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Fig. 1. Sfandard curves for immunoassays. Total a-syn (a), oligomeric o-syn (b), phosphorylated c-syn (c) and oligomeric phosphorylated o-syn (d).

selected for immunoblotting in order to characterise the molecular
properties of a-syn within CSF. ‘

For SDS-PAGE, these samples were run on 12.5% polyacrylamide
gels and the separated proteins were electrotransferred onto
nitrocellulose membranes (0.45 pm, Invitrogen), at 25V, 125 mA for
75 min, which were then blocked with 5% powdered, skimmed milk
dissolved in PBS-T for 1 h. Membranes were incubated overnight with
(a) polyclonal antibody, anti-ct/B/y-synuclein (FL-140) (Santa Cruz,
USA), dilution 1:3000 or (b) phosphorylated anti-o-synuclein pS129
(Epitomics, USA), dilution 1:3000. The membranes were washed
three times in PBS-T, followed by incubation with HRP-conjugated
rabbit anti-mouse or goat anti-rabbit (Sigma), as appropriate, at
1:5000 in PBS-T, for 1 h. The protein bands were visualised using ECL
reagents (Pierce, Rockford, IL} as described by the manufacturer.

Haemoglobin assays

) Because previous studies have suggested that contamination of

CSF samples by blood, either at lumbar puncture or at post mortem,
might contribute through lysed red cells to a-syn measures (Hong
et al, 2010), we assayed our CSF samples for haemoglobin levels
using an immunoassay. The haemoglobin levels in CSF samples were
measured using a Human haemoglobin ELISA Quantitation Kit from
Bethyl Lab Inc (Montgomery, TX, USA) according to the manufac-
turer’s instructions.

Histological methods

Wax sections were immunostained for a-syn pathology using the
rabbit polyclonal antibody #1175 with microwave pretreatment in
0.1 M citrate buffer pH 6.0. This antibody recognises both phosphor-
ylated and non-phosphorylated forms of a-syn, but in PD and DLB
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generates identical patterns of immunostaining as pSer129 — an
antibody specific to forms of o-syn phosphorylated at Ser129 (Obi
et al., 2008).

The severity of a-syn pathology (ie overall density of Lewy bodies
and Lewy neurites) within each brain region was rated on a 4 point
scale (0 = absent, 1 = occasional/mild, 2 = common/moderate, 3 =
numerous/severe), and a composite score across all 5 regions
obtained by summation of individual scores, with a maximum score
of 20 possible. .

Statistical analysis

All data analysis was performed using SPSS v 16.0. For normally
distributed data, two-sample Student's t-test for independent samples or
one-way ANOVA were applied in comparing means of CSF o-syn
measures between two or more groups, respectively. Alternatively, for
non-normally distributed data, Kruskal-Wallis analysis of variance with
post hoc Mann Whitney U test was used. Similarly, when testing the
correlations between CSF a-syn measures and age at onset or death, or
duration of illness, or haemoglobin concentration Spearman's first rank
correlation or Pearson's correlation tests were used as appropriate. All
levels of significance were two-tailed and set at p<0.05.

Results

There were no significant differences in' mean CSF levels of total
a-syn (Fig. 2a), oligomeric a-syn (Fig. 2b) or phosphorylated o-syn
(Fig. 2c) between PD, DLB, PSP, MSA and control groups (F4g9=1.36,
p=0.255,F530=1.37, p=0.249, F4 g7 =1.21, p =0.313, respectively)
(Table 2). In contrast, mean CSF levels of oligomeric phosphorylated
«-syn (Fig. 2d) were highly significantly different between PD, DLB,"
PSP, MSA and control groups (F4g4=22.4 p<0.001) (Table 2). Post
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Fig. 2. Box-whisker plots for the CSF t-synuclein immunoassay results. The length of each box represents the interquartile range (75-25%) of the sample, the solid line drawn across
the box the median, and outliers are denoted by dots. Immunoassay results are presented for each pathological diagnostic group for (a) total a-syn levels, (b) oligomeric o-syn

levels, (c) phosphorylated o-syn levels and (d) oligomeric phosphorylated a-syn levels.

hoc Tukey test showed highly significant differences (p<0.001) in
mean CSF levels of oligomeric phosphorylated a-syn between the
MSA and all of the other diagnostic groups (Table 2). There were no
significant differences in mean CSF levels of total a-syn, oligomeric
o-syn, total phosphorylated a-syn or oligomeric phosphorylated
a-syn between PD, PD (Cog) and PD (Dem) groups (Fp3;=1.23,
p=0.303, F37=0.77, p=0.468, F233=0.53, p=0.596, F537=1.67,
p=0.202, respectively) although it is noted that the numerical levels
of oligomeric phosphorylated a-syn increased progressively from PD
through PD (Cog) to PD (Dem) groups (Table 2).

Table 2

Mean (+SD) CSF levels of a-syn (ug/ml) as determined by each immunoassay in
patients with PD (non-demented (nonD), cognitively impaired (Cog) and demented
(Dem), DLB, PSP, MSA and normal control individuals,

Total a-syn  Oligo c-syn  pS o-syn Oligo pS o-syn
v (ng/ml) - (pg/mi) (ug/ml) (ng/ml)
PD (n=239) 1.93+249 7.04+164 3434618 0.77+1.51
PD (nonD) (n=13) 1344216 1111258 4414868 026003
PD (Cog) (n=10) 1.4742.10 2354202 1.76+£1.02 0.68+£0.78
PD (Dem) (n=16) 2.67:4+2.83 6374991 3.674573 1.28+£2.27
DLB (n=16) 2314251 9474209 1.63+142 1.604£3.02
PSP (n=12) 145+£197 7914221 514+9.73 1.2543.32
MSA (n=28) 3.804£240 2249+.19 - 7.14+919 19.56+1.66*
Control (n=20) 1.87+2.29 6.78+1.14 3.58+3.85 1.054-2.23

*Indicates significantly different (P<0.001) from assay value for patients‘ with PD
(overall, and nonD, Cog and Dem subgroups), DLB, PSP and normal control individuals.

There were no significant correlations between CSF levels of total
a-syn, oligomeric a-syn, phosphorylated a-syn or oligomeric
phosphorylated o-syn, and pathology scores, expressed either as
total pathology score or as. severity scores for each individual area,
either across all 71 patients or within the PD and DLB patients,
separately or combined, Similarly, there were no significant correla-.
tions between CSF levels of total a-syn, oligomeric a-syn, phosphor-
ylated a-syn or oligomeric phosphorylated a-syn, with age at onset of
disease or duration of illness within PD and DLB patients, either as
single or combined groups.

Immunoblotting

Immunoblots of a-syn within CSF, of PD, DLB, MSA, PSP, and
control cases with relatively high and low absorption o-syn
values are shown in Fig. 3. Immunoblots using the polyclonal
anti-c/p/y-synuclein antibody FL-140 (Fig. 3a), showed in most/all
samples irrespective of diagnostic status, an immunoreactive band
at ~46-48 kDa, which was strongly present in all samples with high
a-syn CSF levels (lanes C, E, G and 1) but was less strongly present in
those with low CSF a-syn levels (lanes B, D, F and H). In two samples
with high CSF a-syn levels there was an additional a-syn species at
16 kDa which represents the monomeric protein (lanes C and G) and
was not present in those with low CSF o-syn levels. Using the
phosphorylated anti-a-synuclein pS129 antibody (Fig. 3b), only the
46-48 kDa species was detected, again this being strongly present in
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Fig. 3. Immunoblots of a-syn (a) and pS-ai-syn (b) within CSF of PD, DLB, MSA, PSP and control cases with relatively high and low a-syn immunoassay levels (lanes C, E, G, 1and B, D,
Fand H, respectively) are shown, along with recombinant non-phosphorylated standard (lane A) and recombinant oligomerised, phosphorylated standard (lane J). The immunoblot
using polyclonal anti-«/p/-y-synuclein antibody FL-140 (Santa Cruz) (Figure a), shows in most/all samples irrespective of diagnostic status, an c-syn species at ~46-48 kDa, which is
strongly present in all samples with high CSF «e-syn levels (lanes C, E, G and I but is less strongly present in those with low CSF a-syn levels (lanes B, D, F and H). In two samples with
high CSF c-syn levels there is an additional a-syn species at 16 kDa (lanes C and G) which is not present in those with low CSF a-syn levels, but has the same molecular mass as the
recombinant protein (lane A). Using the phosphorylated anti-a-synuclein pS129 antibody (Figure b), only the 46-48 kDa species is detected, again this being more strongly present
in all samples with high CSF «-syn levels (lanes C, E, G and I) but less strongly present in those with low CSF a-syn levels (lanes). Recombinant c-syn (lane A) is not detected by the

~ phosphorylation specific a-syn antibody (lane A).

all samples with high CSF a-syn levels (lanes C, E, G and I) but less
strongly present in those with low CSF a-syn levels (lanes B, D, F and
H). Recombinant «-syn at 16 kDa (lane A) was only detected by the
FL-140 antibody, and not the phosphorylation dependent a-syn
antibody pS129 (see Fig. 3a, lane A). Inspection of the immunoblots
(Fig. 3) suggests, therefore, that this 46-48 kDa a-syn species might
represent an oligomerised and phosphorylated form of a-syn (the
estimated molecular mass would suggest a trimer). Minor quantities
of non-phosphorylated (monomeric) o-syn were also present, but
these were only detectable in those cases with high CSF a-syn levels.

