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Table 2 Top 20 upregulated genes in F3 cells following stable expression of neurogenin 1

No. Gene Fold Entrez  Gene name Putative function
symbol change. gene ID
I LGRS 166.623 8549 Leucine-rich repeat-containing An orphan G protein-coupled receptor of the glycoprotein
G protein-coupled receptor 5 hormone receptor subfamily
2 GAS2 32.861 2620 Growth arrest-specific 2 A caspase-3 substrate that plays a role in regulating cell shape
changes during apoptosis
3  FABP3 32739 - 2170 Fatty acid-binding protein 3, muscle ' A proteini involved in intracellular metabolism of long-chain fatty
and heart (mammary-derived growth = acids and modulation of cell growth and proliferation
inhibitor)
4 TMEFF2 28233 23671 Transmembrane protein with EGF-like A secreted protein with a EGF-like domain that promotes survival
and two follistatin-like domains 2 of hippocarnpal and mesencephali¢c neurons
5 LRRN3 24.284 54674 Leucine-rich repeat neuronal 3 An integral membrane protein of unknown function
SCG2 13.841 7857 Secretogranin I (chromogranin C) A secretory protein involved in regulation of neurogenesis and
angiogenesis
7 MFAP4 13429 4239 Microfibrillar-associated protein 4 An extracellular matrix protein binding to both collagen and
, carbohydrate involved in cell adhesion
8 HISTIH4F. 11.875 8361 H4 histone, family 2 A member of the histone H4 family that constitutes the
nucleosome structure
9. TACRI 11.35 6869 - Tachykinin receptor:1 A neurokinin receptor selective for subStance P
10 : COL3A1 10.828 - 1281 Collagen, type 11, alpha 1 The pro-alpha 1 chains of type III collagen that constitutes a
major component of the extracellular matrix
11" SDPR 9.975 8436 Serum deprivation response A calcium-independent phospholipid-binding protein that serves
i (phosphatidylserine-binding protein).  as a substrate of protein kinase C
12 TMTC2 9.744 160335 Transmembrane and tetratricopeptide  An integral membrane protein of unknown function
repeat containing 2
13 FGF9 9.38 2254 Fibroblast growth factor 9 A member of the FGF family whose expression is dependent
(glia-activating factor) on:Sonic hedgehog signaling
14 ASS1 8.813 445  Argininosuccinate synthetase 1 The enzyme that catalyzes the penultimate step of the arginine
biosynthetic. pathway
15  S100A4 8.555 - 6275 S100 calcium binding protein A4 A member of the S100 family of proteins involved in-motility,
invasion, and tubulin polymerization
16 LIX1 7.99 167410 Lixl homolog (chicken) A protein.involved in RNA metabolism that has an essential
function for motor neuron survival
17" FAM65B 7.974 9750 Family with sequence similarity 65,  a protein involved in myogenic cell differentiation
member B
18 NOG 7.65 9241 Noggin A'secreted protein that plays a principal role in creating
morphogenic gradients by antagonizing bone morphogenetic
proteins
19 Clorfi15 7.571.::.79762  Chromosome: I open reading frame 115 Anintegral: membrane protein. of unknown function
20 CYSLTR2.. 723 -.57105  Cysteinyl leukotriene receptor 2 A G protein-coupled receptor for cysteinyl leukotrienes

Genome-wide gene expression profiling of F3-WT and F3-Ngn1 was performed by using two sets of Human Gene 1.0 ST Array for each,
followed by two comparisons composed of WT atray-1 (F3-WT-1) versus Ngnlatray-1 (F3-Ngnl-1)'and WT array-2 (F3-WT-2) verstis Ngnl
array-2 (F3-Ngn1-2).. Top 20 upregulated-genes in F3-Ngnl cells are shown: with. fold change derived. from the comparison between F3-WT-2

and F3-Ngnl-2

genes directly linked to the 537 genes. Subsequently, we
performed the “N-points to N-points” search by starting
from Ngnl and ending with the set of 787 genes via the
shortest route connecting starting and ending points. It
“generated a highly complex molecular network composed of
1,816 fundamental nodes and 7,238 molecular relatioiis
(Fig.'6). When the network ‘was ‘referred to the canonical
pathiways of the KeyMolnet library; the generated network
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has the most significant relationship with transcriptional
regulation by nuclear factor kappa-B (NF-xB) with the score
of 59.9 and score (p) = 9.467E—019. This was followed by
transcriptional regulation by cyclic AMP-response element:
binding protein (CREB) in the second rank with the score of
52.3 and score (p) = 1.771E—016, transcriptional regula-
tion by vitamin D receptor (VDRY) in the third rank with the
score of 45.8 and score (p) = 1.582E--014; transcriptional
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Fig. 3 Gene expression profiles of NSC, neuronal and glial markers.
Genome-wide gene expression profiling of F3-WT and F3-Ngn1 was
performed by using two sets of Human Gene 1.0 ST Array for each,
followed by two ‘comparisons composed of WT array-1' (F3-WT-1;
the first column) versus Ngnl array-1-°(F3-Ngnl-1; the second
column) and WT array-2 (F3-WT-2; the third column). versus Ngnl
array-2 (F3-Ngnl-2; the fourth column). Signal intensities of NSC,
neuronal and glial marker genes are. expressed as log 2 after
normalization, NES nestin, MSII musashi homolog 1, ABCG2 ATP-
binding cassette, subfamily G member 2, LGRS leucine-rich repeat-
containing G protein-coupled receptor 5, GFAP glial fibrillary acidic

