS18
suppressed TDP-43 toxicity only weakly, whereas PABPN1°N5°* and hnRNPA3
had no obvious effect. Statistical analysis was performed with one-way ANOVA
and Bonferroni’s post hoc test (three independent experiments,*P <0.05, **P <0.01
and "™P < 0.001. Ctrl (n=275), hnRNPA3 (n = 302), FL (n = 233), ANLS18 (n = 295) and
ANLS50 (n = 280)). (G) Neurodegeneration phenotype in the adult Drosophila retina.
Overexpression of hwt or mutant TDP-43 (hwt, hD169G and hA315T) in
photoreceptor neurons using the GMR Gal4 driver causes a depigmentation
(arrows) phenotype in the retina (n=10). The loss-of-function mutant of the
Drosophila PABPN1 ortholog PABP2[55] enhanced TDP-43-dependent
depigmentation phenotype (arrows). (H) Locomotor phenotype in Drosophila
larvae. Overexpression of human transgene variants (hwt, hD169G and hG298S)
in motor neurons driven by the D42 Gal4 driver causes a significant time delay
to turn over following a ventral-up inversion in larval turning assays. The
PABP2[55] mutation enhanced TDP-43-dependent locomotor defects (n=30-47).
*P<0.05, **P <0.001. Graphs represent mean and SEM.
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Figure 3. PABPN1 overexpression reduces pathological TDP-43 protein levels. (A) Fluorescence microscopy analysis of TDP-CTF aggregation. Top: Representative images of
primary motor neurons expressing mCherry-TDP-CTF (red), and GFP-PABPN1 (FL, ANLS18 and ANLS50) (green). White arrows indicate co-aggregation of PABPN1*N'S*0 with
TDP-CTF in the cytoplasm. Bottom: Co-expression of mCherry-TDP-CTF with shRNA constructs encoding GFP. One control shRNA (shCtrl) and two shRNAs specific for
PABPN1 knockdown (shPABPN1#1, shPABPN1#2) were used (green). Merged images show mCherry-TDP-CTF (red), nuclei (blue) and differential interference contrast. Scale
bar: 10 pm. (B and C) Western blot analyses and quantification of TDP-CTF and endogenous TDP-43 protein levels in N2a cells after PABPN1 overexpression (n=7,7) (B) or
PABPN1 knockdown (n=7,6) (C). Full-length PABPN1 and PABPN1*N'S*0 expression had opposite effects on TDP-CTF levels. Statistical analysis was performed with one-
way ANOVA and Bonferroni’s post hoc test ("P <0.05, **P <0.001). (D) Quantification of TDP-CTF protein levels upon overexpression of PABPC1 and PABPN1. Co-expression of
mCherry-TDP-CTF with GFP, GFP-PABPC1 or GFP-PABPN1 in N2a cells showed opposite effects on TDP-CTF levels. Statistical analysis was performed with one-way ANOVA and
Bonferroni’s post hoc test (*P < 0.05, **P <0.001, n =5). (E) Western blot analyses of detergent-soluble and insoluble protein fractions from N2a cells expressing TDP-CTF. PABPN1
overexpression reduced both soluble and insoluble TDP-CTF, statistical analysis with one-way ANOVA and Bonferroni’s post hoc test (**P <0.001, n=7), and causes a shift of
endogenous TDP-43 from insoluble to soluble form, statistical analysis with one-way ANOVA and Bonferroni’s post hoc test (*P <0.05, **P <0.001, n=7).

affect rates of cell death (shCtrl: 4.2 +1.1; sShPABPN1: 7.2+£0.8, To rule out an unspecific effect caused by overexpressing
P >0.99), but enhanced TDP-CTF-induced cell death by 35% (shCtrl: mRNA-binding proteins, we used as a control hnRNP-A3, a
19.2 +1.6; shPABPN1: 26.0 + 1.8, P =0.004) (Fig. 2D). known TDP-43 associated protein that we have also identified



as a direct interaction partner of TDP-43 in our yeast two-hybrid
screen. Co-overexpression of hnRNP-A3 was neither toxic, nor
did it reduce TDP-CTF-induced cell death (Fig. 2E and F), suggest-
ing a specific effect of PABPN1 overexpression on TDP-43 toxicity.
To find out whether nuclear localization of PABPN1 was
required for suppression of TDP-43 toxicity, we co-expressed
PABPN1 NLS mutants with TDP-CTF in primary neurons. Where-
as nucleocytoplasmic PABPN1N-518 itself slightly increased cell
death but acted as a weak suppressor of TDP-CTF-induced cell
death, cytoplasmic PABPN1N5%° strongly enhanced cell death
and had no positive effect on survival of TDP-CTF expressing
cells (Fig. 2E and F). Our data suggest that ameliorating TDP-43
toxicity by PABPN1 requires its normal nuclear localization.

PABPNT1 loss of function enhances TDP-43 toxicity
in Drosophila models of ALS in vivo

Several groups have developed Drosophila models of ALS based on
overexpression of hTDP-43 that recapitulate several aspects of
pathology, including neurotoxicity, loss of motor neurons, loco-
motor dysfunction and reduced survival (49-54). To test the effect
of PABPN1 in an in vivo model of TDP-43 proteinopathy, we em-
ployed several transgenic fly lines expressing human wild-type
(hwt) or ALS-specific mutant TDP-43 (hA315T, hD169G) in the de-
veloping retina using the Gal4-UAS system (55). Overexpression
of hwt and hA315T using the GMR Gal4 driver induced neurode-
generation in the adult retina that is visible as loss of pigmenta-
tion in the eye (54). When combined with a loss-of-function
mutant of PABPN1 (PABP2[55]) (56), we observed that the loss of
PABPNT1 itself was not toxic, whereas it enhanced the TDP-43-in-
duced neurodegeneration (Fig. 2G). As an additional assay, we
used the motor neuron-specific D42 Gal4 driver to investigate
locomotor dysfunction in larvae. Expression of the hwt and mu-
tant alleles significantly increased the time the larva needed to
turn back from the dorsal side and resume crawling on the ven-
tral side (54,57). The PABPN1 loss-of-function genetic background
exacerbated TDP-43-dependent locomotor defects (Fig. 2H). In
summary, our results show that PABPN1 modulates TDP-43-
mediated toxicity across several in vitro and in vivo genetic models
of TDP-43 proteinopathy, acting as a protective modifier when
overexpressed and enhancing TDP-43 toxicity when reduced.

PABPN1 specifically reduces protein levels of pathological
TDP-43 in neuronal cell lines and primary neurons

The accumulation of pathological cytoplasmic inclusions con-
taining TDP-43 is a key feature of ALS and FTLD-TDP (2,3). Nor-
mally, TDP-43 protein levels appear tightly regulated and even
modest levels of overexpression can trigger neurodegeneration
(23). Cytoplasmic mislocalization in combination with posttran-
slational modification, and the intrinsic aggregation propensity
of TDP-43 may promote its accumulation in disease (31).

To investigate whether PABPN1 overexpression can reduce
pathological TDP-43, N2a cells and primary motor neurons
were transfected with TDP-CTF to induce formation of ubiquiti-
nated and hyperphosphorylated aggregates (Supplementary
Material, Fig. S2). Co-overexpression of PABPN1" significantly
promoted the clearance of TDP-CTF by ~70%, whereas the trun-
cated nucleocytoplasmic PABPN1*N'58 ]ost the ability to reduce
the pathological protein (Fig. 3A and B). PABPN1*N'5°C co-loca-
lized with TDP-CTF in the cytoplasm and enhanced the accumu-
lation of TDP-CTF by 1.5-fold. Importantly, endogenous TDP-43
protein levels were not changed by PABPN1 (Fig. 3B). Further-
more, we assessed the effect of shRNA-mediated knockdown of
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PABPN1 on the protein level of TDP-CTF. Reducing PABPN1 levels
exacerbated the accumulation of TDP-CTF but had no significant
effect on endogenous TDP-43 (Fig. 3C).