Confounding factors

It has been suggested from previous studies (Mollenhauer et al,,
2008) that levels of total a-syn within CSF may progressively
increase with increasing post mortem delay time. However, we
found no correlation between levels of a-syn within CSF and post
mortem delay time for any of the 4 immunoassays, either when all
96 patients were considered as a group, or separately according to
diagnosis (data not shown). Moreover, mean post mortem delay time
did not differ significantly between any of the diagnostic groups
(Fa80=1.90, p=0.118).

Furthermore, because, some of the CSF samples were obviously
contamninated with blood, and because previous studies have
suggested that such contamination of CSF samples might contribute
to a-syn measures through lysed red cells (Hong et al, 2010), we
assayed the CSF samples for haemoglobin. Mean haemoglobin levels
within CSF samples did not differ significantly between the various
diagnostic groups (PD=4.6+2.3 pg/ml; DLB=>5.14-2.6 ug/ml;
PSP =58+ 2.2 pg/ml; MSA=4.4+ 2.0 ng/ml; Controls =6.1 3.2 pg/ml;
F,73=1.01, p=0408), nor was there any correlation between CSF
haemoglobin level and any one of the 4 measures of a-syn (total
a-syn r=0.168, p=0.148; oligomeric a-syn r=0.156, p=0.178,
phosphorylated a-syn r = 0.094 p=0.418, oligomeric phosphorylated
o-syn r=0.027 p=0.818).

Discussion

In the present study, we have shown by immunoblotting that both
phosphorylated and non-phosphorylated forms of a-syn can be
detected in CSF of patients with PD, DLB, PSP, MSA, and also in control
individuals, and that the levels of these can be measured by
immunoassay. Consequently, we have not only employed conven-
tional immunoassays to measure total levels of a-syn, as many other
groups have done previously, but we have developed new assays
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based on the detection of phosphorylated and/or oligomerised forms
of a-syn, since these may have more relevance in targeting and
indexing the pathological species of c-syn that is accumulated in the
brains of patients with these disorders (Fujiwara et al, 2002;
Anderson et al.,-2006; Obi et al.,, 2008).

The main finding to emerge from this study is the observation that
measurement of oligomeric phosphorylated forms of a-syn in CSFcan
differentiate patients with MSA from all of the other diagnostic.
groups. Although this finding is based on a relatively small number of
MSA " cases, and may therefore be considered preliminary, the
distinction between MSA and other patient groups was robust, and
higher a-syn levels were consistently seen across all 4 assays in MSA
compared to PD/DLB and other non-synucleinopathies. Recent
findings by Hirohata et al. (2011) showing that an unidentified factor
in CSF promotes the in vitro aggregation of a-syn, and that CSF from
patients with MSA was more effective in this respect than CSF samples

- from patients with PD, would be consistent with our findings.

There have been a few other recent studies looking at biomarkers
in MSA. Aerts et al. (in press) compared total a-syn in lumbar CSF
from 47 patients with MSA with those from 58 patients with PD, 3
with DLB, 10 with PSP and others with CBS and vascular parkinsonism,
but detected no significant differences in mean level between any of .
the diagnostic groups. Similarly, Shi et al. (2011) did not find any
differences in mean a-syn levels between 32 patients with MSA and
126 with PD, though in both instances such levels were significantly
lower than 137 control subjects and 50 patients with Alzheimer's
Disease (AD). Mollenhauer et al. (2011) also reported a-syn levels to
be decreased in patients with MSA (as well as in those with PD and
DLB) compared to patients with AD, and ones with other neurological
disorders. As seen in these other studies, we also found that
measurements of total a-syn did not clearly distinguish patients
with MSA from those with PD (and other parkinsonian disorders).

Our present data therefore suggest that raised levels of phosphor-
ylated forms of a-syn, rather than total a-syn, might provide a test for
not only distinguishing MSA from normal individuals, but perhaps
more importantly from other synucleinopathies. However, it is
accepted that these are very preliminary data and will need
verification in larger sample cohorts, especially in samples taken
from living patients earlier in the course of their illness before it is
possible to categorically state the value of this as a diagnostic test.

There are several potential confounders in our study which we
have taken into consideration, leading us to believe that our present
findings are genuine.

- Firstly, as compared to lumbar puncture where this is less of a
problem, it is almost inevitable that the practicalities of taking CSF
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samples at post mortem will inadvertently include contamination of
some samples by red blood cells, which themselves are a potential
source of o-syn (Barbour et al., 2008; Hong et al., 2010). Indeed, a
recent study (Hong et al,, 2010), based on the analysis of CSF samples
obtained at lumbar puncture by Luminex assays, noted that levels of
o-syn were significantly lower than those of controls, but only when
those samples contaminated by blood (with haemoglobin concentra-
tions greater than 200 ng/ml) were excluded from the analysis.
Consequently, we assayed our CSF samples for haemoglobin to assess
whether varying degrees of blood contamination might have
contributed to the output from our immunoassays. Our findings of a
lack of correlation between CSF haemoglobin level and any of the
o-syn measures, either over all the patients and controls, or within
any of the diagnostic groups, makes us confident that the assay results
presented here are reliable and have not been influenced to any great
extent by contamination by red blood cells. Moreover, it is known that
o-syn within platelets is not phosphorylated at serine 129 (Shults
et al, 2006), and therefore contamination of CSF samples by blood
may not, in any case, be expected to influence the output from the
immunoassays for phosphorylated forms of c-syn.

Secondly, it has been suggested from previous studies (Mollenhauer
et al, 2008) that levels of total «-syn within CSF may progressively
increase with increasing post mortem delay time and hence, the
variations in c-syn measured in this study might simply reflect group
differences in post mortem delay times. However, we found no
correlation between levels of o-syn within CSF and post mortem
delay time for any of the 4 immunoassays, either when all 96 patients

were considered as a group, or separately according to diagnosis (data -

not shown). Moreover, mean post mortem delay time did not differ
significantly between any of the diagnostic groups. Therefore, we have
no reason to believe that the findings presented here are not reliable. To
our knowledge, there have been no other studies except that of
Mollenhauer et al. (2008) indicating a rise in levels of o-syn within CSF
at post mortem, and so it is still uncertain as to whether these levels do
indeed change after death.

There have been a number of previous studies investigating whether
measurement of total a-syn can also be employed as a biomarker for PD,
though these have not always provided consistent results. For example,
an earlier study by Tokuda et al. (2006) found levels of total c-syn on
average to be lower in samples of CSF taken from a group of patients
with PD compared with a group of normal or neurological controls.
However, in a later study (Tokuda et al,, 2010) no-such clear differences
were seen. Elsewhere, Mollenhauer et al. (2008, 2011) have similarly
reported a lowering of total o-syn levels between PD patients and
controls, though this finding has not been replicated by others (Ohrfelt
et al, 2009; Spies et al, 2009; Reesink et al,, 2010; Aerts et al, in
press). In the present study, using a similar immunoassay protocol to
Tokuda et al. (2006, 201 0), we also found no significant differences in
total a-syn levels between PD patients and controls, or between DLB
patients and controls. Hence, it remains unclear whether measuring
total a~-syn levels in CSF has any utility in discriminating’ between
patients with LBD (i.e. PD and DLB) and control subjects.

Because recent studies have suggested that oligomeric forms of o~
" syn may be the toxic species that induce neuronal cell death, it has
been suggested that measurement of these particular forms of a-syn
might be better biomarker for PD than total a-syn (Tokuda et al,
2010). Indeed, it has been shown that soluble oligomeric forms of
- o-syn are elevated in brain homogenates of patients with PD and DLB
(Sharon et al., 2003, Paleologou et al, 2009), supporting such an
argument. In keeping with this hypothesis, El-Agnaf and colleagues
have found elevated levels of oligomeric a-syn in plasma (El-Agnaf
et al., 2006) and CSF (Tokuda et al,, 2010) of PD patients compared
to controls. However, again using similar methodologies, we were
unable to replicate these findings with our results showing no clear
distinctions between PD or DLB patients and controls with respect to
oligomeric forms of c-syn.

It is not clear from a methodological standpoint why we have
obtained results dissimilar to those of Tokuda et al. (2010), though it
is notable that these latter authors employed CSF samples obtained at
lumbar puncture from living patients most of whom were sampled
within 5 years of onset of illness. In the present study we employed
post mortem samples from end-stage PD and DLB patients dying
11-44 years on average after onset of illness. Hence, increases in
oligomeric forms of a-syn early in the course of the disease could

- diminish with time. This same kind of situation has been seen in

Motor Neurone Disease where CSF levels of TDP-43 protein were
found to be increased within the first 11 months of illness, but after
this time fell and became not significantly different from control
subjects (Kasai et al,, 2009). :

In summary therefore, we present some new methods of
assessing o-syn levels in CSF from patients with parkinsonian
disorders, and show that those assays based on the detection of
phosphorylated oligomeric forms of o-syn may have utility in
differentiating patients with MSA from other parkinsonian disorders
in which the underlying pathology is also a-syn based (1 e. PD and
DLB) or is tau-based (i.e. PSP).

Supplementary materials related to this article can be found online
at doi:10.1016/j.nbd.2011.08.003.

Acknowledgments

We thank Parkinson's Disease Society Brain Bank and Queen's
Square Brain Bank for generously providing tissue and CSF samples.
DA and DMAM receive MRC Project Grant funding number G0601364
for this study.