regulation by hypoxia-inducible factor (HIF) in-the:fourth
rank with the score of 35.7-and score.(p) = 1.781E=011,
transcriptional regulation by glucocorticoid receptor(GR) in
the fifth  rank with  the: score “of 31.0 ~and - score
(p) = 4.779E—010, and the complement activation path-
way in the sixth rank with the score of 20.5 andscore
(p) = 6.589E—007. Thus, the molecular network of the
genes differentially expressed between F3-WT and F3-Ngnl
involves the complex interaction of networks regulated by
multiple transcription factors.

Gene Annotation Analysis Suggested Multifunctional
Changes-in F3:Ngnl Cells

We studied functional annotation terms overrepresented in
588 'DEG" by using the web-accessible program named
DAVID. By importing the list of Entrez Gene 1D, DAVID
identified top 20 enriched gene ontology (GO) terms in the
list of 250 upregulated genes, most of which are related to
development and morphogenesis (Table 4), In.contrast, top
20 enriched GO. terms:in the. list. of 338 downregulated
genes were chiefly composed of the molecules closely
associated.. with - extracellular - matrix .. and . .adhesion
(Table 4), Thus, gene annotation.analysis: suggested that
stable expression of a single gene Ngn! in F3 cells induces
multifunctional. changes. that: potentially. affect. the differ-
entiation of human:NSC,
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protein, MBP myelin basic protein, MOG myelin oligodendrocyte
glycoprotein, CNP, 2'3-cyclic nucleotide 3’ phosphodiesterase,
CSPG4 chondroitin sulfate proteoglycan 4 (NG2), NEFH neurofila-
ment heavy polypeptide, NEFM neurofilament medium polypeptide,
NEFL neurofilament light polypeptide, ENO2 enolase 2 (NSE),
TUBB3 tubulin beta 3, GAPDH glyceraldehyde-3-phosphate dehy-
drogenase (G3PDH), NEUROGI neurogenin 1, BMP4 bone morpho-
genic protein 4, NOTCHI notch homolog 1, SHH sonic hedgehog
homolog, WNTI wingless-type MMTV integration site family
member ‘1, and NEURODI neurogenic differentiation 1. A robust
upregilation of LGRS is evident in both F3-Ngnl-1 and F3-Ngnl-2

Discussion

Recently, we established an immortalized human NSC
clone hamed HB1.F3, which could serve as an unlimited
source for cell replacement therapy of various neurological
diseases (Kim 2004; Kim and de Vellis 2009). Ngnl is a
proneural bHLH transcription factor that promotes neuro-
nal differentiation but inhibits glial differentiation of rodent
NSC and NPC (Morrison.2001; Sun.et al. 2001). In the
present study, to investigate a role of Ngn1 in human NSC
differentiation, we established a clone derived from F3
stably -overexpressing ‘Ngnl.  Genome-wide gene expres-
sion profiling identified 250 upregulated genes and 338
downregulated genes in F3-Ngnl versus F3-WT cells.
Notably, the expression of LGRS, a recently identified
marker for intestine: and hair follicle’ stem cells (Barker
et al. 2007; Jaks et al. 2008; Sato et al. 2009), was greatly
elevated in F3-Ngnl cells at both mRNA and protein
levels. However, transient overexpression of Ngnl did not
induce upregulation of LGRS in F3-WT cells, suggesting
that LGRS is not a direct. transcriptional target of Ngnl.
KeyMolnet, a bioinformatics tool for analyzing molecular
relations .on a comprehensive knowledgebase, indicated
that the molecular network of differentially - expressed
genies.involves. the complex interaction of networks regu-
lated . by muliiple . transcription - factors, such as NF-xB,
CREB,. VDR, HIF, -and. GR. Gene :annotation analysis
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Table 3 Top 20 downregulated genes in F3 cells following stable expression of neurogenin 1