To examine the specificity of PABPN1 for TDP-CTF, we co-
overexpressed the TDP-43 associated mRNA-binding protein
hnRNP-A3 as a negative control. HnRNP-A3 expression had no
significant effect on TDP-CTF levels (Supplementary Material,
Fig. S3A). Since a recent study has shown that the upregulation
of the Drosophila poly(A)-binding protein cytoplasmic 1 (PABPC1)
ortholog (dPABP) enhanced TDP-43 toxicity in a fly model of
ALS and dPABP downregulation led to a slight reduction of cyto-
plasmic TDP-43 protein levels (58), we compared the effect of co-
overexpressing either PABPN1 or PABPC1 on TDP-CTF protein
accumulation in N2a cells. Indeed, PABPC1 exhibited an opposite
role to PABPN1 by increasing TDP-CTF levels (PABPC1: 117.9
6.1%; PABPN1: 35.1 + 1.8%, P <0.001) (Fig. 3D). Our results demon-
strate an opposite role of nuclear and cytoplasmic poly(A)-
binding proteins in modulating TDP-43 toxicity and protein
accumulation.

To investigate whether PABPN1 may exhibit a general effect
on pathologic protein inclusions, we used a model for pathogenic
huntingtin (Htt) protein containing an expansion of poly-glutam-
ine that causes Huntington’s disease (59). To induce Htt aggre-
gate formation, we co-transfected expression constructs for an
N-terminal mutant Htt construct harboring 150 CAG repeats
(mHtt) and PABPN1 into primary cortical neurons. PABPN1 did
not alter the levels of aggregated mHtt suggesting a specific effect
of PABPN1 on the removal of pathological TDP-43 instead of a
more general effect on other pathological proteins (Supplemen-
tary Material, Fig. S3B).

To find out whether PABPN1 overexpression specifically targets
both diffusely distributed TDP-CTF monomers and oligomers, as
well as the larger insoluble aggregates, we partitioned TDP-CTF
into detergent-soluble and -insoluble fractions. PABPN1" over-
expression significantly reduced TDP-CTF protein levels in both
fractions, whereas the cytoplasmic PABPN1*N"5>° truncation
mutant did not show significant changes but a trend towards in-
creasing levels of both soluble and insoluble TDP-CTF (Fig. 3E).
Importantly, in cells expressing TDP-CTF, PABPN1 co-expression
caused a shift of endogenous full-length TDP-43 from the insol-
uble to the soluble fraction, demonstrating that the clearance of
pathologic TDP-CTF protein by PABPN1 restores the solubility of
endogenous TDP-43 (Fig. 3E).

PABPN1 facilitates the clearance of pre-formed
pathological TDP-43 aggregates

To find out whether PABPN1 overexpression acts by preventing
the accumulation of pathologic TDP-CTF or whether it can also
target existing aggregates in the cytoplasm, we performed time-
lapse live-cell imaging experiments. Primary cortical neurons
were co-transfected with constructs for expression of fluorescent
protein-tagged TDP-CTF from the constitutive CMV promoter and
PABPN1 from the doxycycline (Dox)-inducible Tet-ON promoter.
Twenty-four hours after transfection, mCherry-TDP-CTF was
strongly expressed in the cytoplasm and formed bright fluorescent
foci indicating cytoplasmic aggregates. Then expression of GFP-
PABPN1 was induced and the changes of mCherry-TDP-CTF levels
were dynamically monitored by quantification of fluorescence in-
tensity in time-lapse live-cell imaging (Fig. 4A and B). Whereas
mCherry-TDP-CTF levels slightly increased over time in the ve-
hicle group (120.2 +4.1%, n=20) or GFP control groups (vehicle:
111.5+5.2%; Dox: 120.6 +4.2%, n=20), we observed a gradual
reduction of mCherry-TDP-CTF levels (including the distinct
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Figure 4. Induction of PABPN1 expression promotes the clearance of pre-formed pathological TDP-43 aggregates. (A) Schematic of time-lapse live-cell imaging to monitor
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(B) Representative images of the induction of PABPN1 expression (green) and the subsequent reduction of TDP-CTF shown by heat map. (C) Quantification of PABPN1
protein levels after Dox induction. (D) Quantification of TDP-CTF protein levels over time. In the vehicle and GFP control groups, TDP-CTF steadily increased during
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cytoplasmic foci) by ca. 65% within 24 h (35.6 +3.4%, n = 20) after
co-expression GFP-PABPN1 was induced (Fig. 4B-D; Supplemen-
tary Material, Videos).

PABPN1 facilitates the clearance of pathological TDP-43
via the ubiquitin-proteasome mechanism

Previous studies on the mechanisms that govern the clearance
of soluble and aggregated TDP-43 species demonstrate a role
for both the UPS and autophagy (22). It has been suggested that
hyperphosphorylation of TDP-43 may contribute to its accumula-
tion in detergent-insoluble aggregates by modulating its oligo-
merization status (19,20) and protease resistance (21).

To determine the underlying mechanism by which PABPN1
reduced pathological TDP-43 protein, we first examined whether
PABPN1 could alter the phosphorylation level of TDP-CTF. We
transfected N2a cells with mCherry-TDP-CTF and GFP or GFP-
PABPN1, and found that PABPN1 did not significantly change
the relative phosphorylation level of TDP-CTF (Fig. 5A).

Western blot analysis showed that PABPN1 expression strong-
ly reduced protein levels of TDP-CTF (32.8 + 8.6), and also ALS-re-
lated mutant TDP-43 (TDP-43%*3¥: 47,0+ 13.2%; TDP-43M3%7V:
62.3 +5.1%; TDP-43%%82T: 49,9 + 17.3%), but only weakly reduced
TDP-43%T levels (81.4 + 1.9%) (Fig. 5B). Therefore, we decided to
test whether PABPN1 increases the turnover of these proteins.
We performed cycloheximide chase experiments to determine
the half-life (t;/,) of TDP-CTF and the temporal changes of relative
TDP-CTF levels. PABPN1 co-expression reduced the half-life of

TDP-CTF from 11.9 to 6.8 h (Fig. 5C1 and C2). We also observed
that PABPN1 expression caused a steady decline in the relative
TDP-CTF protein levels from 55 to 9.3% when compared with
the GFP control over the 24-h time period (Fig. 5C4). The half-
life and the relative level of endogenous TDP-43 were not affected
(Fig. 5C3 and C5). The results show that PABPN1 expression
enhances the turnover of truncated TDP-43 protein.

We used specific inhibitors to identify whether PABPN1 pro-
moted the turnover of TDP-CTF via one of the two major pro-
tein degradation pathways: the UPS for soluble monomeric
proteins and autophagy for soluble oligomeric proteins and in-
soluble large aggregates (22). Inhibiting autophagy by prevent-
ing the fusion between autophagosomes and lysosomes with
bafilomycin A1 slightly prolonged the half-life of TDP-CTF
but did not impair the PABPN1-dependent increase in turnover
(GFP: t;/,=12.4 h; PABPN1: ty,,=7.4 h) (Fig. 5D1 and D2). The
changes of the relative level of TDP-CTF resembled the results
from the DMSO vehicle treatment (Fig. 5D4). However, inhibit-
ing the proteolytic activity of 26S proteasome with MG-132
greatly decreased the degradation of TDP-CTF (GFP control: ty,
2=29.6 h; GFP-PABPN1: t;/;, =30.5 h) and completely abolished
PABPN1’s effect on TDP-CTF protein levels (Fig. 5E1 and E2).
The relative level of TDP-CTF remained unchanged for the ex-
tended time period (Fig. 5E4). These results demonstrate that
PABPN1 facilitates the removal of soluble monomeric TDP-
CTF via the UPS.