References

Aerts, MLB,, et al,, in press. CSF a-synuclein does not discriminate between parkinsonian

disorders. Neurobiol Aging. doi:10.1016/j.neurobiolaging.2010.12.001.

Angot, E., Brundin, P., 2009. Dissecting the potential molecular mechanisms underlying
alpha-synuclein cell-to-cell transfer in Parkinson's disease. Parkinsonism Relat.
Disord. 15 (Suppl. 3), S143-5147.

Anderson, J.P., et al,, 2006. Phosphorylation of Ser-129 is the dominant pathological
modification of a-synuclein in familial and sporadic Lewy body disease. J. Biol.
Chem. 281, 29739-29752.

Barbour, R, et al., 2008. Red blood cells are the major source of alpha-synuclein in
blood. Neurodegener. Dis. 5, 55-59.

Blennow, K., Hampel, H., 2003. CSF markers for incipient Alzheimer's Disease. Lancet

~ Neurol. 2, 605-613. )

El-Agnaf, O.M., et al., 2003, Alpha-synuclein implicated in Parkinson's disease is present
in extracellular biological fluids, including human plasma. FASEB J. 17, 1945-1947.

El-Agnaf, O.M,, et al., 2006. Detection of oligomeric forms of alpha-synuclein protein in
human plasma as a potential biomarker for Parkinson's disease. FASEB J. 20,
419-425.

Emmanouilidou, E., et al., 2010. Cell-produced alpha-synuclein is secreted in a calcium-
dependent manner by exosomes and impacts neuronal survival. J. Neurosci. 30,
6838-6851. ) )

Foulds, P., et al., 2010. Progress towards a molecular biomarker for Parkinson disease.
Nat. Rev. Neurol. 6, 359-361.

Fujiwara, H., et al., 2002. Alpha-synuclein is phosphorylated in synuclexnopathy lesions.
Nat. Cell Biol. 4, 160-164.

Hirohata, M., et al,, 2011. Cerebrospinal fluid from patients with multiple system
atrophy promotes in vitro «-synuclein fibril formation. Neurosci. Lett. 491, 48-52.

Hong, Z., et al,, 2010. DJ-1 and a-synuclein in human cerebrospinal fluid as biomarkers
of Parkinson's disease. Brain 133, 713-726.

Hughes, AJ., et al., 1992, Accuracy of clinical diagnosis of idiopathic Parkinson's disease:
a clinico-pathological study of 100 cases. ]. Neurol. Neurosurg. Psychiatry 55,
181-184.

Hughes, AJ., et al, 2001. Improved accuracy of clinical diagnosis of Lewy body
Parkinson's disease. Neurology 57, 1497-1499.

Kasai, T., et al., 2009. Increased TDP-43 protein in cerebrospinal fluid of patlents with
amyotrophic lateral sclerosis. Acta Neuropathol. 117, 55-62.

Lee, HJ, et al,, 2005, Intravesicular localization and exocytosis of alpha-synuclein and
its aggregates. J. Neurosci. 25, 6016-6024.

Mollenhauer, B., et al., 2008. Direct quantification of CSF «-synuclein by ELISA and first
cross-sectional study in patients with neurodegeneration. Exp. Neurol. 213,
315-325.

Mollenhauer, B, et al,, 2011, a-synuclein and tau concentrations in cerebrospinal fluid
of patients presenting with parkinsonism: a cohort study. Lancet Neurol. 10,
230-240.

262



P.G. Foulds et al. / Neurobiology of Disease 45 {2012) 188-195 ‘ 195

0Obi, K., et al., 2008, Relationship of phosphorylated o-synuclein and tau accumulation
to Ab deposition in the cerebral cortex of dementia with Lewy bodies. Exp. Neurol.
210, 409-420. .

Ohrfelt, A., et al., 2009. Cerebrospinal fluid a-synuclein in neurodegenerative disorders:
a marker of synapse loss? Neurosci. Lett. 450, 332-335.

Paleologou, K., et al,, 2009. Detection of elevated levels of soluble {alph}-synuclein
oligomers in post mortem brain extracts from patients with dementia with Lewy
bodies. Brain 132, 1093-1101.

Poewe, W., Wenning, G., 2002. The differential diagnosis of Parkinson's disease. Eur. J.
Neurol. 8, 23-30.

Reesink, F.E., et al., 2010. CSF a-synuclein does not discriminate Dementia with Lewy
bodies from Alzheimer's disease. ]. Alzheimer's Dis. 22, 87-95.

Sasakawa, H., et al, 2007. Ultra-high field NMR studies of antibody binding and site-specific
phosphorylation of a-synuclein. Biochem, Biophys. Res. Commun. 363, 795-799.

Schlossmacher, M.G., Mollenhauer, B., 2010. Biomarker research in Parkinson's disease:
objective measures needed for patient stratification in future cause-directed trials.
Biomarkers 4, 647-650. .

263

Sharon, R, et al., 2003. The formation of highly soluble oligomers of a-synuclein is
regulated by fatty acids and enhanced in Parkinson's disease. Neuron 37, 583-595.

Shi, M,, et al,, 2011. Cerebrospinal fluid biomarkers for Parkinson disease diagnosis and
progression. Ann. Neurol. doi:10.1002/ana.22311.

Shults, C.W., et al,, 2006. Alpha-synuclein from platelets is not phosphorylated at serine
129 in Parkinson's disease and multiple system atrophy. Neurosci. Lett. 25, 223-225.

Spies, P.E., et al., 2009. Cerebrospinal alpha synuclein does not discriminate between -
dementia disorders. J. Alzheimer Dis. 16, 363-369.

Spillantini, M.G., et al., 1997. Alpha-synuclein in Lewy bodies. Nature 388, 839-840.

Spillantini, M.G., et al,, 1998. Alpha-synuclein in filamentous inclusions of Lewy bodies
from Parkinson's disease and dementia with Lewy bodies. Proc. Natl, Acad. Sci.
U.S.A. 95, 6469-6473. .

Tokuda, T., et al,, 2006. Decreased c-synuclein in cerebrospinal fluid of aged individuals
and subjects with Parkinson's disease. Biochem. Biophys. Res. Commun. 349,
162-166.

Tokuda, T., et al.,, 2010. Detection of elevated levels of a-synuclein oligomers in CSF
from patients with Parkinson disease. Neurology 75, 1766-1772.



J Mol Neurosci
DOI 10.1007/s12031-011-9571-x

L

930

LASLAY
LI

Molecular Dissection of TDP-43 Proteinopathies

Masato Hasegawa - Takashi Nonaka - Hiroshi Tsuji - Akira Tamaoka -
Makiko Yamashita - Fuyuki Kametani - Mari Yoshida - Tetsuaki Arai -

Haruhiko Akiyama

Received: 30 April 2011 /Accepted: 2 June 2011
© Springer Science+Business Media, LLC 2011

Abstract TDP-43 has been identified as a major compo-
nent of ubiquitin-positive tau-negative cytoplasmic inclu-
sions in frontotemporal lobar degeneration with ubiquitin-
positive inclusions (FTLD-U) and in amyotrophic lateral
sclerosis (ALS). We raised antibodies to phosphopeptides
representing 36 out of 64 candidate phosphorylation sites of
human TDP-43 and showed that the antibodies to pS379,
pS403/404, pS409, pS410 and pS409/410 labeled the
inclusions, but not the nuclei. Immunoblot analyses
demonstrated that the antibodies recognized TDP-43 at
~45 kDa, smearing substances and 18-26 kDa C-terminal
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fragments. Furthermore, the band patterns of the C-terminal
fragments differed between neuropathological subtypes, but
were indistinguishable between brain regions and spinal
cord in each individual patient. Protease treatment of
Sarkosyl-insoluble TDP-43 suggests that the different band
patterns of the C-terminal fragments reflect different
conformations of abnormal TDP-43 molecules between
the diseases. These results suggest that molecular species of
abnormal TDP-43 are different between the diseases and
that they propagate from affected cells to other cells during
disease progression and determine the clinicopathological
phenotypes of the diseases.