No. Gene Fold Entrez Gene name Putative function
symbol change gene ID
1 HAS2 0.024 3037 Hyaluronan synthase 2 The enzyme involved in synthesis and transport of hyaluronic
acid
2  MMP9 0044 4318 Matrix metallopeptidase 9 (gelatinase B, The enzyme that degrades type IV and V collagens involved in
92 kDa gelatinase, 92 kDa type IV embryonic development and tissue remodeling
collagenase)
3 C3 0.05 718 Complement component 3 A protein that plays a central role in the activation of
complement system
4 LCP1 0.05 3936 Lymphocyte cytosolic protein 1 An actin-binding protein that plays a role in cell adhesion-
(L-plastin) dependent signaling
5 PAPPA 0.068 5069 Pregnancy-associated plasma protein A, A secreted metalloproteinase which cleaves insulin-like growth
pappalysin 1 factor binding proteins
6 DSP 0.072 1832 Desmoplakin A component of functional desmosomes that anchors
intermediate filaments to desmosomal plaques
7 SPOCK!1 0.075 6695 Sparc/osteonectin, cwey and kazal-like A chondroitin sulfate/heparan sulfate proteoglycan expressed
domains proteoglycan (testican) 1 in the postsynaptic region of hippocampal pyramidal neurons
8§ TRIM22 0076 10346 Tripartite motif-containing 22 A member of the tripartite motif family induced by interferon
and mediates interferon’s antiviral effects
9 CCND2 0.087 894 Cyclin D2 A protein that forms a complex with CDK kinases involved in
cell cycle G1/S transition
10 IL6 0.088 3569 Interleukin 6 (interferon, beta 2) An immunoregulatory cytokine that functions in inflammation
and the maturation of B cells
11 CD82 0.092 3732 CD82 molecule A membrane glycoprotein activated by p53 involved in
suppression of metastasis
12 SLC43A3 0.093 29015 Solute carrier family 43, member 3 An integral membrane protein of the SLC43A transporter
family
13 GREMI1 0.093 26585 Gremlin 1, cysteine knot superfamily, A member of bone morphogenic protein antagonist family
homolog (Xenopus laevis) expressed in the neural crest
14 INHBA 0.095 3624 Inhibin, beta A A growth/differentiation factor for various cell types by acting
as a homodimer (activin-A) or a heterodimer (activin A-B)
15 ITGB3 0.095 3690 Integrin, beta 3 (platelet glycoprotein IIla, A subunit of integrins involved in cell .adhesion and cell-
antigen CD61) surface-mediated signaling
16 FAP 0.097 2191 Fibroblast activation protein, alpha A homodimeric integral membrane gelatinase involved in
‘ epithelial-mesenchymal interactions during development
17 " CIS 0.101 716 Complement component 1, s A major constituent of the human complement subcomponent
subcomponent C1 that associates with Clr and Clq to yield:the first
component of the serum complement system
18 PXDN 0.103 7837 Peroxidasin homolog (Drosophila) An extracellular matrix-associated peroxidase involved in
extracellular matrix consolidation
19...C4orf18 - 0.103 = 51313 Chromosome 4 open reading frame 18 - A Golgi apparatus membrane of unknown function
20.. CFH 0.104 3075 Complement factor H Q serum glycoprotein that regulates. the function of the

alternative complement pathway

Genome-wide gene expression. profiling of F3-WT and F3-Ngnl.was performed by using two sets of Humar' Gene 1.0 ST ‘Array for each,
followed by two comparisons.composed of WT array-1 (F3-WT-1) versus Ngnl-array-1 (F3-Ngn1-1) and WT array-2 (F3-WT-2) versus Ngnl
array-2 (F3-Ngn1-2). Top 20 downregulated genes in F3-Ngnl cells are shown with fold change derived from: the comparison between F3-WT-2

and F3-Ngnl-2

suggested that GO terms of development and morphogen-
esis are enriched. in upregulated genes, while those. of
extracellular: matrix. and: adhesion-are enriched in-down-
regulated genes. These. results suggest that stable expres-
sion of a single gene Ngnl in F3 cells.induces not simply
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neurogenic but multifunctional changes that potentially
affect the differentiation of human NSC via a reorganiza-
tion.of complex gene regulatory networks.

LGRS, an orphan. G protein-coupled receptor alterna-
tively- named = GRP49 : with structural - similarity  to the
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Fig. 4 Real-time RT-PCR and (a) LGRS

Western blot analysis. cDNA T 1500
prepared from F3-WT and g
F3-Ngnl cells was processed for z
real-time RT-PCR using primer ’% 1000
sets listed in Table 1. Total e
protein extract was processed 5
for western blot with anti-LGR5 & 500
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Fig. 5 Transient overexpression of Ngnl did not induce upregulation
of LGRS in F3-WT cells, Expression vectors of Flag-tagged Ngnl or
GFP were (ransfected in F3-WT cells. At 48 h after transfection, the
cells were processed for Western blot analysis of Flag and real-time
RT-PCR analysis of LGRS, a Western blot analysis. The lanes (1,.2)
represent. I Flag-tagged GFP and 2 Flag-tagged Ngnl. The upper
panel indicates Flag-tagged proteins, while the. lower panel indicates
Hsp60, an internal control for protein loading. b Real-time RT-PCR
analysis. The left bar represents F3-WT cells with transient overex-
pression of Flag-tagged GFP, while the right bar represents those
with transient overexpression of Flag-tagged Ngnl

glycoprotein hormone receptor family, is recently identi-
fied as a marker of adult intestinal’ stem cells and hair
follicle stem-cells by lineage-tracing studies (Barker et al.
2007; Jaks et al. 2008; Sato et al. 2009). LGR5 expression
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is also identified in the adult human spinal cord and brain at
least at mRNA levels (Hsu et al. 1998). At present, the
precise physiological function of LGRS and downstream
signaling pathways remain unknown owing to the lack of
an_ identified natural ligand. LGR gene knockout mice
showed neonatal lethality due to a breast-feeding defect
caused by ankyloglossia, suggesting an involvement of
LGRS in craniofacial development (Morita et al. 2004). A
more recent study showed that LGRS deficiency induces
premature differentiation of Paneth cells in the small
intestine,” accompanied by overactivation of the Wnt
pathway, indicating that LGRS acts as a negative regulator
of Wnt (Garcia.et al. 2009). A different study revealed that
LGRS is a marker for the sublineage of intestinal stem cells
that -are responsive: to Wnt signals:derived from stem cell
niche (Ootani et al. 2009). In the populations of intestinal
stem cells, LGRS labels cycling cells, while doublecortin-
like kinase-1' (DCLK1) marks quiescent cells (May et al.
2009). Interestingly, the expression of DCLK2, a putative
paralog of DCLKI, is elevated with a 3.38-fold increase in
F3-Ngnl cells (Supplementary Table 1).