We also observed a similar effect of PABPN1 expression on
the protein turnover of mutant TDP-43337V and TDP-43WT.
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Figure 5. PABPN1 promotes TDP-CTF turnover through proteasomal degradation. (A) Quantification of phosphorylated TDP-CTF (normalized to total TDP-CTF protein
levels). An antibody specific for phosphorylated Ser409/410 of TDP-43 was used. Statistical analysis was performed with Student’s t-test. (B) PABPN1 expression
reduces TDP-CTF, ALS-specific mutant TDP-43 (Q331K, M337V and A382T) and wild-type TDP-43 (WT). Statistical analysis with Student’s t-test (*P <0.05, **P <0.01,
P <0.001, n=3). (C1-E1) Cycloheximide chase assays to determine the half-life (t;,) and the relative protein levels of TDP-CTF. Representative western blots of
lysates from N2a cells co-expressing mCherry-TDP-CTF with either GFP or GFP-PABPN1 are shown. Cells were treated with CHX (100 pum) together with DMSO vehicle
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degradation only in the absence of proteasome inhibitors. (C2-E2) Quantification of TDP-CTF protein levels and half-life (t,,) after treatment with DMSO (C2),
Bafilomycin (D2) or MG132 (E2). Protein levels were normalized to the values at 0 h and represented as the percentage of remaining protein. Statistical analysis is
performed with Student’s t-test (GFP-PABPN1 versus GFP, P <0.05, **P <0.01, n=3). (C3-E3) Quantification of endogenous TDP-43 protein levels and half-life (t/,).
(C4-E4) Ratio of the relative TDP-CTF levels with PABPN1 versus GFP co-expression after treatment with DMSO (C4), Bafilomycin (D4) or MG132 (E4). TDP-CTF levels
remained constant under conditions of proteasome inhibition. Statistical analysis was performed with one-way ANOVA and Bonferroni’s post hoc test (values at
different time points versus value at 0 h, *P <0.05, **P <0.001, n = 3). (C5-E5) Ratio of the relative endogenous TDP-43 levels with PABPN1 versus GFP co-expression.
Graphs represent mean and SEM.

Their half-life (t,2) changed from 28.6 to 16.7h and 37.8 to
29.4 h, respectively (Fig. 6A1-A3), and there was a steady decline
in the relative mutant TDP-43M3%"V protein levels from 92.5 to
56.1% when compared with the GFP control over the 24-h time
period (Fig. 6A4). Inhibiting autophagy by bafilomycin A1l

prolonged the protein t;/, but did not abolish PABPN1’s effects
(Fig. 6B). However, inhibiting UPS activity compromised the
PABPN1-specific rescue effect (Fig. 6C). These results confirm
the suppression effect of PABPN1 on TDP-43 pathology, via a
proteasome-dependent mechanism.
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Figure 6. PABPN1 promotes mutant and wild-type TDP-43 turnover through proteasomal degradation. (A1-C1) Cycloheximide chase assays to determine the half-life (ty/,)
and the relative protein levels of mutant TDP-43 M337V and wild-type TDP-43 (WT). Representative western blots of lysates from N2a cells co-expressing mCherry-TDP-43
M337V or TDP-43 WT with either GFP or GFP-PABPN1 are shown. Cells were treated with CHX (100 pm) together with DMSO vehicle control (A1), autophagy inhibitor
Bafilomycin (100 nMm) (B1) or proteasome inhibitor MG132 (10 um) (C1) at the indicated time points. PABPN1 promoted mutant and WT TDP-43 degradation only in the
absence of proteasome inhibitors. (A2-C2) Quantification of TDP-43 M337V protein levels and half-life (t,/,) after treatment with DMSO (A2), Bafilomycin (B2) or MG132
(C2). Protein levels were normalized to the values at 0 h and represented as the percentage of remaining protein. Statistical analysis is performed with Student’s t-test
(GFP-PABPN1 versus GFP, *P <0.05, n = 3). (A3-C3) Quantification of TDP-43 WT protein levels and half-life (t/,). (A4-C4) Ratio of the relative TDP-43 M337V levels with
PABPN1 versus GFP co-expression after treatment with DMSO (A3), Bafilomycin (B3) or MG132 (C3). TDP-43 M337V levels remained constant under conditions of
proteasome inhibition. Statistical analysis was performed with one-way ANOVA and Bonferroni’s post hoc test (values at different time points versus value at O h,
*P<0.05, **P <0.001, n=3). (A5-C5) Ratio of the relative TDP-43 WT levels with PABPN1 versus GFP co-expression. Graphs represent mean and SEM.

PABPN1 levels regulates nuclear localization
of endogenous TDP-43

Cytoplasmic mislocalization of TDP-43 and its depletion from
the nucleus is a prominent pathological feature in ALS. To in-
vestigate whether the expression of mutant TDP-43 or TDP-
CTF leads to the mislocalization of endogenous full-length
TDP-43, we transfected N2a cells with GFP-tagged TDP-43WT,
mutant TDP-43%3'X and TDP-CTF. An antibody specific for the
N-terminus of TDP-43 was used to determine the percentage
of transfected cells that were positive for full-length TDP-43 in
the cytoplasm and in the inclusions. The expression of TDP-
CTF led to abundant cytoplasmic inclusions (61.0 + 1.6%) and
cytoplasmic mislocalization of endogenous TDP-43 (50.7 £
2.9%). TDP-43%T and TDP-43%*3*'X predominantly localized to
the nucleus with only ~10% of cells exhibiting cytoplasmic
TDP-43 inclusions. Mutant TDP-43%3'¥ glightly increased the
percentage of diffuse cytoplasmic mislocalization (32.8 + 1.4%)
when compared with TDP-43%7 (21.1+1.2%) (Fig. 7A-C). These
results suggested that the presence of cytoplasmic inclusions

of pathologic TDP-43 fragments and ALS-specific mutations
was detrimental to TDP-43 localization and caused the redistri-
bution of full-length TDP-43 from the nucleus to the cytoplasm.
This raised the question whether PABPN1 overexpression can
reduce cytoplasmic mislocalization of TDP-43. The co-ex-
pressed PABPN1 significantly reduced the cytoplasmic inclu-
sions (TDP-43%T: 4.9 + 1.2%; TDP-43%3?¥: 4,14 + 0.6%; TDP-CTF:
14.0+0.6%) and rescued TDP-43 nuclear localization in the
cells expressing TDP-43W", TDP-43%3'¥ and TDP-CTF (TDP-
43WT: 8.4 +0.6%; TDP-43%31K; 13.7 + 1.7%; TDP-CTF: 18.2 + 2.1%)
(Fig. 7A-C). Similar results were also found in primary motor
neurons, where PABPN1 expression reduced the number of
cells with TDP-CTF aggregates by 54.8% and the number of
cells with diffuse cytoplasmic TDP-43 mislocalization by
72.4% (Supplementary Material, Fig. S4). These results led us
to investigate whether PABPN1 overexpression can rescue loss
of normal TDP-43 from the nucleus. We performed nuclear-
cytoplasmic fractionation experiments and western blot ana-
lyses with antibody specific for the N-terminus of TDP-43. Our
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Figure 7. PABPN1 expression restores the nuclear localization of endogenous TDP-43. (A) Representative fluorescence microscopy images of N2a cells co-expressing GFP-
tagged TDP-43WT, TDP-43%%3*% or TDP-CTF, with either mCherry (top panels) or mCherry-PABPN1 (bottom panels). Full-length TDP-43 was stained with an antibody
against an N-terminal region of TDP-43 (magenta). Mislocalized cytoplasmic TDP-43 is marked (white arrows). Scale bar: 10 pm. (B and C) Quantification of cells with
GFP-TDP-43 cytoplasmic inclusions (B) and diffuse cytoplasmic TDP-43 staining (C). PABPN1 co-expression reduced the percentage of cells exhibiting cytoplasmic
mislocalization and inclusions of full-length TDP-43. (D) Quantification of the nuclear-to-cytoplasmic ratio of endogenous TDP-43 in response to TDP-CTF co-
expression with mCherry or mCherry-PABPN1. PABPN1 expression partially restored nuclear localization of endogenous TDP-43. Statistical analysis is performed with
two-way ANOVA and Bonferroni’s post hoc test (*P <0.05, **P < 0.001; TP <0.05, TP <0.01, T'P <0.001, PABPN1 versus GFP or mCherry, n = 3). (E and F) Representative
western blots and fluorescence microscopy images of endogenous TDP-43 in N2a cells (top panels) and primary motor neurons (bottom panels) after PABPN1
knockdown. Quantification of fluorescent intensity (AU) of nuclear and cytoplasmic TDP-43 (E) and nuclear-to-cytoplasmic ratio of endogenous TDP-43 in response to
PABPN1 knockdown (F). Statistical analysis is performed with Student’s t-test (three independent experiments, shCtrl versus shPABPN1#1, **P < 0.001. shCtrl (n =59),

shPABPN1 (n=65)). Graphs represent mean and SEM.

results demonstrated a shift of endogenous TDP-43 towards the
cytoplasmic fraction upon TDP-CTF expression (Fig. 7D). Over-
expression of PABPN1 partially reversed the pathologic changes
to the ratio of nuclear-to-cytoplasmic endogenous TDP-43,
demonstrating that PABPN1 overexpression can restore the
proper nuclear localization of endogenous TDP-43. The knock-
down of PABPN1, on the other hand, resulted in increased cyto-
plasmic localization of endogenous TDP-43 by 60.5% (Fig. 7E)
and decreased the ratio of nuclear-to-cytoplasmic endogenous

TDP-43 by 41.5% (Fig. 7F) in N2a cells and primary motor
neurons.