Keywords Propagation - Phosphorylation - Tau -
o-Synuclein - Prion - Cancer ‘

Introduction

TAR DNA-binding protein of M,=43 kDa (TDP-43) is a
nuclear factor that functions in regulating transcription and
splicing. It is structurally characterized by two RNA
recognition motifs and the C-terminal tail containing a
glycine-rich region, and resembles a heterogeneous ribonu-
cleoprotein (hnRNP) (Ayala et al. 2005). It has been shown
to interact with several nuclear ribonucleoproteins (RNP),
including hnRNP A and B and survival motor neuron
protein, inhibiting alternative splicing (Buratti et al. 2005;
Bose et al. 2008). In 2006, TDP-43 was identified as a
major component of ubiquitin-positive inclusions in fronto-
temporal lobar degeneration with ubiquitin-positive inclu-
sions (FTLD-U) and amyotrophic lateral sclerosis (ALS)
(Arai et al. 2006; Neumann et al. 2006). Subsequent
immunohistochemical examination demonstrated abnormal
accumulation of TDP-43 in neurodegenerative disorders
other than FTLD-U and ALS, including ALS/parkinsonism—
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dementia complex of Guam (Geser et al. 2007; Hasegawa et
al. 2007), Alzheimer’s disease (AD) (Amador-Ortiz et al.
2007; Higashi et al. 2007; Arai et al. 2009), dementia with
Lewy bodies (DLB) (Higashi et al. 2007; Nakashima-Yasuda
et al. 2007; Arai et al. 2009), Pick’s disease (Arai et al. 2006;
Freeman et al. 2008; Lin and Dickson 2008), argyrophilic
grain disease (Fujishiro et al. 2009) and corticobasal
degeneration (Uryu et al. 2008). These diseases with TDP-
43 pathologies are now referred to as TDP-43 proteinopa-
thies. In 2008, mutations in the TDP-43 gene (TARDBP)
were discovered in familial and sporadic cases of ALS
(Yokoseki et al. 2008; Gitcho et al. 2008; Sreedharan et al.
2008; Kabashi et al. 2008; Van Deerlin et al. 2008;
Barmada and Finkbeiner 2010; Pesiridis et al. 2009),
FTD-MND (Benajiba et al. 2009) and FTD (Borroni et al.
2009), clearly indicating that abnormality of TDP-43
protein causes neurodegeneration. '

Identification of Abnormal Phosphorylation Sites
of TDP-43

Biochemical analyses of the detergent-insoluble fraction
extracted from brains of patients afflicted with FTLD-TDP
and ALS show that TDP-43 accumulated in these patho-
logical structures is phosphorylated and cleaved (Arai et al.
2006; Neumann et al. 2006). By producing antibodies
against synthetic phosphopeptides containing 36 different
phosphorylation sites from among the 56 serine/threonine
residues of TDP-43, five abnormal phosphorylation sites
were identified at serine residues in the C-terminal region
(Hasegawa et al. 2008). The antibodies to pS379, pS403/
404, pS409, pS410 and pS409/410 strongly stain abnormal
neuronal cytoplasmic and dendritic inclusions in FTLD-U,
and skein-like and glial cytoplasmic inclusions in ALS
spinal cord, with no nuclear staining, and thus permit easier
and more sensitive detection of abnormal TDP-43 accumu-
lation in neuropathological examinations (Hasegawa et al.
2008). Immunoblotting of the Sarkosyl-insoluble fraction
from control, FTLD-U and ALS cases using these phospho-
specific antibodies clearly demonstrated ‘that hyperphos-
phorylated full-length TDP-43 at ~45 kDa, smearing
substances and fragments at 18-26 kDa are the major
species of TDP-43 accumulated in FTLD-U and ALS
(Hasegawa et al. 2008).

Cellular Models of TDP-43

To establish cellular models of TDP-43 proteinopathies,
several deletion mutants of human TDP-43 in SH-SY5Y
cells were expressed and the accumulation of TDP-43 was
analyzed by use of the phospho-TDP-43 antibodies and
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ubiquitin. Wild-type (WT) full-length TDP-43 was local-
ized to nuclei and no inclusions were observed, whereas in
cells transfected with C-terminal fragments as GFP fusions,
round cytoplasmic inclusions with intense GFP fluores-
cence were formed (Nonaka et al. 2009b). In addition, a
deletion mutant lacking the nuclear localizing signal (NLS)
and six amino acids similar to the NLS also formed
aggregates in cells without any treatment (Nonaka et al.
2009a). These inclusions are strongly positive for anti-
bodies to phosphorylated TDP-43 and ubiquitin. Using
these cellular models, the effect of pathogenic mutations of
the TDP-43 gene was analyzed. Of 14 mutants examined,
seven mutants showed a significantly higher number of
aggregates than the WT C-terminal fragment, strongly
suggesting that these mutations of TDP-43 accelerate
aggregation of the C-terminal fragments (Nonaka et al.
2009b). In addition, when GFP-tagged C-terminal frag-

“ments were co-expressed with DsRed-tagged full-length

TDP-43, cytoplasmic inclusions with both GFP and DsRed
signals were formed, suggesting that exogenous full-length
TDP-43 is trapped in cytoplasmic inclusions formed by C-
terminal fragments. This may explain why normal nuclear
staining of TDP-43 is lost in neuronal cells with inclusions
in diseased brains (Nonaka et al. 2009b). Furthermore, we
identified two cleavage sites of TDP-43 deposited in
FTLD-U by mass spectrometric analysis, and confirmed
that expression of these fragments as GFP fusions also
afforded cytoplasmic inclusions positive for ubiquitin and
phosphorylated TDP-43 (Nonaka et al. 2009b). The
cleavage sites identified in the 23-kDa C-terminal fragment
of FTLD were different from that of caspase-3, suggesting
that caspase is not the enzyme responsible for generating
the 23-kDa fragment (Nonaka et al. 2009b). These cellular
models recapitulate many of the features of TDP-43 in
patients, and therefore, should be useful for screening small
molecules for activity to inhibit TDP-43 aggregate forma-
tion. We tested whether or not methylene blue and dimebon
have the ability to suppress formation of pathological TDP-
43 inclusions. Compared to controls, a 50% reduction in the
number of inclusions with 0.05 uM methylene blue, a 45%
reduction with 5 uM dimebon and an 80% reduction with
the combination of 0.05 uM methylene blue and 5 uM
dimebon were observed (Yamashita et al. 2009). The effects
were statistically significant and the results were also
confirmed by Western blotting. These results suggest that
these two compounds may be effective in the therapy of
ALS, FTLD-U and other TDP-43 proteinopathies.

TDP-43 C-Terminal Fragments

Based on neuropathological studies, TDP-43 proteinopa-
thies have been classified into 4 subtypes (Caims et al.
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2007). Type 1 is characterized by dystrophic neurites (DNs)
with few neuronal cytoplasmic inclusions (NCls) and no
neuronal intranuclear inclusions (NIIs), Type 2 has numer-
ous NCIs with few DNs and no NIIs, Type 3 has numerous
NCIs and DNs and occasional NIIs and Type 4 has
~ numerous NIIs and DNs with few NClIs, a pattern which
is specific for familial FTLD-U with mutations of VCP
gene. There appears to be a strong relationship between
other subtypes of TDP-43 pathology and clinical pheno-
type. Type 1 is associated with semantic dementia, type 2
with FTLD with motor neuron disease (MND), ALS or
clinical signs of MND, and type 3 with progressive non-
fluent aphasia or FTD with mutation in the progranulin
gene. Recent studies of ALS have clarified the wide
distribution of neuronal and glial TDP-43 pathology in
multiple areas of the central nervous systems (Geser et al.
2008; Nishihira et al. 2009), suggesting that ALS does not
selectively affect only the motor system, but rather is a
multisystem neurodegenerative TDP-43 proteinopathy af-
fecting both neurons and glial cells.

By immunoblot analyses of the Sarkosyl-insoluble
fractions from FTLD-U and ALS patients, we found that
the band patterns of the C-terminal fragments of phosphor-
ylated TDP-43 corresponded to the neuropathological
subtypes. Type 1 FTLD-U showed two major bands at 23

“and 24 kDa and two minor bands at 18 and 19 kDa, while
type 2 ALS showed three major bands at 23, 24 and 26 kDa
and two minor bands at 18 and 19 kDa. Type 3 FID with
mutation in the progranulin gene showed an intermediate
pattern between those two. These results clearly indicate
that TDP-43 proteinopathies subclassified by neuropatho-
logical differences can also be distinguished biochemically.
This strong association between the neuropathology and the
biochemistry is critical for understanding the molecular
pathogenesis of TDP-43 proteinopathies.

Biochemical Analysis of TDP-43 in FTLD-U and ALS

The biochemical differences of TDP-43, as shown in the
different band patterns of TDP-43 C-terminal fragments, are
closely linked to the morphologies of inclusions. The
properties of the abnormal TDP-43 may determine the
neuropathological and clinical phenotypes of TDP-43
proteinopathies. Similar biochemical and neuropathological
differences have been reported in tau between PSP and
CBD. Both PSP and CBD are tauopathies with deposition
of 4-repeat tau isoforms; however, distinct types of C-
terminal fragments are detected, i.e., a 33-kDa band in PSP
and ~3-kDa bands in CBD (Arai et al. 2004).

So, what do the different band patterns mean? It is clear
that the fragments are produced by cleavage at multiple
sites of TDP-43. The band patterns also suggest that the
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cleavage sites are slightly altered between the diseases. .
Based on these observations, it is likely that the event may
occur after the assembly or aggregation of abnormal TDP-
43, and represent relatively protease-resistant domains of
TDP-43, which form beta-sheet structure. That is, the
different band patterns in TDP-43 proteinopathies represent
different conformations of abnormal TDP-43 in the diseases.
To test this idea, we performed protease treatment of the
abnormal TDP-43 recovered in the Sarkosyl-insoluble
pellets, and analyzed the protease-resistant bands. Proteins
can be easily cleaved by proteases if they are denatured or
unstructured, but domains that have rigid structures such as
beta-sheet structure, or that are structurally buried or
interacting ‘with other molecules, are highly resistant to
proteases. Figure 1 shows the result of immunoblot analysis
of abnormal TDP-43 from two ALS and two FTLD-U cases
before and after protease treatment. Before treatment,
hyperphosphorylated full-length TDP-43 at 45 kDa, smear-
ing substances and 18-26 kDa C-terminal fragments were
detected by pS409/410. The band patterns of the C-terminal
fragments are different between FTLD-U with type 1
pathology and ALS with type 2 pathology. Upon trypsin
or chymotrypsin treatment, the full-length 45-kDa band and
smearing substance of TDP-43 disappeared and protease-
resistant core fragments appeared at 16-26 kDa (Fig. 1). As
expected, the protease-resistant - band pattern of ALS is
different and clearly distinguishable from that of FTLD-U.
Doublet bands at ~16 kDa and a band at 25 kDa were

-detected in ALS, but only a single broad band at ~16 kDa

was detected in FTLD-U with type 1 pathology after
trypsin treatment (Fig. 1). Similarly, multiple protease-
resistant bands were detected at 16-25 kDa after chymo-
trypsin treatment and the band patterns were different
between ALS and FTLD-U (Fig. 1). These results strongly
support the idea that the different band patterns of the
C-terminal fragments reflect different conformations of
abnormal TDP-43 molecules between ALS and FTLD-U.