The interaction between Wnt proteins and Frizzled
receptors on the cell surface transduces the signals to
B-catenin by inactivating glycogen synthase kinase 38
(GSK3p), and stabilized f-catenin is translocated into the
nucleus and: forms-a complex with T-cell factor (TCF)
transcription factors to activate transcription of Wnt target
genes: Importantly, LGR5 is'identificd as one of Wnt target
genes (Yamamoto et al. 2003), suggesting a key role of
LGRS in establishment of a negative feedback loop in the
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Fig. 6 Molecular network analysis of the genes regulated by stable
expression of Ngnl in F3 cells."The Entrez Gene 1D and expression
levels of 588 differentially expressed genes (DEG) between F3-WT
and F3-Ngnl cells were imported into KeyMolnet. It extracted 787
genes directly linked to the DEG. The “N-points to'N-points” search
was performed by starting from Ngn! and ending with the set of 787
genes via the shortest route connecting starting and ending points. It
generated a complex molecular network composed of 1,816 funda-
mental nodes and 7,238 molecular relations, arranged according to the

Whnt pathway.. In- the present study, several Wnt target
genes, such as FGF9 (Hendrix et al. 2006) and-Dick
homolog 1 (DKK1) (Niida et al. 2004), are coordinately
upregulated, whereas. MMP9 (Wu et al. 2007) is markedly
downregulated in F3-Ngnl. (Tables.2 and:3; Supplemen-
tary Tables 1-and 2).-FGF9 inhibits astrocyte differentia-
tion of adult mouse NPC (Lum et al. 2009), One ‘of us
(SUK) recently found that DKK1 is a negative regulator of
Wht signaling in HB1.F3 cells (Ahn et al..2008). MMP9
plays-a central role-in-migration-of adult NSC-and NPC
(Barkho et al. 2008). Interestingly, Ngnl is also identified
as a target of Wt signaling, and it inhibits the self-renewal
capacity.- of . mouse . cortical - neural. . precursor. .. cells

‘_E_ Springer

subcellular location. Red nodes indicate upregulated genes, while blue
nodes represent downregulated genes. White nodes exhibit additional
miolecules  extracted automatically from "KeyMolnet ' contents " to
establish™ molecular ' connections. The" connections” of - thick " lines
represent ‘the ‘core ‘contents, ‘while thin lines indicate the secondary
contents of KeyMolnet, The molecular relation is indicated by dash
line with arrow (transcriptional activation), solid line with arrow
(direct activation), or solid line without arrow (direct interaction or
complex formation)., Ngnl is highlighted by a purple circle

(Hirabayashi et al. 2004). The expression.of LGRS is also
controlled by the sonic hedgehog (SHH) signaling pathway
(Tanese et al. 2008). SHH promotes Ngnl expression in
trigeminal neural. crest cells (Ota and. Ito. 2003). Impor-
tantly; both Wnt-and SHH signaling pathways play a cen-
tral ‘role in'NSC development and differentiation (Prakash
and Wurst 2007), Therefore, F3-Ngn1 cells might serve as
a.valuable tool for screening natural ligands of LGRS that
potentially. affect. the human. NSC. differentiation. via Wnt
and SHH signaling pathways, although it remains to be
investigated whether a specialized subset of LGR5" NSC
exists in vivo in. the adult human central nervous system
(CNS).
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Table 4 Functional annotation terms of upregulated and downregulated genes in F3-Ngnl cells

No. Top 20 enriched GO terms in upregulated genes P value Top 20 enriched GO terms in downregulated genes P value