PABPN1 overexpression rescues defects in SG formation
caused by TDP-43 pathology

TDP-43 inclusions have been shown to colocalize with SG mar-
kers (e.g. TIA1, TIAR) in cultured cells and postmortem tissues
from ALS patients (60). These studies suggest that genetic or
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Figure 8. PABPN1 expression rescues SG formation defects caused by TDP-43 pathology. (A) Representative fluorescence microscopy images of elF3-positive SGs (SGs) of
primary motor neurons after exposure to 0.5 mm sodium arsenite for 24 h. Cells were co-transfected with GFP or GFP-tagged TDP-43"", TDP-43%**'X or TDP-CTF with
mCherry (top panels) or mCherry-PABPN1 (bottom panels). SGs were stained with an antibody against elF3n (magenta). PABPN1 rescued TDP-CTF expression-
mediated reduction of SG formation (white arrows). Scale bar: 10 pm. (B-D) Quantification of SG numbers (B) and sizes (C) and the percentage of cells with SGs (D).
PABPN1 expression restored normal SG formation. Statistical analysis was performed with two-way ANOVA and Bonferroni’s post hoc test (five independent
experiments, *P < 0.05, *P <0.01, **P <0.001; TP < 0.05, TP <0.01, "'P < 0.001, mCherry-PABPN1 versus mCherry, mCherry: GFP (n=65), WT (n = 86), Q331K (n =76), CTF
(n=74); mCherry-PABPN1: GFP (n=60), WT (n=69), Q331K (n=62), CTF (n=73)). Graphs represent mean and SEM. (E) Quantification of averaged half-time (t;/,) of
SG-disassembly in terms of SG numbers after the removal of oxidative stress (R0: GFP (n=47), WT (n=49), Q331K (n=57); R2: GFP (n=38), WT (n=51), Q331K (n=51);
R4: GFP (n=48), WT (n=51), Q331K (n=46)). PABPN1 expression rescued TDP-43-specific SG disassembly defects.

environmental factors leading to persistent SGs in the early stage
of disease may not only interfere with RNA processing but also
serve as precursors of pathological protein inclusions and trigger
the irreversible formation of TDP-43 protein aggregates (61).

To investigate how TDP-43 pathology affects SG dynamics in
primary motor neurons, we induced SGs by oxidative stress and
quantified the SG assembly and disassembly in terms of SG for-
mation and the half-life (t;/,) of SG dissipation after removal of
oxidative stress. Upon exposure to sodium arsenite (0.5 mm,
1h), SG numbers differed greatly among the GFP control and
the three TDP-43 constructs. TDP-43%T and TDP-43%**'¥ signifi-
cantly increased SG numbers (GFP: 5.7 +0.1; TDP-43"™: 8.2+ 0.4;
TDP-43%¥*3K: 7 5+ 0.2) (Fig. 8A and B), whereas TDP-CTF dramatic-
ally decreased the SG numbers (1.7 +0.2) and the percentage of
SG-positive cells (GFP: 71.8+3.3%; TDP-CTF: 39.3+4.8%)
(Fig. 8D). The SG size showed a similar trend (GFP: 0.35+0.04;
TDP-43%T: 0.45 + 0.06; TDP-43%*3'¥: 0.40 + 0.03; TDP-CTF: 0.21 +
0.03) (Fig. 8C). Under normal conditions, SGs rapidly disassemble
when the stressor is removed. However, TDP-432*3?¥ expression
caused SG persistence after stress resolution (t;/, = 187.2 min) as
compared with GFP control and TDP-43%T (GFP: t;/, = 97.4 min;
TDP-43"T: t;/, = 106.3 min) (Fig. 8E). These results show that the
ALS-specific mutation in TDP-43%*3'¥ causes overactive SG as-
sembly and slow SG disassembly. Previous studies reported that
the mutant TDP-43 was more stable and resistant to degradation

than wild-type TDP-43 (18). The failure in the dissipation of SGs
could further increase the propensity of TDP-43 to form patho-
logic aggregates. To test whether PABPN1 can rescue TDP-43-
specific impairment of SG dynamics, we co-expressed either
mCherry or mCherry-PABPN1. Most strikingly, PABPN1 specifically
restored SG formation in cells expressing TDP-CTF (Fig. 8A).
Quantification of SG dynamics showed that PABPN1 expression
alone did not perturb SG formation but rescued abnormal SG
numbers (5.7 + 0.3) and the percentage of SG-positive cells caused
by pathological TDP-43 (Fig. 8A-D). Moreover, PABPN1 partially
rescued the slower rate of SG disassembly caused by TDP-
433K (t,,=129.0 min) (Fig. 8E). These results show that
PABPN1 expression restores SG dynamics, a process that involves
protein aggregation as part of its normal function, and may be
closely linked to the disease process (14-16,61).

Discussion

Identifying regulators of TDP-43-induced pathogenesis could po-
tentially provide therapeutic opportunities for a range of neuro-
logic diseases. Evidence from genetic and neuropathological
studies strongly implicates TDP-43 as a key player in the pathogen-
esis of primary TDP-43 proteinopathies in the ALS/FTLD-TDP clini-
copathological spectrum (23,31). For other major neurodegenerative
diseases where TDP-43 pathology is found at high rates, such as
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Figure 9. Model of PABPN1’s effects on TDP-43 proteinopathy phenotypes. (Top) In healthy neurons, TDP-43 (brown) and PABPN1 (green) are primarily localized to the
nucleus and TDP-43 is incorporated into SG under conditions of oxidative stress. Expression of pathological TDP-CTF (red) forms cytoplasmic aggregates, leads to
mislocalization of full-length TDP-43 into the cytoplasm and compromises SG formation in response to oxidative stress. (Bottom left) PABPN1 loss-of-function
exacerbates the accumulation of TDP-CTF and endogenous TDP-43 in the cytoplasm. (Bottom right) PABPN1 overexpression selectively promotes the degradation of
TDP-CTF protein mainly via the UPS by driving the equilibrium towards soluble species and preventing the aggregation. The interaction of PABPN1 with TDP-43
directly or indirectly restores normal solubility and localization of TDP-43, and rescues SG assembly and disassembly defects under stress conditions. Taken together,

these actions lead to the suppression of TDP-43-induced cell death.

AD, Huntington’s disease, dementia with Lewy bodies and chron-
ic traumatic encephalopathy, the extent of the contribution of
TDP-43 proteotoxicity to the disease phenotype is currently not
well understood (62).

In this study, we report PABPN1 as a novel interaction partner
and potent suppressor of TDP-43 toxicity with unique properties.
PABPN1 overexpression acts as a protective modifier in various
cellular and animal models of TDP-43 proteinopathy concomi-
tant with the selective degradation of pathological TDP-43 and
the recovery of normal nuclear TDP-43 localization, whereas
the loss of PABPN1 conversely serves as a toxic enhancer in the
in vivo and in vitro models. Moreover, PABPN1 acts to rescue the
TDP-43-induced dysregulation of SG dynamics, which has been
considered a vicious cycle of TDP-43 pathology. Our study links
the neuroprotective properties of PABPN1 to the acceleration of
protein turnover of pathogenic TDP-43, which could potentially
provide a new target to halt or even reverse the progression of
TDP-43 pathology (Fig. 9).