TDP-43 in Different Brain Regions

Similar protease-resistant bands and differences in the band
patterns have been reported in prion diseases, CJD and BSE
(Collinge et al. 1996). Protease-resistant prion from new-
variant CJD cases showed a different characteristic pattern
from that in sporadic CJD cases, and the band pattern is
indistinguishable from that of mice infected with BSE
prion. This is biochemical evidence that the BSE agent has
been transmitted from bovine to human.

Applying this to TDP-43 in TDP-43 proteinopathies, it is
possible to determine whether there is any difference
between the abnormal TDP-43 accumulated in cortex and
that in spinal cord by analyzing the band patterns of the C-
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A B " _
- Trypsin Chymotrypsin
ALS FTLD-type1 ALS FTLD-typel
—— by oty

Fig. 1 Immunoblot ana1y51s of abnormal TDP-43 from two ALS and
two. FTLD-U. cases before and after protease treatment with a
phosphorylation dependent ant1—TDP-43 rabbit polyclonal antlbody
(pS409/410) a Hyperphosphorylated full-length TDP-43 at 45 kDa,
smearing substances and - 18-26 kDa C-terminal fragments were

terminal fragments are different between FTLD-U. with type 1
pathology and ALS Wlﬂ’l type 2 pathology b Upon trypsm treatment,

terrmnal ﬁfagments of TDP-43 Thus we have prepared

Sarkosyl—msoluble frachons from cortex and spmal cords of
three ALS cases, nnmunoblotted them w1th pS409/410° and
compared the results In all three cases, type 2 C-termmal :

and that in spmal "" ord (
suggests that the same fo

pattern of TDP-43 in FTLD _U. It seems h1gh1y unhkely that
the same conformational change would occur synchronous—
ly in different brain regions. Instead, it seems more likely
that abnormal protein produced in cells is transferred to
different regions and propagated. These b1ochemlca1 data
obtained from the brains of patients provide biochemical
evidence that abnormal species of TDP-43 are transn‘ntted
from cell to cell and propagated in vivo.

Discussion

Amyloid-like protein deposition is a common neuropatholog-
ical feature of many neurodegenerative diseases. Hyperphos-
phorylated tau in Alzheimer’s disease and related tauopathies,
hyperphosphorylated alpha—synuclem in Parkinson’s disease
and other alpha—synuclemopathles and expanded polyglut-
amines in polyglutamine diseases have been identified.
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detected by pS409/410 before treatment. The band patterns of the C- .

pS409/410

the full-length 45 kDa band and smearing substance of TDP-43

disappedred and. protease-tesistant core fragments appeared at 16~

26 kDa. Doublet bands at ~16 kDa and a band at 25 kDa were seen in
ALS, but a single broad band at ~16 kDa was detected in FTLD-U
with type 1 pathology after trypsin treatment. ¢ Multiple protease-
resistant bands were detected at 16~25 kDa after chymotrypsin
treatment and the band pattems were different between ALS and
FTLD-U

Importantly, the extent of the abnormal protein pathologies is
closely correlated with the disease progression (Braak and
Braak 1991; Braak et al. .2003; Saito et al. 2003). The

proteins or ‘protein fibrils deposrced in cells in these diseases
-have been shown to have a common structural feature. Cross-

beta structure, Wthh is the same as in abnormal prion
proteln 'Thas been demonstrated in filaments or fibrils

ycomposed of tau (Berriman et al. 2003), alpha-synuclein

(Serpell et al. 2000) or expanded polyglutamines (Perutz
1999). It has not been demonstrated in TDP-43 yet, but we
have shown by electron microscopy that phosphorylated
TDP-43 in motor neurons of ALS patients has a fibrous
structure (Hasegawa et al. 2008), suggesting that TDP-43 is
also an amyloid-like protein.

For the assembly of amyloid fibrils, nucleation-
dependent protein polymerization has been proposed. This
comprises nucleation and elongation phases, and nucleation
is the rate-limiting step. It takes a long time to form the first
aggregated seed from the monomer, but once the seed is
formed, the elongation step proceeds relatively quickly.
More importantly, by addition of amyloid-seed, proteins are
often converted to the same conformation as that of the
seed. For example, WT monomeric alpha-synuclein is
converted to A30P-type amyloid fibrils when it is incubated
with a small amount of fibril-seeds formed with A30P
mutant alpha-synuclein (Yonetani et al. 2009). Differences
in the conformations of the amyloid fibrils are detected
based on the differences in the protease-resistant band
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patterns, as in the typing of prion proteins. There is another
example of nucleation-dependent amyloid fibril formation in
cultured cells. We developed a novel method for introducing
amyloid seeds into cultured cells using lipofectoamine, and
presented experimental evidence of seed-dependent polymer-

ization of alpha-synuclein, leading to the formation of

filamentous protein deposits and cell death (Nonaka et al.
2010). Overexpression of alpha-synuclein itself in cells does
not generate abnormal inclusions, but if fibril seeds formed
with alpha-synuclein are introduced into cells, abundant
filamentous alpha-synuclein aggregates positive for PSer129
and ubiquitin are developed, and cells with inclusions
undergo cell death. This was also clearly demonstrated in
cells expressing different tau isoforms by introducing the
corresponding tau fibril seeds (Nonaka et al. 2010).

The above results obtained from biochemical analyses of
abnormal proteins in patients strongly suggest that intracel-
lular amyloid-like proteins, including TDP-43, propagate
from cell to cell and this propagation is the cause of disease
progression, analogously to metastasis of cancer cells to
multiple different tissues in cancer progression. From this
point of view, we have proposed as a hypothesis that
neurodegenerative diseases with amyloid-like proteins can
be regarded as “protein cancers.” The term prion, coined in
1982 by Stanley B. Prusiner, describes an agent transmis-
sible among humans and a variety of mammals. On the
other hand, the term “protein cancers” describes diseases
that involve the spreading or propagation of abnormal
proteins in tissues or individuals, even though the mecha-
nism of propagation is basically the same as that of prions.
Amyloid-like protein interacts with normal protein and
converts it to the same abnormal conformation, and the

Intraceliular amyloid-like protein

interacts with normal protein and -
converts it to the same conformation,
; like PrpSC protein.

amyloid-like
molecule o i
abnormal proteins
transmit from cell to cell
probably through
synapses

Fig. 2 Schematic representation of prion-like conversion of normal
protein into amyloid-like protein and its propagation in neurodegen-
erative diseases. Intracellular amyloid-like protein interacts with
normal protein and converts it to the same abnormal conformation.
Amplified abnormal amyloid-like protein is transmitted from cell to
cell, probably through synapses, and propagates to various brain
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amplified amyloid-like protein is transmitted from cell to cell,
probably through synapses, and propagates to various brain
regions (Fig. 2). As a result, the same abnormal protein
pathology expands gradually, and clinical manifestations that
are associated with affected brain regions become more
marked because of the transmission and propagation of the
abnormal protein. Therefore, it is important to regulate the
propagation of abnormal proteins for clinical therapy.

Conclusions

1. In ALS, FTLD-U and other TDP-43 proteinopathies,
abnormally phosphorylated, ubiquitinated, and truncat-
ed TDP-43 is accumulated in a filamentous form.

2. We established cellular models which recapitulate many of
the features of the abnormal TDP-43 in FTLD-U and ALS

3. ALS-related pathogenic mutations of the TDP-43
gene accelerate aggregate formation by the C-terminal
fragments.

4. The band pattern of the TDP-43 C-terminal fragments is
different between diseases with different clinicopatholog-
ical phenotypes, and it represents different conformations
of the abnormal TDP-43 between the diseases.

5. The C-terminal band patterns in several brain areas and
spinal cord in each individual case of sporadic ALS are
indistinguishable.

6. These and other results suggest that abnormal TDP-43,
tau and alpha-synuclein are transmitted and propagated
from cell to cell in different regions during disease
progression. It is important to find drugs that can block
the propagation of abnormal proteins for clinical therapy.

{
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regions. As a result, the same abnormal protein pathology expands
gradually, and clinical manifestations that are associated with affected
brain regions become more marked because of the transmission and-
propagation of the abnormal protein. From this point of view,
neurodegenerative diseases with amyloid-like proteins can be regarded
as ’protein cancers”
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\ berrant protein aggregates in

ffected brain cells of patients
with neurodegenerative diseases are a
well-known hallmark, but although
the formation of these inclusions is an
important pathogenic event, the mecha-

nism involved remains unclear. We have

recently established a simple method to

introduce protein fibrils into cultured
cells as seeds for protein aggregation,
and we showed that intracellular soluble

. a-synuclein or tau can aggregate in cul-

tured cells dependently upon seeds intro-
duced in this way. Seeded aggregation of
a-synuclein induced necrotic cell death,
which was suppressed by the addition of
various polyphenols. Our cellular models
are expected to be valuable tools not only
for elucidating the molecular mecha-
nisms of onset of neurodegenerative dis-
eases, but also for drug discovery.