i GO:0048513 ~organ development 4.71E—08 GO0:0044421 ~extracellular region part 1.66E—24
2 GO0:0048731 ~ system development 5.15E-08 - GO:0005576 ~ extracellular region 4.49E-22
3 (G0:0048856 ~ anatomical structure development 1.32E-07.. GO:0005578 ~ proteinaceous extracellular matrix 5.78E—15
4 GO0:0007275 ~ multicellular organismal development 1.O2E=06- - GO:0031012 ~ extracellular matrix 9.50E—15
5 G0:0032502 ~ developmental process 1.73E=06 : GO:0009605 ~response to external stimulus 9.65E—14
6 GO:0009887 ~ organ morphogenesis 1.96E—06. - GO:0005615 ~extracellular space 1.42E—12
7 GO0:0001501 ~ skeletal development 4.29E~05. GO:0009611 ~response to wounding 242E-12
8 G0:0009653 ~ anatomical structure morphogenesis 5.80E=05. - GO:0022610 ~biological adhesion 3.08E—-12
9 GO0:0050793 ~regulation of developmental process 146E—04 - GO:0007155 ~cell adhesion 3.08E~12
10 GO:0051216 ~cartilage development 1.78E=04- -GO:0048731 ~system development 7.30E~10
11 GO:0007399 ~nervous system development 1.97E-04 - GO:0006954 ~ inflammatory response 1.24E—09
12 GO:0048754 ~ branching morphogenesis of a tube 2.23E-04  GO:0048856 ~ anatomical structure development 1.38E—09
13 GO:0001657 ~ureteric bud development 2.37E—04:-G0O:0032502 ~ developmental process 1.87E—09
14 GO:0032501 ~multicellular organismal process 2.47E=04  GO:0044420 ~extracellular matrix part 245E—-09
15 GO:0048598 ~ embryonic morphogenesis 2.48E-04 - GO:0005581 ~collagen 3.15E-09
16  GO:0030154 ~cell differentiation 3.15E=04  GO:0007275~multicellular organismal development 1.32E—08
17 GO:0048869 ~ cellular developmental process 3.15E=04  GO:0048513 ~ organ development 2.45E-08
18  GO:0000786 ~nucleosome 3.33E—04 = GO:0005509 ~ calcium ion binding 4.38E~08
19 GO:0043583 ~ear development 342E—04  GO:0005125 ~cytokine activity 6.33E—08
20 GO0:0001763 ~morphogenesis: of a branching structure - 3.42E—04  GO:0006950 ~response to stress 1.21E-07

Functional annotation terms overrepresented in the list of 588 genes differentially expressed between F3-WT and F3-Ngnl cells were searched
on the web-accessible program named DAVID. Top 20 enriched gene ontology (GO) terms in 250 upregulated genes and top 20 enriched GO

terms in 338 downregulated genes are shown with GO ID and P .value
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Abstract TAR DNA-binding protein-43 (TDP-43) is
a 43-kDa nuclear protein involved in regulation of
gene expression. Abnormally, phosphorylated, ubiquiti-
nated, and aggregated TDP-43 constitute a principal
component of neuronal and glial cytoplasmic and nuclear
inclusions in the brains of frontotemporal lobar degener-
ation with ubiquitin-positive inclusions (FTLD-U) and
amyotrophic lateral sclerosis (ALS), although the molec-

ular mechanism that triggers aggregate formation remains

unknown. By Western blot analysis using anti-TDP-4;
antibodies, we identified a band with an apparent molgc-
ular mass of 86 kDa in HEK293, HeLa, and SK;,NSH

cells in culture. It was labeled with both N-tetminal- .

S ALS

specific and C-terminal-specific TDP-43 antibodie

ched in the cytosolic fraction, and the expre f'On‘\'I’; ;
were reduced by TDP-43 siRNA but unalf

gged TDP-43, and
spanning amino

acid residues 3-183 as an 'inte
domain. When the tagged~86-k
dimer of TDP-43 was o
sequestered in the cyts

“tandemly connected
ed in HEK293, it was
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proteins. Furtherin ¢ 86-kDa band was identified in
the immunoblot:of human brain tissues, including those of
ALS. These result: -suggest that the 86-kDa band repre-
sents dimerized TDP-43 expressed constitutively in nor-
mal cell§"under physiological conditions.

Keyzword ﬁimerization - Immunoprecipitation -
Seed . TDP-43

Abbreviations
TAR DNA-binding protein-43
FTLD-U

Frontotemporal lobar degeneration with
ubiquitin-positive inclusions
Amyotrophic lateral sclerosis

RRM RNA-recognition motif

CSNK1A1 Casein kinase-1 alpha-1

UBQLN!  Ubiqulin-1

PARP PolyADP ribose-polymerase

" Introduction

TAR DNA-binding protein-43 (TDP-43) is a 43-kDa
nuclear protein encoded by the TARDBP gene on chro-
mosome 1p36.22, originally identified as a transcriptional
repressor of the human immunodeficiency virus (HIV)
gene (Ou et al. 1995). TDP-43, capable of interacting with
UG and TG repeat stretches of RNA and DNA (Buratti and
Baralle 2008). 1t plays a role in regulation of exon exclu-
sion and inclusion of target genes during alternative
splicing events, thereby being involved in cell division,
apoptosis, mRNA stability, and microRNA biogenesis
(Wang et al. 2008). TDP-43 is highly conserved through

@ Springer
m Journa! ; Large 10571 Dispatch :  22-12-2009 Pages: 12
Article No. 1 9489 O LE O TYPESET
MS Code : CEMN-716 v ce # _pisk

—142—

33
34
35
36
37
38
39
40

41
42
43

44
45
46
47
48

%

51

52
53
54
55
56
57
58
59
60
61
62



63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

Cell Mol Neurobiol

evolution from human to Caenorhabditis elegans, sug-
gesting a phylogenetically pivotal role (Ayala et al. 2005).
In its protein structure, TDP-43 is composed of an N-ter-
minal domain and two highly conserved RNA-recognition
motifs named RRM1 and RRM2, followed by a glycine-
rich C-terminal domain that mediates the interaction of
TDP-43 with heterogeneous ribonucleoproteins (Buratti
and Baralle 2008; Wang et al. 2008). The RRM1 domain is
necessary and sufficient for recognition of UG and TG
repeat stretches. of nucleic acids, while the C-terminal
domain plays an essential role in regulation of splicing
(Ayala et al. 2005; Buratti et al. 2005). In normal cells
under physiological conditions, more than 90% of total
TDP-43 proteins are accumulated in the nucleus, enriched
in nuclear bodies, where TDP-43 coexists with survival
motor neuron (SMN) and fragile X mental retardation
(FMR) proteins, whereas very small amounts are located in
the cytoplasm (Wang et al. 2008).