Rescue of toxic gain of function of overexpressed TDP-43
variants in primary neurons, yeast and Drosophila models

TDP-43 pathology is characterized by two hallmarks: the accu-
mulation of ubiquitinated, hyperphosphorylated and cleaved
TDP-43 in mostly cytoplasmic aggregates, and the depletion of

TDP-43 from the nucleus (2). Whether the pathogenesis of ALS
is caused by a toxic gain-of-function of cytoplasmic mislocalized
TDP-43 or by loss of its normal nuclear function is still under de-
bate, but it appears likely that a combination of both contributes
to the disease process (23,31). TDP-43 protein levels are tightly
regulated (63), and increased or decreased levels may reduce cel-
lular tolerance to intracellular or extracellular stress (64).

The gain-of-function hypothesis suggests that cytoplasmic
TDP-43 mislocalization and its pathologic posttranslational mod-
ifications may directly acquire toxic properties, or trap mRNAs
and proteins in insoluble aggregates (31). Therefore, most TDP-
43 proteinopathy disease models are based on the overexpres-
sion of TDP-43 constructs. While modeling ALS pathology by
transgenic overexpression of TDP-43 has not been entirely suc-
cessful, these efforts have established that increasing wild-type
or mutant TDP-43 levels by less than two-fold over endogenous
levels is harmful (65).

To model this pathogenic mislocalization and aggregation in
mammalian cells in vitro, several cellular models based on over-
expression of C-terminal fragments of TDP-43 have been de-
scribed (28). Most of these studies were performed in cell lines,
but we and others have found that TDP-CTF forms hyper-
phosphorylated and ubiquitin-positive cytoplasmic aggregates
in primary neurons and that disease-specific mutations increase
the cytoplasmic localization of full-length TDP-43 (26,46).
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Increasing toxicity is correlated with elevated TDP-43 levels and
cytoplasmic TDP-43 mislocalization in cortical neurons (66).
In this study we used wild-type hTDP-43 and several disease-
specific mutations, as well as a C-terminal fragment of TDP-43
beginning at Arg208 that was found as a major component of
pathologic inclusions in the brain of ALS and FTLD-TDP patients
and recapitulates pathological features of TDP-43 proteinopathy
when overexpressed (27,28). We found that overexpression of
TDP-43 with disease-specific mutations enhanced the moderate
toxicity of full-length TDP-43, and TDP-CTF caused the highest
levels of cell death in primary cortical neurons (Fig. 2C and D).
PABPNT1 protein levels modulate TDP-43 toxicity, acting as a strong
suppressor when overexpressed. Overexpression of PABPN1 alone
did not show toxicity in primary neurons, well in agreement with
data from transgenic mice overexpressing normal PABPN1 from a
strong ubiquitous promoter with no obvious pathology (67).

TDP-43 proteinopathies and other neurodegenerative disor-
ders characterized by the aggregation of proteins can be modeled
in the budding yeast Saccharomyces cerevisiae (43). Not only TDP-43
but also FUS, a-synuclein and polyglutamate repeats are toxic
and form cytoplasmic aggregates in yeast (68). Using suppressor
screens, several functionally diverse yeast genes that can
modulate TDP-43 toxicity have been identified (69-71). Pbp1l
(poly(A)-binding protein (Pablp)-binding Protein), and its ortho-
log Ataxin-2, were identified as a modulator of TDP-43 toxicity
across multiple models, leading to the discovery of a significant
association of Ataxin-2 intermediate-length polyQ tract expan-
sions with ALS (71). Loss of the RNA lariat debranching enzyme
Dbrl was able to antagonize the toxic effect of cytoplasmic
TDP-43 aggregates in yeast and primary neurons (69). Accumu-
lated intronic lariat RNAs may act as decoys that sequester
TDP-43 away from binding to and disrupting functions of other
RNAs. Another modifier of FUS- and TDP-43-mediated toxicity
in yeast is ECM32, a component of the nonsense-mediated
mRNA decay (NMD) surveillance mechanism that degrades
mRNAs containing a premature termination codon (70). Overex-
pression of its human ortholog UPF1 protects primary neuronal
cultures from TDP-43 cytotoxicity and preserves forelimb func-
tion in a rat model of TDP-43-induced motor paralysis, possibly
by upregulating NMD (72). Expression of mutant variants of
yeast Hsp104 was found to enhance the solubility of TDP-43
aggregates and suppress TDP-43 toxicity (73). In this study we
employed a yeast model to find out whether PABPN1 expression
can mitigate TDP-43 toxicity. While induced overexpression
weakly inhibits growth in yeast, it acted as a strong suppressor
of TDP-43 toxicity (Fig. 2A). Taken together with the direct inter-
action in the yeast two-hybrid tests, our results suggest a direct
effect of PABPN1 on TDP-43 in yeast.

Several Drosophila models for TDP-43-associated ALS have
provided evidence for both loss and gain-of-function hypotheses
(74). Larvae expressing hTDP-43 in motor neurons are impaired in
larval turning behavior, with disease-specific mutations havinga
more severe effect than wild-type TDP-43 (54,57). We evaluated
the role of PABPN1 in regulating TDP-43 toxicity in vivo in a
Drosophila model of ALS. Loss of PABPN1 function exacerbated
TDP-43-specific neurodegeneration in both the adult retina and
in larval motor neurons (Fig. 2G and H).

The C-terminus of PABPN1 contains a nonclassical proline-
tyrosine nuclear localization signal, which is also present in
FUS and other RNA-binding proteins and recognized by the nu-
clear import protein Transportin 1 (Trn1) (75). Although this sig-
nal is not essential for the nuclear import of human PABPN1 (76),
larger deletions are required to confer nucleocytoplasmic
(PABPN14N518) or cytoplasmic (PABPN14N"5°) Iocalization (42).

The PABPN1°M5*C deletion mutant is still able to associate with
TDP-43 in co-IPs (Fig. 1C) and even shows co-aggregation with
TDP-CTF (Fig. 3A), although has weaker neuroprotective effects,
which suggests that nuclear localization of PABPN1 is required
for suppression of TDP-43 proteotoxicity. One possible model is
that PABN1 interacts with monomeric and/or soluble forms of
TDP-43 which are localized to the nucleus, thus preventing the
formation of cytoplasmic aggregates of TDP-43.

TDP-43 toxicity may be caused by mislocalization of soluble
cytoplasmic TDP-43 or by misfolding and/or aggregation into in-
soluble inclusions. The aberrant clusters of TDP-43, members of
hnRNP family (e.g. hnRNP-A1, A2/B1), HuD, SG proteins (e.g. TIA-1,
elF3), SQSTM1/p62 and proteasome subunits suggested that
cytoplasmic TDP-43 aggregation may disturb RNA and protein
homeostasis (23). Alternatively, inclusion formation could pro-
tect cells from mislocalized cytoplasmic soluble TDP-43 protein
(monomers or oligomers) by sequestering them into aggregates
(77). To investigate how PABPN1 affects different populations of
pathologic and normal TDP-43, we performed extensive analyses
by fluorescence microscopy and western blot analysis of cell ex-
tracts. PABPN1 exhibits a remarkable specificity for pathologic
forms of TDP-43. PABPN1 overexpression specifically reduced
protein levels of both detergent-soluble and -insoluble forms of
TDP-CTF (Fig. 3E), but it did not affect protein levels of endogen-
ous full-length TDP-43. However, it caused a shift of endogenous
TDP-43 from the insoluble to the soluble fraction, which sug-
gested that PABPN1 may prevent the formation and/or facilitate
the removal of existing TDP-CTF aggregates and also limit the
co-aggregation of normal full-length TDP-43 (Fig. 3E). This finding
was further supported by time-lapse live-cell imaging experi-
ments to measure protein levels of TDP-CTF when PABPN1 expres-
sion was induced with a delay of 24 h. At this time point, cells
exhibited high levels of TDP-CTF in the cytoplasm. PABPN1 but
not GFP overexpression led to a rapid reduction of TDP-CTF protein
levels throughout the cytoplasm. While live-cell imaging does not
allow for discriminating soluble and insoluble TDP-CTF protein,
we observed a reduction of both focal and more diffuse staining
in the cytoplasm. This suggests that PABPN1 can cause the re-
moval of existing aggregates either by facilitating their degrad-
ation or by preventing the formation of new aggregates. It
remains to be investigated whether PABPN1 causes the release
of TDP-43 associated proteins or RNAs that may be trapped by
pathologic cytoplasmic TDP-43 aggregates.