In patients with neurodegenerative disor-
ders, intracellular aberrant protein inclu-
sions are often found in the brain, including
neurofibrillary tangles in Alzheimer’s dis-
ease or Lewy bodies in Parkinson’s disease
and dementia with Lewy bodies. These
aberrant protein aggregates are often
observed in the most affected regions of
diseased brains, suggesting they may cause
neuronal cell death, leading to onset of
these diseases. Tau and o-synuclein are
well-known cytosolic proteins that are
the main components of neurofibrillary
tangles and Lewy bodies, respectively.
They are soluble and natively unfolded
proteins, and it remains unclear how they
become ‘aggregated in neuronal cells.
Indeed, intracellular aggregate formation
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of these proteins does not occur when cul-
tured cells are transfected with expression
plasmids encoding these proteins. On the
other hand, many in vitro studies using

.recombinant proteins, such as Abeta, tau,

a-synuclein or poly glutamine-containing
protein, have shown that these proteins
are readily aggregated into fibrils in the
presence of seeds for aggregation. These
findings prompted us to examine whether
seeds-dependent aggregation would occur
in cultured cells. Thus, we aimed to intro-
duce protein fibrils into cultured cells as
seeds for aggregation.

Transfection of plasmid DNA into
cultured cells is conducted routinely by
the use of liposomes of polycationic and
neutral lipids in water, based on the prin-

ciple of cell fusion. Several commercially

available reagents such as Lipofectoamine,
Lipofectamine 2000 or FuGENEG are
available to efficiently transfect plas-
mid DNA into cultured cells. We tested
whether these transfection reagents
could transfect cultured SH-SY5Y cells
not only with plasmid DNA, but also
with protein fibrils. After much trial and
error, we finally succeeded in transfecting
a-synuclein fibrils into these cells using
Lipofectamine reagent. We found that
the introduced recombinant a-synuclein
fibrils are phosphorylated at Serl29 in
cultured cells, indicating that they had
been introduced by Lipofectamine.!
Interestingly, monomeric and oligomeric

a-synuclein could not-be introduced by
the use of Lipofectamine. We applied for
a patent covering the use of Lipofectamine
for transduction of recombinant protein
fibrils into cultured cells in 2005 (patents
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pending in the United States: 12/086124,
the European Union: 06834541.2 and
Japan: 2007-549210). Recently, other
groups have also reported introduction of
fibrillar protein into cultured cells with or
" without specific reagents.>*

Next, we examined whether intra-
cellular a-synuclein can be aggregated
dependently upon introduced seeds.
When a-synuclein fibrils mixed with
Lipofectamine were introduced into cells

transiently expressing a-synuclein, phos- -

phorylated and ubiquitinated a-synuclein
inclusions (~10 pm in diameter) were
observed by means of confocal laser micros-
copy, indicating that plasmid-derived sol-
uble a-synuclein formed aggregates in the
presence of exogenous a-synuclein fibrils
in cells, and these inclusions resembled
Lewy bodies in diseased brains. Others
have also reported that o-synuclein fibrils
seed' the formation of Lewy body-like
intracellular inclusions in cultured cells.*
~ On the other hand, introduced tau fibrils
were also shown to act as seeds for intra-
cellular aggregation of plasmid-derived
soluble tau protein. Interestingly, we
found that fibrils composed of 3-repeat
tau isoform serve as seeds for intracel-
lular aggregation of soluble 3-repeat tau,
but not soluble 4-repeat tau and fibrils of
4-repeat tau seed serve as seeds for aggre-
gation of soluble 4-repeat tau, but not
‘soluble 3-repeat tau. Likewise, introduc-
tion of a-synuclein fibrils did not clicit
intracellular tau aggregation in cells and
soluble a-synuclein did not form intracel-
lular aggregates in the presence of any tau
fibrils. These results clearly indicate that
intracellular protein aggregation is highly
dependent on the species of protein fibril
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seeds. Now, we are examining whether

fractions prepared
from several diseased brains can be intro-
duced into cells by Lipofectamine and can
serve as seeds for intracellular aggregate
formation of soluble a-synuclein, tau or
TDP-43.

Does the formation of these inclusions
lead to cell death or toxicity? The answer
is yes. We observed non-apoptotic cell
death in cells harboring these inclusions.
In these cells, proteasome activity was
found to be significantly reduced. This
suppression may be related to the cause
of cell death. Furthermore, we showed
that cell death in cells with a-synuclein
inclusions is effectively suppressed by the

detergent-insoluble

‘addition of various small molecules to the
culture medium; polyphenols such as exi-

fone and gossypetin were the most effec-
tive, suggesting that these compounds
may be possible new drugs for the treat-

‘ment of neurodegenerative diseases.

Our study strongly supports a seed-
dependent mechanism for the formation
of the intracellular protein aggregates.
Recently, the intercellular transfer of
inclusions made of tau,* a-synuclein®”8
and huntingtinyhas been reported, sug-
gesting the existence of mechanisms remi-
niscent of those by which prions spread
through the nervous system. It remains to
be clarified whether the incorporation of
amyloid seeds into neurons or glial cells,
as shown in our study, also occurs in vivo,
but our results strongly suggest that extra-
cellular aggregates may be taken up into
neurons by endocytosis or under certain
specific condirions. Therefore, it may be
crucial to inhibit not only the production
of intracellular amyloid seeds, but also
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their spread into extracellular space and
their propagation. Vaccination against
a-synuclein’® or tau may be an effective
treatment, together with the inhibition
of intracellular aggregates formation with
small-molecular compounds, for the ther-
apy of neurodegenerative diseases.
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Abstract

Background: TDP-43 proteinopathies are characterized by loss of nuclear TDP-43 expression and formation of C-
terminal TDP-43 fragmentation and accumulation in the cytoplasm. Recent studies have shown that TDP-43 can
accumulate in RNA stress granules (SGs) in response to cell stresses and this could be associated with subsequent
formation of TDP-43 ubiquinated protein aggregates. However, the initial mechanisms controlling endogenous
TDP-43 accumulation in SGs during chronic disease are not understood. In this study we investigated the
mechanism of TDP-43 processing and accumulation in SGs in SH-SY5Y neuronal-like cells exposed to chronic
oxidative stress. Cell cultures were treated overnight with the mitochondrial inhibitor paraquat and examined for
TDP-43 and SG processing.

Results: We found that mild stress induced by paraquat led to formation of TDP-43 and HuR-positive SGs, a
proportion of which were ubiquitinated. The co-localization of TDP-43 with SGs could be fully prevented by
inhibition of c-Jun N-terminal kinase (JNK). JNK inhibition did not prevent formation of HuR-positive SGs and did
not prevent diffuse TDP-43 accumulation in the cytosol. In contrast, ERK or p38 inhibition prevented formation of
both TDP-43 and HuR-positive SGs. JNK inhibition also inhibited TDP-43 SG localization in cells acutely treated with

162-414 and 219-414 constructs. -

pathway control of TDP-43 aggregation.

sodium arsenite and reduced the number of aggregates per cell in cultures transfected with C-terminal TDP-43

Conclusions: QOur studies are the first to demonstrate a critical role for kinase control of TDP-43 accumulation in
SGs and ‘may have important implications for development of treatments for FTD and ALS, targeting cell signal

Keywords: TDP-43, stress granules, JNK; kinases, oxidative stress, paraguat, hnRNP

Background

Amyotrophic lateral sclerosis (ALS) is a fatal adult-onset
neurodegenerative disease in which the function of
motor neurons in the spinal cord and brain progres-
sively deteriorates. ALS is by far the most prevalent
form of motor neuron disease. Patients with ALS rarely
survive more than 3-5 years after diagnosis with
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respiratory failure the most common cause of death [1].
Approximately 5% of patients with ALS have a positive
family history of the disorder. The first pathological
mutations identified in ALS were in superoxide dismu-
tase 1 (SOD1) and account for around 20% of familial
ALS cases [2]. That discovery has been the basis for
most ALS research in the past decade, and animal mod-
els containing SOD1 mutant transgenes have provided
important insights into SOD1-mediated neurotoxic
effects. However, SOD1 mutations only account for 1-
2% of all ALS cases [3].

©® 2011 Meyerowitz et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits Lmrestric(el_:i use, distribution, and
reproduction in any mediurn, provided the original work is properly cited.
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Frontotemporal dementia (FTD) is the second most
common cause of presenile dementia, affecting people
in their 50s and 60s [4,5]. There are several clinical phe-
notypes and the historical neuropathological classifica-
tion included either frontotemporal lobar degeneration
with tau positive (FTLD-tau) or ubiquitin-positive
(FTLD-U) inclusions [4,5]. The observation that some
ALS patients developed cognitive deficits with frontal
lobe degeneration resembling FTLD-U has led to the

belief that ALS and FTD with FTLD-U might involve a

clinical spectrum of neurodegenerative illnesses [5].