Abnormally, phosphorylated. and ubiquitinated TDP-43
constitutes a principal component of neuronal cytoplasmic
inclusions (NCIs), dystrophic . neurites (DNs), neuronal
intranuclear, inclusions (NIIs), and glial cytoplasmic
inclusions (GCIs), in the brains of frontotemporal lobar
degeneration with ubiquitin-positive inclusions (FTLD-U)
and amyotrophic lateral sclerosis (ALS) (Arai et al. 2006;
Neumann et al. 2006). In view of overlapping clinico-
pathological features, both FTLD-U  and 'ALS .are
categorized into a novel disease entity named. TDP-4
proteinopathy (Geser et al..2009)..In TDP-43 proteinop
thy, TDP-43 protein often translocates from the nucleus:to
the cytoplasm by forming detergent-insoluble urea 'oluble
aggregates, where it 1s hyperphosphorylated, polyub

35-kDa C-terminal fragments (Neumann et a (
et al. 2007; Hasegawa et al. 2008), Furthe

ation consensus sites,
rylated epitopes are. cre-

TDP-43 contains multiple pl
among which the major

domain of ‘t ¢ TDP-43 gene. in the: patients. with sporadic
and familial ALS (Kabashi et al; 2008).

f Springer

At present, the precise molecular events that trigger
aggregate formation of TDP-43 remain to be characterized.
In this study, by Western blot analysis, we identified a
small amount of the TDP-43-immunoreactive 86-kDa
protein constitutively expressed in HEK293, Hel.a, and
SK-N-SH cells in culture and human brain tissues in vivo.
We suppose that this 86-kDa protein 1epiesents dimerized
TDP-43, ,

Methods

Human Cell Lines and Brain Tissye

Human cell lines, such as K-N-SH neuroblastoma, HeLa
cervical carcinoma, and 93, embryonic kidney cells,

Diego, CA), a proteasome inhibitor. Human brain tissues of
the cerebm ‘%/.(CBR) and the cerebellum (CBL) were pro-

MS (MS#2) a 43-year-old woman with primary
plogresswe MS (MS#3), a 76-year-old woman with PD

__(PD#1), a 61-year-old woman with ALS (ALS#1), a 74-

yeai old woman with ALS (ALS#2), a 61-year-old man

with ALS (ALS#3), a 66-year-old man with ALS (ALS#4),
~ a 73-year-old man with schizophrenia (SCH#1), and a 77-

year-old woman . with . depression. (DEP#1). The . post-
morfem interval of the cases ranges from 1.5 to 10 h prior
to freezing the brain tissues. All autopsies were performed
at the National Center Hospital, National Center of Neu-
rology.and Psychiatry. (NCNP), Tokyo, Japan. This study
was. approved by the Ethics Committee of NCNP. Written
informed consent was obtained form all the autopsy cases
examined.

Western Blot Analysis

To prepare total protein extract, the cells and tissues were
homogenized in either M-PER protein extraction buffer
(Pierce, Rockford, IL) or RIPA buffer (Sigma, St. Louis,
MO), supplemented with a cocktail of protease inhibitors
(Sigma). The cell and tissue lysate were centrifuged at
12,000 rpm for .5 min_at room temperature (RT). The
mixture of the:supernatant and a.x2 Lammeli loading
buffer was boiled and separated on a 10 or 12% SDS-PAGE
gel. The molecular weight of the proteins was calculated by
the.. position . of  a.. broad-range  SDS-PAGE standard
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(BioRad, Hercules, CA). The protein concentration was
determined by a Bradford assay kit (BioRad). After gel
electrophoresis, the protein was transferred onto nitrocel-
lulose membranes, and immunolabeled at RT overnight
with rabbit polyclonal anti-TDP-43 antibody that recog-
nizes amino acid residues 1-260 located at the N-terminal
half of the human TDP-43 protein (1:10,000; 10782-2-AP;
Proteintech Group, Chicago, IL) or rabbit polyclonal anti-
TDP-43 antibody that recognizes amino acid residues 350~
414 located at the C-terminus of the human TDP-43 protein
(1:500; NB110-55376; Novus Biologicals, Littleton, CO).
Then, the membranes were incubated at RT for 30 min with
HRP-conjugated anti-rabbit IgG (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA). The specific reaction was visualized
by exposing the membranes to a chemiluminescent sub-
strate (Pierce). In some experiments, the antibodies were
stripped by incubating the membranes at 50°C for 30 min in
stripping - buffer, composed of 62:5-mM Tris-HCIl, pH
6.7, 2% SDS, and 100-mM 2-mercaptoethanol. Then, the
membranes were processed for relabeling with mouse
monoclonal anti-ubiquitin antibody (P4D1; Santa Cruz
Biotechnology), rabbit polyclonal anti-polyADP ribose-
polymerase (PARP) antibody (Roche Diagnostics, Tokyo,
Japan), rabbit anti-Halo tag antibody (Promega, Madison,
WI), goat polyclonal anti-HSP60 antibody (N-20; Santa
Cruz Biotechnology) for: an internal control of protein

loading, anti-Xpress antibody (Invitrogen), or anti-V5

antibody (Invitrogen).
Fractionation of Cellular Proteins
To determine subcellular location” of dimeri

proteins, we performed the differential extracti
proteins  using - the ProteoExtract subcellula

cytoskeletal compartments were process
blot with antx—TDP 43 antibody (1

bbit polyclonal
\ Thermo Fisher
Scientific, Fremont, CA), it
antibody (V9; Santa €
monoclonal anti-histéne H1
San Jose, CA).