Rescue of normal localization and solubility
of endogenous TDP-43

The gain-of-function hypothesis suggests that cytoplasmic mis-
localization and co-aggregation of TDP-43 may lead to its deple-
tion from the nucleus, thus impairing its normal nuclear
functions in regulating transcription and mRNA processing
(29,31,78). While early-onset motor dysfunction in motor neu-
ron-specific TDP-43 knockout mice may reflect an essential func-
tion of TDP-43 in development (79), knockout of TDP-43 in
postnatal motor neurons led to an age-dependent progressive
motor dysfunction accompanied by neuropathological altera-
tions typical for ALS, including axonal degenerations preceding
atrophy of motor neurons (80,81). A specific vulnerability of
motor neurons to low TDP-43 levels is supported by transgenic
CNS-specific TDP-43 knockdown mice that exhibit age-dependent
neurological symptoms, including muscle weakness and paraly-
sis, concomitant with degeneration of spinal motor neurons (30).

In cell lines, the overexpression of different TDP-CTF variants
leads to the recruitment of endogenous TDP-43 into the cytoplasm



(17,82,83). Consistent with a loss-of-nuclear function phenotype,
the expression of TDP-CTF constructs can affect the TDP-43-de-
pendent regulation of cystic fibrosis transmembrane conductance
regulator alternative splicing (17,83,84). When we overexpressed
TDP-CTF in N2a cells, we also observed reduced nuclear levels of en-
dogenous TDP-43 (Fig. 7D). These results suggest that the presence
of TDP-CTF, exhibiting abundant cytoplasmic aggregates, drives en-
dogenous TDP-43 from the nucleus into the cytoplasm, which may
disturb neuronal function via a loss-of-function mechanism.
Therefore, removal of pathogenic TDP-43 concurrent with restoring
normal levels of nuclear TDP-43 may be required for a complete res-
cue of TDP-43 proteinopathy models. Importantly, we found that
PABPN1 overexpression not only failed to disturb protein levels of
endogenous TDP-43 but also rescued its nuclear localization and
solubility (Figs. 3E and 7D). This effect is likely due to the reduction
of TDP-CTF protein levels and cytoplasmic aggregates, which al-
lows the release of trapped TDP-43 and the recovery of its nuclear
localization and function.

Interestingly, the neuromuscular disease OPMD, caused by
polyalanine expanded mutant PABPN1, is characterized by
TDP-43-positive aggregates in affected muscle cells (36). While
initially toxic gain-of-function models have been proposed (85),
low levels of PABPN1 observed in skeletal muscle and a loss of
normal PABPN1 function may contribute to the muscle-specific
pathology in OPMD (35,86,87). Since we observed an increase in
TDP-CTF protein levels (Fig. 3C) and cytoplasmic redistribution
of endogenous TDP-43 (Fig. 7E and F) after knockdown of
PABPN1, it is tempting to speculate that low levels of functional
PABPN1 could contribute to the accumulation and mislocaliza-
tion of TDP-43 in OPMD.

Rescue of SG formation by PABPN1

SG formation involves protein accumulation as a normal mech-
anism and might play an important role in the pathogenesis of
TDP-43 proteinopathies, by acting as a seed for pathological
inclusions and by sequestering RNAs and associated proteins
(16,61). TDP-43 has been found colocalized with several SG pro-
teins (e.g. TIA-1, TIAR and elF3) in cultured cells and brain tissues
from ALS and FTLD-TDP patients, which hypothetically links the
prolonged misregulation of SG dynamics to the cytoplasmic ag-
gregation formation (15). However, whether the genetic mutation
or protein aggregation could conversely interfere with the SG for-
mation is poorly understood. TDP-43 modulates SG dynamics
through the regulation of the essential SG nucleators TIA-1 and
G3BP (88). Q331K and Q343R mutation were found to enhance
SG formation in BE-M17 cells (13), suggesting that the aggrega-
tion-prone and degradation-resistant properties of mutant TDP-
43 may contribute to the dysregulation of SG dynamics.

In the present study, we demonstrated that mutant or aggre-
gated TDP-43 impeded normal SG dynamics in primary motor
neurons under conditions of oxidative stress (Fig. 8). We observed
the overactive SG formation in cells overexpressing wild-type
TDP-43 or mutant Q331K but loss of SGs in TDP-CTF expressing
neurons. Moreover, we also found the prolonged SG disassembly
in TDP-43%3'¥ instead of TDP-43W7 (Fig. 8). While TDP-CTF lacks
the RNA-binding domains necessary for SG association (60), its
aggregation in the cytoplasm may potentially interfere with nor-
mal SG formation by trapping essential SG components into its
aggregates, which may render neurons more vulnerable to sub-
lethal stress condition. The rescue effect of PABPN1 on SG dy-
namics in TDP-43 pathology is likely due to enhancing the
turnover of pathogenic TDP-43 and restoring solubility and local-
ization of normal TDP-43 protein.
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How does PABPN1 regulate levels of pathologic TDP-43?

Two principal pathways of protein degradation have been de-
scribed as complementary neuroprotective mechanisms, the
UPS characterized by the degradation of polyubiquitinated sub-
strates via the proteasome, and the autophagy pathway, typically
targeting larger aggregates for degradation in lysosomes (89). Pre-
vious studies have shown thatinduction of autophagy and prote-
asome activity both facilitate TDP-43 clearance and ameliorated
toxicity (66,90,91). Several studies have reported distinct roles for
protein degradation pathways in the clearance of pathological
TDP-43 proteins (22,92). As pathological TDP-43 exists in various
forms, the UPS appears to preferentially degrade soluble mono-
meric TDP-43, whereas autophagy removes oligomeric and
aggregated TDP-43.

Our data show that inhibition of proteasomes but not autop-
hagy completely blocked PABPN1-dependent degradation of TDP-
CTF and mutant TDP-43 (Figs 5 and 6). Although we cannot exclude
the contribution of autophagy system to the protein degradation of
detergent-insoluble large aggregates, the UPS appears to be more
important to degrade pathological TDP-43 isoforms in the presence
of PABPN1. Our results demonstrate that PABPN1 enhanced the
protein turnover of exogenously expressed wild-type TDP-43, mu-
tant TDP-43 and TDP-CTF preferentially through the UPS degrad-
ation pathway by driving the equilibrium towards small soluble
species and preventing the formation of macroaggregates (Fig. 9).

Further studies are needed to establish the exact mechanism
how PABPN1 specifically targets pathologic TDP-43. The observa-
tion that the C-terminal NLS of PABPN1 is required for this activ-
ity suggests that it may directly affect the localization of TDP-43,
perhaps by facilitating its nuclear import. Alternatively, PABPN1
may have a direct effect on the degradation of TDP-43 via regulat-
ing UPS pathways. In addition, there are several functional links
between poly(A)-binding proteins and TDP-43 toxicity. In yeast,
Pbp1 enhances TDP-43 toxicity. Pbp1 interacts with Pab1 to regu-
late mRNA polyadenylation and is involved in SG assembly,
and the same has been found for their mammalian homologs
Ataxin-2 and PABPC1 (71). In a Drosophila model of ALS, dPABP ex-
pression exacerbates TDP-43 toxicity and PABPC1 was found to be
mislocalized in cytoplasmic accumulations in ALS patient motor
neurons (58). This is further supported by our finding that PABPC1
overexpression had an opposite effect of PABPN1 and increased
TDP-CTF protein levels (Fig. 3D).

In conclusion, whether TDP-43 proteinopathy is due to gain-
or loss-of-function mechanisms or a combination of both, our
results suggest that the specific removal of pathologic TDP-43
protein by modulating PABPN1 protein levels can rescue various
phenotypes caused by TDP-43 toxicity, and restore normal local-
ization of TDP-43 across several in vitro and in vivo disease models
(Fig. 9). A better understanding of pathways that regulate TDP-43
proteinopathy may form the basis of novel strategies for thera-
peutic intervention in ALS, FTLD-TDP and other neurodegenera-
tive diseases.