In 2006, TAR DNA binding protein 43 (TDP-43) was-

identified as the major protein constituent of ubiquiti-
nated neuronal inclusions in FTLD-U and in non-SOD1
ALS cases [6,7]. This led to the re-classification of
FTLD-U to FTLD-TDP-43, and. TDP-43-positive ALS
and FTLD-TDP-43 cases are now referred to collectively
as primary TDP-43 proteinopathies [8]. These findings
also provided further support for the concept of FTD
and ALS as diseases within the same broad clinical spec-
trum. Subsequently, TDP-43-positive inclusions have
been identified in a number of neurodegenerative dis-
eases. In these cases, the TDP-43 identification is
referred to as a secondary TDP-43 proteinopathy [8].
While the role of abnormal TDP-43 accumulation in
both primary and secondary TDP-43 proteinopathies is
not yet fully understood, the identification of TDP-43

. mutations associated with ALS and FTD (~40 at pre-
sent) has provided clear evidence that altered TDP-43
processing can be a primary cause of neurodegeneration
and is not just a secondary phenomenon [9,10].

TDP-43 is a 414 amino acid protein of the heteroge-
neous nuclear ribonucleoprotein (hnRNP) family and
consists of two RNA recognition motifs and a C-term-
inal glycine rich region [8,11]. It has a number of
reported roles including transcription, pre-mRNA spli-
cing, and transport and stabilization of mRNA [8]. The
protein is normally localized to the nucleus and has a
classical bipartite nuclear localization sequence [12].
TDP-43 contains two caspase 3 consensus cleavage sites
leading to formation of C-terminal fragments (CTFs) of
35 kDa and 25 kDa that are excluded from the nucleus
[8]. The majority of TDP-43 mutations occur in the C-
terminal region and CTFs are commonly identified in
ALS and FTD inclusions.

In post-mortem tissue from ALS and FTD, the hall-
mark neuropathological features include loss of TDP-43
expression in the nucleus together with accumulation of
TDP-43 in cytoplasmic inclusions. These inclusions are
enriched in ubiquitinated and hyperphosphorylated
(phospho-Ser409/410) TDP-43 and there can be sub-
stantial enrichment of CTE-TDP-43 [8,11]. Recent cell
studies have shown that transfection with CTF-TDP-43
can accurately re-capitulate the histopathological
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findings of ALS and FTD with accumulation of cytosolic
ubiquitinated and phosphorylated CTF-TDP-43 aggre-
gates [13-15]. In addition, transfection with these con-
structs can result in neurotoxicity and cell death
although the pathways involved are not known [14].
However, while these studies have recapitulated find-
ings of post-mortem disease tissue, they have told us lit-
tle of the early disease processes associated with
abnormal TDP-43 metabolism, particularly in sporadic
TDP-43 proteinopathies which account for > 90% of
ALS (and FTD) cases. A new insight into TDP-43 accu-
mulation is developing through studies identifying TDP-
43 association with RNA stress granule proteins [16,17].
Stress granules (SGs) are cytoplasmic sites of stalled
mRNA pre-initiation complexes induced by oxidative
changes, heat shock or osmotic stress where the cell
stalls mRNA translation of non-critical proteins to shift
energy expenditure to key repair and survival proteins
[18]. Recent studies have shown that under stress, TDP-
43 is recruited to SGs in a variety of cells [16,17,19,20].
Initially Moisse et. al. [21] reported that TDP-43 loca-
lized to SGs after axotomy in mice. Subsequently, stu-
dies in cells revealed that acute cell stress induced TDP-
43 SG association and this was dependent on residues
216-315 and the first RNA recognition motif [19]. While
the same group reported a lack of TDP-43 association
with SG markers in ALS tissues, subsequent work by
Volkening et al. [22] reported an association between’
TDP-43 and staufen in ALS spinal cord tissue. TDP-43
SG co-localization in ALS and FTLD-U has since been
reported by Liu-Yesucevitz et al., [17] and FUS, another
hnRNP protein associated with ALS, has also been iden-
tified in ALS SGs [23,24]. Liu-Yesucevitz et al. [17] also
reported that TDP-43 may associate with SGs through
interaction with SG proteins such as TIA-1 and this has.
been supported by studies on TDP-43 association with a
number of SG proteins [20,25] V
However, while these studies have advanced our
understanding of the early stages of TDP-43 aggrega-

"tion, the majority of this research has been performed in

cells exposed to acute and highly toxic treatment with
sodium arsenite, the standard means of inducing SGs
[17,19,20]. In addition, much of our knowledge has been
gained through generation of CTF-TDP-43 over-expres-
sion in transfected cells. There is a lack of understand-
ing about the processes involved in endogenous TDP-43
aggregation during chronic oxidative stress. As the
majority of ALS and FTD cases involve no known muta-
tion in TDP-43 and the slow disease process characteris-
tic of neurodegeneration involves chronic oxidative and
nitrosative stresses [2,26], it is critical to determine how
these factors affect TDP-43 SG cytosolic accumulation.
Moreover, SG proteins have a high propensity to aggre-
gate and over-expression of highly aggregating CTF
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fragments may not accurately re-capitulate the underly-
ing mechanistic processes involved in endogenous TDP-
43 aggregation and association with SGs during chronic
stress. Therefore, we investigated the effects of mild,
chronic oxidative and nitrosative stress on endogenous
TDP-43 in neuronal-like cell cultures. Our findings
revealed that-in contrast to acute stress, chronic oxida-
tive stress induced several features consistent with TDP-
43 proteinopathies including loss of nuclear TDP-43,
accumulation of diffuse TDP-43 in the cytosol, forma-
" tion of a 35 kDa C-terminal fragment and accumulation
of TDP-43 in SGs, some of which revealed ubiquitina-
tion. Importantly, our findings revealed that TDP-43
localization to SGs was controlled by c-Jun N-terminal
kinase (JNK). Inhibition of JNK also modulated TDP-43
accumulation in SGs.induced by sodium arsenite and in
cells transfected with CTE-TDP-43 constructs. Our data
also indicated that the aggregation of TDP-43 may be
associated with JNK modulation of haRNP-TDP-43
interactions and SG localization.

Resuilts :
To investigate the effects of chronic stress on TDP-43
metabolism, we first determined optimal concentrations

of oxidative and nitrosative stress inducers in SH-SY5Y '

neuronal-like cultures. Cells were treated overnight with
each compound at a range of concentrations and the cell
viability was determined by MTT assay and cell death
was measured using an LDH assay (not shown). Addi-
tional File 1 shows the selected concentrations used for
further investigation. The concentrations shown in Addi-

tional File 1 induced mild but significant reductions in -

cell viability overnight. However, except for 2 mM para-
quat (24 + 3.2% cell death) and 75 uM rotenone (32 +
4.6% cell death), no change to LDH release was observed
compared to untreated controls. These doses were used
to mimic sub-lethal chronic stress conditions relevant to
brain or spinal cord neurons during disease in vivo.

Nitrosative stress inducers mediate altered TDP-43
processing

Treatment of SH- SY5Y cells with inducers of nitrosative
stress resulted in changes to sub-cellular distribution of
TDP-43. Compared to untreated controls (Figure 1A-C),
SIN-1, a peroxynitrite donor caused a frequent, evenly
distributed, diffuse accumulation of TDP-43 in the cyto-
sol of treated cells (Figure 1D-F). In contrast, paraquat,
an inhibitor of the mitochondrial electron transport
chain and inducer of superoxide/peroxynitrite stress (a
common feature in neurodégeneration), induced sub-
stantial and varied cytoplasmic accumulation of TDP-43
" including aggregates of TDP-43 resembling RNA SGs
(Figure 1G-I). Arginine (nitric oxide precursor) had no
consistent effect (Figure II—L)
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Paraquat induces a robust cell model of TDP-43
proteinopathy '

Further examination of TDP-43 in paraquat-treated cells
revealed multiple features reported for human TDP-43
proteinopathies. Paraquat-treated cells frequently
showed clear loss of nuclear TDP-43 (Figure 2D-F),
accumulation of diffuse TDP-43 in the cytosol (Figure
2G-I) and formation of cytoplasmic aggregates. Interest-
ingly, these changes were not always observed in the
same cells suggesting that loss of nuclear TDP-43
expression and accumulation in the cytosol may been

~caused by different stress-mediated processes. To deter-

mine if the cytosolic aggregates of TDP-43 induced by
paraquat were SGs, cells were co-stained for the SG
marker, HuR. The majority of TDP-43 aggregates co-
localized with HuR although there were also additional
HuR-positive SGs that lacked TDP-43 (Figure 2N-Q).
Quantitative analysis revealed that 66 + 8% of paraquat-
induced SGs that were positive for HuR were also posi-
tive for TDP-43 and that SG formation correlated to
increasing toxicity of paraquat (Additional File 2). TDP-
43 also frequently co-localized with the SG marker,
TIA-1 (data not shown). We examined the time course
of TDP-43 SG formation and found that TDP-43 only -
accumulated into SGs between 8 and 20 hr after expo-
sure to paraquat. This is in contrast to the rapid accu-
mulation of TDP-43 into SGs reported for arsenite or
osmotic stress [19,20]. Our findings were also observed
in retinoic-acid differentiated SY5Y neuronal-like cells,
confirming that these changes can occur in non-dividing .
SY5Y cells (Additional File 2H-K).