tibody (SPM256; AnaSpec,

Vector Constructi
To study thé.molecplar interaction between TDP-43 pro-
enes:coding for the full-length (FL) TDP-43
Accession No. NM_007375) ‘and “a’ panel ‘of
truncated forms of TDP43 (Fig. 1) or GFP were amplified
by PCR using PfuTurbo DNApolymerase - (Sfratagene,

La Jolla, CA) and the sense and the antisense primer sets
listed in Table 1. After digesting the PCR products with
restriction enzymes Kpnl, Xbal, Xhol, and Notl (New
England BioLabs, Beverly, MA), they were cloned in the
expression vector p3XFLAG-CMV7.1 (Sigma), pFN21A-
CMV Flexi (Promega), or pCMV-Myc (Clontech, Moun-
tain View, CA) to express a fusion protein with an
N-terminal Flag, Halo, or Myc tag. The yvector containing
the tandemly-connected dimer of TD 3, tentatively
named as TDP-43 tandem dimer, was co cted by tail-
to-head ligation of two TDP-43 PCR' ‘,foduc ‘with distinct
restriction-enzyme-digested ends, one having a C-terminal
Kpnl site and the other havmg ‘ N terminal KpnI site

@1

and a smambled sequence (Table I) were generated using
GeneClip Ul Hairpin clonmg system (Promega) following
the manufacturer’s instructi ion.

To investigate. the ‘of casein kinase-1 alpha-1
(CSNK1Al) and ublthr 1(UBQLN1) in dimer formation
of TDP-43, th¢ genes coding for CSNK1A1 (NM_001892),
and UBQLN1 (NM013438), were amplified by PCR using
PfuTurbo DNA polymerase and the sense and the antisense

¥ ted in Table 1. Then, the PCR products were
expression vector pEF6/V5/His-TOPO
_or pCDNA4/HisMax-TOPO - (Invitrogen) to
ress a fiision protein with a C-terminal V5 tag or an
minal Xpress tag.
the vectors were transfected in the cells using

Lipofectamine 2000 reagent (Invitrogen).

. Immunoprecipitation

Immunoprecipitation’ analysis was performed according to
the” methods "described - previously (Satoh ‘et al. 2009).
24248 hafter tiansfection of the vectors; HEK293 cells were
homogenized in M-PER protein extraction buffer supple-
mernted with a cocktail of protease inhibitors (Sigma). The
protein extract was incubated at 4°C overnight with mouse
monoclonal anti-Flag M2 affinity gel (Sigma). After several
washes, the anti-Flag M2 affinity gel-binding proteins were
eluted by incubating the gel with an exceeding amount-of
Flag peptide (Sigma). Then, the eluted proteins were pre-
cipitated by cold acetone. The: immunoprecipitates: were
processed for Western blot with mouse monoclonal anti-
Flag M2 antibody (Sigma) or rabbit polyclonal anti-TDP-43
antibody (10782-2-AP). Reciprocal coimmunoprecipitation
analysis was performed according to the methods described
previously (Satoh et al. 2009). '

Cell Tmaging

To visualize the subcellular location of TDP-43 in cultured
cells, the genes encoding the monomer or the tandem dimer
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Fig. 1 The structural domains 1

106 171 192

of the human TDP-43 protein,

The domain structure of the TDP-43

241 274 314 414

RRM1 RRM2

human TDP-43 protein is shown
on the top with the position of

amino acid residues. The genes FL
encoding the full-length (FL)

TDP-43 protein and a panel of

truncated forms, such as the

C-terminal domain-cleaved N

protein (delC), the C-terminal
domain fragment (C), the

N-terminal domain fragment NRRM1
(N), RRM1, RRM2, the N-
terminal domain plus RRM1 RRM1
(NRRM1), and the C-terminal
domain plus RRM2 (RRM2C),
were cloned in the expression RRM2
vectors as listed in Table 1

RRM2C

C
3
delC

of TDP-43 were cloned in the vector pFN21A-CMV
Flexi (Table 1), and transfected in HEK293 cells. 24 -h
after transfection, the live cells were exposed for. 15 min to
Oregon Green (Promega), a fluorochrome specifically

bound to the Halo tag protein, fixed in 4% paraformalde-

hyde, and exposed to 4',6-diamidino-2-phenylindol
(DAPI). They were mounted with glycerol- polyvmyl
alcohol and examined under the Olympus BX51 umvexsd
microscope.