Materials and Methods
Yeast two-hybrid assay

Full-length murine TDP-43 was cloned into as fusion with the
GAL4 DNA-binding domain (pGBKT7, Clontech), transformed
into the yeast strain AH109 (Mat a) and used as a bait in a yeast
two-hybrid screen with the pretransformed 17-day murine em-
bryo cDNA library (Clontech) in strain Y187 (MATa). A total of
2.91 x 107 diploid yeast cells containing both bait and prey plas-
mids were screened according to the Matchmaker 3 protocol
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(Clontech) and a C-terminal fragment of PABPN1 was identified
as a potential new interaction partner and further analyzed. To
confirm the interaction of full-length proteins, full-length
hTDP-43 and hPABPN1 cDNA were cloned as fusions with the
GAL4 DNA-binding domain (pGBKT7, Clontech) and the GAL4
activation domain (pGADT7, Clontech). Plasmids were trans-
formed into the S. cerevisiae GAL4 reporter strain AH109 (Clon-
tech) using the PEG/lithium acetate method according to the
Matchmaker protocol (Clontech). Transformants were streaked
out onto selective plates (SD/-Ade/-His/-Leu/-Trp; +20 pg/mL X-
a-Gal) to assess growth and to visualize blue colonies positive
for yeast two-hybrid interaction.

Yeast spotting assays

Expression cassettes for hTDP-43-YFP (Addgene plasmid 27447) (44)
and hPABPN1 fused to monomeric Cerulean fluorescent protein
(Addgene plasmid 14417) (93) under control of the galactose-
inducible GAL1 promoter were cloned into 2p high-copy plasmids
PRS425 (LEU2) and pRS426 (URA3). As control plasmids, pRS425-
YFP and pRS426-mCerulean were used. Yeast cells were co-trans-
formed with plasmids using the PEG/lithium acetate method and
plated onto synthetic drop out media (SD/-Leu/-Ura; +2% glucose).
For spotting assay, cells were grown overnight at 30°C. The cell
numbers were determined by ODggo, serially diluted by a factor
of 10 (1, 0.1, 0.01 and 0.001), and spotted onto solid synthetic
drop out media (SD/-Leu/-Ura;+2% glucose or +2% galactose).
Cells were grown at 30°C for 2-3 days.

Drosophila genetics

All Drosophila stocks and crosses were kept on standard yeast/
cornmeal/molasses food at 25°C. Gal4 drivers used in the present
study include the eye-specific GMR Gal4 R13 and the motor neu-
ron driver D42 Gal4. Transgenic lines of GMR Gal4 wild-type
hTDP-43 (hwt), D169G (hD169G), A315T (hA315T), ARRM and
G298S (hG298S) were generated as described (54). For genetic
interactions, stock FBst0038390 with a loss-of-function allele of
Pabp2 was used (Pabp2 [55]/CyO, P(w[+mC] = ActGFP)cJMR1) (56).
Larval turning assays were performed as previously described
(54,57). Briefly, third instar wandering larvae were placed and ac-
climated on a plate at room temperature. The crawling larvae
were turned onto their backs (ventral side up), and the amount
of time each larva took to turn back (dorsal side up) and contin-
ued the forward movement was recorded. Thirty to 40 larvae
were used per genotype.

Primary neuron culture and transfection

Primary motor neurons from spinal cords of mice embryos at Day
13.5 (E13.5) were isolated and cultured for 2 days and transfected
by magnetofection as previously described (94,95). Primary
cortical neurons were isolated from cerebral cortices of mice
embryos at Day 17 (E17). Neurons grown on coverslips were in-
verted onto the dishes in the presence of a glial feeder layer in
conditioned medium (Neurobasal medium, 1% Glutamax and
2% B-27 supplements), and cultured for 4 days prior to transfec-
tion with Lipofectamine 2000 reagent. Enhanced blue fluorescent
protein 2 (BFP), or monomeric green (GFP) or red (mCherry) fluor-
escent proteins were fused to hwt TDP-43 (TDP-43"T), mutant
TDP-43 (TDP-43%31X TDP-43M337V and TDP-43%%2T) and a C-
terminal fragment of TDP-43 (aa 208-414, TDP-CTF) as described
(46). GFP-PABPN1 was a generous gift by the Rouleau lab (96). BFP,
GFP or mCherry fluorescent proteins were also fused to human

full-length PABPN1 and truncation mutations of PABPN1
(PABPN14NS18 and PABPN14NLS59) . A flexible linker [(SGGG)3]
was inserted between all the fusion partners to facilitate correct
protein folding. The pGIPZ shRNA vectors for targeting PABPN1
sequences (ShPABPN1#1, V3LHS_646409; shPABPN1#2, V3LHS_
644004) and a nonsilencing control (shCtrl, RHS4346) obtained
from Open Biosystems were used for PABPN1 knockdown experi-
ments. mCherry-tagged hnRNPA3 and HA-tagged Htt Exonl-
150Q (a gift from Dr Xiao-Jiang Li) (59) were transfected into
primary cortical neurons. GFP-PABPN1 and GFP were cloned
behind the doxycycline-inducible Tet-On promoter in the expres-
sion vector pTRIPZ (Open Biosystems), and transfected into
primary cortical neurons for time-lapse live-cell imaging.

Mammalian cell culture and transfection

N2a neuroblastoma cells were cultured in DMEM medium (Invi-
trogen) containing 10% FBS (Hyclone) and 1% PenStrep (Sigma),
and transfected with the Turbofect reagent (Fermentas) follow-
ing manufacturer’s instructions. Cells were fixed 48-h after
transfection.

Cell staining and image acquisition and analysis

For the overexpression experiments, primary neurons were fixed
1 day and N2a cells were fixed 2 days after transfection. For
shRNA-mediated knockdown experiment, cells were fixed 4
days after transfection. Transfected cells expressing shRNA con-
structs, identified by GFP expression, showed a significant reduc-
tion in endogenous PABPN1 protein levels. Cells were fixed with
4% paraformaldehyde in PBS for 15 min at room temperature,
permeabilized with 0.2% Triton X-100/PBS for 5 min and blocked
with 5% BSA for 45 min. Primary antibodies were incubated over-
night at 4°C. Cy2-, Cy3- or Cy5-conjugated secondary antibodies
(Jackson ImmunoResearch) were incubated for 1 h at room tem-
perature. Fluorescent imaging was acquired with an epifluores-
cent microscope (Ti, Nikon) using a x60 objective (1.4 NA).
Within each experiment, all groups were imaged with the same
acquisition settings. Z-series (5-10 sections, 0.15 pm steps) were
acquired. Image stacks were deconvolved using a 3-D blind con-
strained iterative algorithm (AutoQuant, Media Cybernetics) and
analyzed using Image]J software (National Institutes of Health)
(97). For the quantification of SGs, a cell body region of a trans-
fected cell was selected and all granules above a pre-determined
threshold level were quantified using the Particle Analysis func-
tion of ImageJ software. Primary antibodies were used according
to the Supplementary Material, Table.

Cell death assay

Cell death of primary cortical neurons was assessed by the up-
take of membrane-impermeant ethidium homodimer-1 (EthD-I,
Biotium). EthD-I labels nucleic acids of membrane-compromised
dying/dead cells and reveals strong red fluorescence in nucleus
(excitation/emission maxima ~528/617 nm). After transfection,
2 uMm EthD-I was added to culture medium for 1 h at 37°C. Cell
death was determined by visually counting under an epifluores-
cent microscope. Rate of cell death in % =number of transfected
cells with red fluorescence in nucleus/number of transfected
cells x 100%.

Co-immunoprecipitation of FLAG-tagged constructs from
mammalian cells

N2a cells were co-transfected with FLAG-TDP-43, and GFP or GFP-
tagged PABPN1, PABPN1°N'S18 or PABPN12NIS0 ysing Turbofect
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reagent (Fermentas). Two days after transfection, cells were re-
suspended in lysis buffer (50 mm Tris-HCI, pH 7.5, 150 mm Nacl,
1 mm EDTA, 1% Triton X-100, Roche complete protease inhibitor
cocktail) and centrifuged for 20 min at 20 000 x g. RNaseA was
added at 37°C for 30 min. A small aliquot of the supernatant
was collected as input extract, and the rest was used for co-im-
munoprecipitation. The supernatant was incubated with anti-
FLAG (Sigma-Aldrich) agarose beads for 2 h at 4°C with rotation.
Beads were washed five times with lysis buffer. Input extract
and anti-FLAG immunoprecipitates were boiled with Laemmli
buffer and used for western blot analysis. Primary antibodies
were used according to Supplementary Material, Table.