We extended the investigation of this model further
by examining if TDP-43-positive SGs revealed presence
of the protein aggregate marker ubiquitin, also a hall-
mark feature of the ubiquitinated inclusions in' ALS and
FTLD-U in FID. Interestingly, our study revealed that a
number of the TDP-43-positive SGs co-localized with
ubiquitin (Figure 3F and 3]). 24 + 6% of TDP-43-posi-
tive SGs were also positive for ubiquitin indicating that
only a portion of the SGs may progress to ubiquitinated

-protein aggregates (Figure 3). Diffuse TDP-43 did not
_consistently co-localize with ubiquitin (Figure 3]).

Whether the ubiquitination of the SGs was associated
directly with the TDP-43 or ubiquitination of alternative
SG proteins is uncertain. Due to the relatively low num-
bers of cells containing ubiquitinated SGs and lack of a
method for purifying SGs, it was not possible to deter-
mine if the ubiquitinated protein in the SGs was specifi-
cally TDP-43. :

Interestingly, we did not observe phosphorylated TDP-
43 associated with the SGs (Additional File 3A-F). This
was confirmed by Western blot analysis that detected
no increase in phosphorylated TDP-43 or phosphory-
lated CTF-TDP-43 post-exposure to paraquat
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Figure 1 Effect of SIN-1, paraquat and arginine on TDP-43 localization in SH-SY5Y cells. Cells were exposed overnight with 0.1 mM'SIN-1,
1 mM paraquat or 1 mM arginine and TDP-43 localization was examined by immunofluorescence. A-C: untreated, D-F: SIN-1, G-1: paraquat, J-L:
‘arginine. Green = TDP-43, blue = DAPI. Right-hand panel = merged images of TDP-43 and DAP!. Arrowheads show diffuse cytosolic TDP-43.
Arrows show aggregated cytosolic TDP-43. Bar = 10 um. Representative images from three separate experiments performed in duplicate or

triplicate.

275




Meyerowitz et al. Molecular Neurodegeneration 2011, 6:57 o ) Page 5 of 22
http://www.molecularneurodegeneration.com/content/6/1/57

§

Figure 2 Induction of c'ytosdiic TDP-43 accumulation and SGs by paraquat in SH-SY5Y cells. Cells were exposed overnight to 1 mM
paraquat and TDP-43 localization was examined by immunofluorescence. A-C: untreated, D-I: paraquat treated. Arrows show loss of nuclear
TDP-43. Arrowheads show diffuse cytosolic TDP-43. Green = TDP-43, blue = DAPI. Right-hand panels = merged images. J-Q: Cells were exposed
to 1 mM paraquat overnight and TDP-43 and HuR localization was measured by immunofluorescence. J-M: untreated, N-Q: paraquat treated.
Green = TDP-43, Red = HuR, Blue = DAPI. M and Q are merged images from TDP-43 and HuR panels. Arrows indicate stress granules. Inset
shows higher magnification of TDP-43 and HuR positive SGs. Bar = 10 pm. Representative images from four separate experiments performed in

duplicate or triplicate.
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Figure 3 Treatment of SH-SY5Y neurons induces co-localization of TDP-43 and ubiquitin in SGs. Cells were treated overnight with 1 mM
paraquat and localization of TDP-43 and ubiquitin was determined by immunofluorescence. A-D: untreated, E-L: paraquat treated. Green = TDP-
43, red = ubiquitin, blue = DAP!. D, H and L represent merged images of panels above. Solid arrows indicate co-localization  of TDP-43 and
ubiquitin in SGs. Arrowhead indicates lack of co-localization of TDP-43 and ubiquitin in one SG in panel F. Dotted arrow indicates lack of co-
localization of diffuse TDP-43 and ubiquitin. Bar = 10 pym. Representative images from three separate experiments performed in duplicate or

triplicate.
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(Additional File 3G). It is possible that more prolonged
treatment of cells is required to induce phosphorylation
~ or that the correct cellular kinases are not present or
not-localized to SGs. Alternatively the TDP-43 may be
phosphorylated on sites different to the 409/410 site.
However, the combination of clear nuclear loss of TDP-
43, diffuse cytosolic accumulation, aggregation and ubi-
quitination under mild stress provided a unique model
for investigating the early processes in abnormal TDP-
43 processing associated with ALS and FTD.

Paraquat induces: formation of caspase-dependent and
caspase-independent TDP-43 SGs: -
One of the hallmark neuropathologlcal features of TDP-

. 43 proteinopathies is the formation of C-terminal TDP-

43 fragments (CTF-TDP-43), often of 35 or 25 kDa in
mass [6,8]. Cell studies have re-capitulated features of
. end-stage TDP-43 proteinopathies through expression

of these fragments which aggregate and co-localize with

SG proteins [13,27]. Therefore, we examined if our
paraquat model also induced CTF-TDP-43. The SH-
SY5Y cells revealed basal expression of a 35 kDa TDP-
43 band even in untreated cultures. This is consistent
with previous observations [28]. Western blot analysis of

paraquat-treated cells revealed the mcreased expression -

of this 35 kDa CTE-TDP-43 (Figure 4A). Interestingly,
none of the additional mitochondrial inhibitors or nitro-
sative stress inducers tested significantly elevated 35
kDa CTE-TDP-43 (Figure 4A and 4B). This was despite
inducing a similar loss of cell viability (Additional
File 1). These ﬁndmgs suggested that formation of TDP-
43 SGs may be specifically associated with CTE-TDP-43

as previously supported by studies involving transfectlon; '
of cells with TDP-43 CTE constructs [16]. Co-treatment ,

of cells with paraquat and the broad—spectrum caspase
inhibitor, Z-VAD-fmk, resulted in a complete inhibition
of increased 35 kDa CTF-TDP-43 expression (Figure
4C). This supported previous studies demonstrating that
35 kDa TDP-43 CTFs are generated by caspase-cleavage
at a DETD consensus site within the NLS:of TDP-43
[29,30]. However, we found that while inhibiting CTE-
TDP-43 generation with Z-VAD-fmk partially 1nh1b1ted
' TDP-43 SG formation (Figure 4H), the effect was not
complete. Treatment of cultures with Z-VAD-fmk
reduced the number of cells containing TDP-43-positive
SGs from 18 + 8% to 8 = 2% (P < 0.05). This inhibitory
effect was mainly due to-a reduction in cells containing
smaller TDP-43-positive SGs as there was no loss of
large (> 1 um) TDP-43 SGs in Z-VAD-fmk treated cells,

despite a complete inhibition of enhanced 35 kDa CTF

formation. In our cultures, no change was observed to a
faint 25 kDa CTE-TDP-43 (Figure 4C), ruling out invol-
vement of this fragment in TDP-43 SG formation.
Nishimoto et al. have also reported that the 25 kDa
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form is not involved in TDP-43 SG formation [30].

-These findings strongly suggest that while paraquat

treatment enhanced 35 kDa CTF-TDP-43 formation,
this was not sufficient for TDP-43 SG formation.

Induction of cytosolic TDP-43 accumulation by paraquat

~is not mediated through mitochondrial inhibition

As paraquat is a mitochondrial electron transport chain
inhibitor, we compared paraquat treatment with alterna-
tive inhibitors of cellular respiration to determine if

" mitochondrial impairment induced TDP-43 SGs. Figure

5P-R shows that only paraquat induced. cytosohc accu-
mulation and formation of TDP-43-positive SGs after an

‘overnight treatment. Other mitochondrial inhibitors -

including rotenone (Figure 5D-F), 3-NP (Figure 5G-I),
MPP+ (Figure 5} -L) and sodium azide (Figure 5M-O)
had no effect on TDP-43 despite being applied at con-

centrations that induced the same or increased level of

mild cell toxicity (Additional File 1). We then deter-

“mined if the alternative mitochondrial respiration inhibi-

tors induced HuR-positive SGs that lacked TDP-43.
However, as shown in Additional File 4, no HuR-posi-

‘tive SGs were observed in cells after OVernight treatment

with the mitochondrial inhibitors. These observations
showed that the ability of paraquat to induce loss of
nuclear TDP-43, cytosolic accumulation and SGs is not

“solely attributable to its ability to inhibit mitochondrial

activity per se. These findings suggest that the effects of
paraquat on TDP-43 are more likely associated with
specific pathways of oxidative or nitrosative stress
induction that differ from the other mitochondrial
inhibitors.
1 .

JNK controls TDP-43 Iocallzatlon to SGs durmg

oxidative stress : :

It has been reported prev1ously that kmases can control

'cytoplasmlc localization and SG accumulation of

hnRNPs such as hnRNP Al and hnRNP K. This
includes p38, JNK and ERK- dependent modulation of
hnRNP sub-cellular accumulation [31-36]. Of these, INK
has been clearly established as a critical stress-activated
kinase [37] and is central to toxic effects of paraquat
[38,39]. Therefore, we examined if modulation of JNK

“activity affected TDP-43-positive SG formation. Initially,

we determined if paraquat induced activation of JNK
and p38 as previously reported [38]. After overnight
treatment with 1 mM paraquat robust activation of JNK
and ERK was observed with weaker p38 activity (Figure
6A). A time course of activation revealed elevated JNK
and ERK phosphorylation after 30-60 min with maximal
activation at 2 hr (Figure 6A). No early activation of p38
was observed (data not shown). Subsequent co-treat-

ment of cultures with paraquat and the JNK inhibitor,

SP600125, resulted in almost complete inhibition of