Co-immunoprecipitation of endogenous protein
from mouse brain tissue

Brains from E13.5 mouse embryos were flash frozen in liquid ni-
trogen immediately following dissection and kept at —80° until
needed. Brains were homogenized with a dounce homogenizer
on ice in 1 ml of lysis buffer, then sonicated and spun down at
20000 x g for 15 min. A small aliquot of input from the supernatant
was set aside, and the rest was used for co-immunoprecipitation.
Immunoprecipitation of PABNP1 was performed with rabbit
monoclonal anti-PABPN1 (Epitomics) and Protein A-agarose
beads (Calbiochem) according to manufacturer’s instructions.
Normal rabbit serum (Millipore) was used as a control. Beads
were washed five times with lysis buffer and boiled in Laemmli
sample buffer. Samples were separated on a 10% SDS-PAGE gel,
blotted onto nitrocellulose membranes and blocked with Odyssey
blocking buffer (LiCor). Primary antibodies were used according to
the Supplementary Material, Table.

Histidine pulldown assay

N2a cells were co-transfected with histidine-tagged mCherry-
TDP-CTF, and GFP or GFP-tagged PABPN1. Cells were resuspended
in lysis buffer (50 mm Tris-HCl, 150 mM NaCl, 1 mm EGTA, 1% NP-
40, 0.25% sodium deoxycholate, 1 mM Nas;VO,4 and Roche com-
plete protease inhibitor cocktail) and centrifuged for 20 min at 20
000 x g. The supernatant was incubated with Nickel-resin (His60
Ni Superflow Resin, Clontech) for 2 h at 4°C with rotation. The
mixture was washed with lysis buffer and boiled with Laemmli
buffer to elute bound proteins for western blot analysis.

Protein extract, subcellular fractionation and western
blots

For protein extract experiment, N2a cells were co-transfected
with mCherry or mCherry-TDP-CTF, and GFP or GFP-tagged
PABPN1, PABPN1°N'S18 pABPN14NLS50 or PABPC1 using Turbofect
reagent (Fermentas). Cells were lysed in RIPA buffer (50 mm Tris,
pH 8.0, 150 mM Nacl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycho-
late and Roche complete protease inhibitor cocktail). After
20 min incubation on ice, cells were sonicated briefly and centri-
fuged at 20000 x g for 15 min. The supernatant was collected as
the whole-cell lysate. For the protein detergent solubility assay,
Neuro2a cells were resuspended in lysis buffer (50 mm Tris-HCl,
pH 8.0, 150 mM NacCl, 1 mM EDTA, 1% Triton X-100, Roche com-
plete protease inhibitor cocktail). After 20 min incubation on
ice, cells were sonicated briefly and centrifuged at 20 000 x g for
15 min. The supernatant was collected as the detergent-soluble
fraction and the insoluble pellet was recovered in urea buffer
(8 M urea, 50 mMm Tris-HCl, pH 8.0, Roche complete protease
inhibitor cocktail). Following sonication and max-speed
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centrifugation, the supernatant was collected as the detergent-
insoluble fraction. For the nuclear and cytoplasmic fractionation,
N2a cells were lysed in hypotonic buffer (10 mm HEPES, pH 7.9,
20 mm KCl, 0.1 mm EGTA, 1 mM DTT and Roche complete prote-
ase inhibitor cocktail), left on ice for 15 min, 0.1% NP-40 was
added for another 5 min and lysates were centrifuged at 15 600 x
g for 10 min at 4°C. The supernatant was collected as cytoplasmic
fraction, and the pellet containing the nuclei was suspended in
high salt buffer (20 mm HEPES, pH 7.9, 0.4 M NaCl, 0.1 mm EDTA,
0.1 mmM EGTA, 1 mmMm DTT, 5% glycerol and Roche complete prote-
ase inhibitor cocktail). The suspension was incubated on ice for
30 min, sonicated once and centrifuged at 15 600 x g for 10 min
at 4°C. The supernatant was saved as the nuclear fraction.
For western blot analysis, the samples were boiled in Laemmli
sample buffer for S5min and separated by 10% SDS-PAGE.
mCherry-TDP-CTF, full-length TDP-43, PABPN1 and a-tubulin
were detected by corresponding primary antibodies. Specific sec-
ondary antibodies conjugated with infrared dyes (Li-Cor) were
used for detection on an Odyssey scanner (Li-Cor). Primary anti-
bodies were used according to Supplementary Material, Table.

Cycloheximide chase assay

N2a cells were co-transfected with mCherry-TDP-CTF, and GFP or
GFP-tagged PABPN1. Twenty-four hours after transfection, cells
were treated with 100 um cycloheximide (Sigma-Aldrich). At
each indicated time point, cells were also treated with either
vehicle (DMSO), 100 nm Bafilomycin (Cayman Chemical), or
10 uMm MG132 (Sigma-Aldrich), and incubated from 0 to 24 h.
Cells were lysed in RIPA buffer with Roche complete protease
inhibitor cocktail. After 20 min incubation on ice, cells were
sonicated briefly and centrifuged at 20 000 x g for 15 min. The pro-
tein concentration was determined using Bradford protein assay.
Western blotting was performed as previously described. Anti-
bodies were used to against mCherry-TDP-CTF, endogenous
TDP-43 and a-Tubulin. The protein levels were normalized to
the values at 0 h and represented as the percentage of remaining
protein. The temporal changes of relative protein levels were de-
termined by the ratio change of mCherry-TDP-CTF or endogen-
ous TDP-43 between the PABPN1 and GFP coexpression at each
indicated time point.

Time-lapse live-cell imaging

Two to three thousands of primary cortical neurons were plated
in a glass bottom culture dish (MatTek Corporation, 35 mm petri
dish, 14 mm microwell) and cultured in conditioned medium for
4 days. To evaluate the dynamics of TDP-CTF, neurons were co-
transfected with constitutive CMV promoter-driven mCherry-
TDP-CTF and inducible Tet-On promoter-driven GFP or GFP-
PABPN1 plasmids using Lipofectamine 2000 reagent for 24 h.
We monitored neurons by time-lapse microscopy on a Nikon
BioStation IM (Nikon Instruments Inc., Melville, NY, USA) using
an 80 x 0.8 NA objective. Neurons were maintained at 37°C and
5% CO, in the chamber throughout the experiment. During the
first hour of the experiment, the mean fluorescence intensity of
TDP-CTF in cell body was measured as the basic protein level
(100%). Then expression of GFP or GFP-PABPN1 under control of
the Tet-On promoter was induced with doxycycline (Dox)
(0.5 pg/ml) (Clontech) for the next 23 h. DMSO was used as ve-
hicle control. Each neuron was captured every 10 min over 24 h
with phase contrast and fluorescence imaging in the red and
green channels. The intensity measurements of mCherry-TDP-
CTF were normalized to th1be basic protein level following treat-
ment and plotted as the change of relative mCherry-TDP-CTF.
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Stress granule formation assay

Primary motor neurons were co-transfected via magnetofection
as described (94) with mCherry or mCherry-PABPN1, and GFP or
GFP-tagged TDP-43WT, TDP-43%3™X or TDP-CTF for 24 h and
then exposed to 0.5 mM sodium arsenite for 1 h to induce forma-
tion of SGs. Neurons were fixed and SGs were detected by goat
anti-elF3n (N-20, Santa Cruz Biotechnology; 1:200) antibodies.
The number and size of SGs and the percentage of cells with
SGs were measured using Image] software. To quantify the disas-
sembly of SGs after the removal of sodium arsenite, the number
of SGs was measured after 0, 2 or 4 h.

Statistical analyses

Data from different experiments were analyzed by mean value
analysis (Student’s t test) or analysis of variance (one- or two-
way ANOVA) using GraphPad Prism Software. Differences were
considered significant when P <0.05. All values are mean and
SEM.

Supplementary Material

Supplementary Material is available at HMG online.
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