Results

Constitutive Expression of TDP-43 Di
Cell Cultures

ble ,pfétein extract
), HEK293, HeLa,

By Western blot of the deterge
with anti-TDP-43 antibody (107
and SK-N-SH cells in culture ex constitutively a
major 43-kDa protein representm the full- -length (FL)
TDP-43 protein, variable le els of 36 and 27-kDa proteins
representing the N-terminally” cleaved fragments, - and - a
small but discernible amount of the 86-kDa protein (Fig. 2,
panels a~c; lane 4). B itometric analysis, the 86-kDa
f approximately 4% of total TDP-43-
eins in HEK293 cells, where mini-
mum 50 pgrof protein is required for loading on the gel to
detect the 86-kDa protein. A 24-h treatment of the cells

inhibitor of proteasome function, did not
sion levels of the 86-kDa protein (Fig. 2,
panels a-=c, lane 2).

@ Springer

184 258

184 414

252 414

260

Becatiéé ‘the 86-kDa TDP-43-immunoreactive protein
has | 0 been eported previously, we assumed that it rep-
Sents \ fairly small fraction of the endogenous FL. TDP-
3 dime based on its molecular weight. First, to charac-
k this protein, we concentrated both 86- and 43-kDa
protems extracted from the corresponding SDS-PAGE gel
bands. They were then processed for Western blot analysis
ing anti-TDP-43 antibody (10782-2-AP) that reacts with
amino acid residues 1260 located at the N-terminal half or

anti-TDP-43 - antibody (NB110-55376) that reacts with

amino acid residues 350-414 located at the C-terminus of
the human TDP-43 protein. Both antibodies recognized the
86-kDa protein, along with the 43-kDa protein (Fig. 3A,
panels a‘and b; lanes 1 and 2). In contrast; the exclusion of
the primary antibodies did not react with either (Fig. 3A,
panel c, lanes 1 and 2). These results argue against the
possibility that the 86-kDa protein reflects a protein of non-
TDP43 origin that simply exhibits ¢ross-reactivity to TDP-
43 on the blot. Furthermore, transient expression of the
siRNA vector targeted specifically to TDP-43 but not to a
scrambled sequence substantially reduced the expression of
both -43- and 86-kDa TDP-43 immunoreactive proteins,
suggesting that the 86-kDa protein is composed of TDP-43
(Fig. 3B, panels a and b, lanes 2 and 3).

Overexpression of ubiqulin-1 (UBQLNI1), a proteasome-
targeting factor that promotes the formation of cytoplasmic
aggregations of TDP-43 (Kim et al. 2008) or casein kinase-
1 .alpha-1 (CSNKIAIL), a protein kinase that mediates
phosphorylation of major serine epitopes in the C-terminal
domain of TDP-43 (Kametani et -al. 2009), did riot change
the levels of expression of the 86-kDa protein in HEK293
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(A) HEK293
WB: TDP-43

86-kDa

(B)HeLa (C)SK-N-SH

S PR e gy | s g

43-kDa

36-kDa

274D — i e

WB: UBQ

66-kDa  ~—

[ | | I
1 2

Fig. 2 The constitutive expression of an 86-kDa TDP-43-immuno-
reactive protein in human cell lines in culture. The detergent-soluble
protein extract of HEK293, HeLa, and SK-N-SH cells exposed for
24 h to the vehicle (dimethylsulfoxide) (lane I) or 1-uM MG-132
(lane 2) was processed for Western blot with anti-TDP43 antibody
(upper panels) or with anti-ubiquitin antibody (lower panels). A small
but discernible amount of the 86-kDa TDP-43-immunoreactive band
is expressed in all the cells examined

cells'(Fig. 3C, upper panel a, lane 3; upper panel b, 1
Furthermore, either a 48-h exposure of the cells to’

1mmaq:‘0‘p”rempitation analysis. After
Flag-tagged FL TDP-43 or Flag-tagged GFP was expréssed
in HEK293, Heléa and SK:N-SH cells, the protein extract

several truncate;i species (Fig. 4A, upper panels a~c, lane
1). We identified multimeric forms of Flag-tagged TDP-43

@ Springer

proteins, when the immunoprecipitates were overloaded on
the gel (Fig. 4B, lanes 1 and 2). In contrast, the precipitates
of Flag-tagged GFP-binding proteins were completely
devoid of the endogenous TDP-43 protein (Fig. 4A, upper
panels a-c, lane 2). Furthermore, reciprocal immunopre-
cipitation analysis verified that Flag-tagged TPD-43 inter-
acts with Myc-tagged TDP-43, excluding non-specific
binding -of TDP-43. to. immunoglobulins:(Fig. 4C, upper
and lower panels, lanes 1-3). These results:indicate that a
substantial part of endogenous TDP-43' protein interacts
with the exogenous Flag-tagged TDP-43. but not with the
exogenous Flag-tagged GFP, 's,uggestii;g that TDP-43
intrinsically forms the dimer, and TDP-43 forms a specific
molecular interaction with ”TD‘P- aken all these results
together, we concluded that the 86-kDa protein represents a
dimer of TDP-43. -~ .

By fractionation .analysis of total cellular proteins of
HEK293, the 86-kD¢ ~was highly enriched in the
cytosolic fractionbut absentin the nuclear fraction, while the
43-kDaFL qu;‘ ed sTDP-43 protein was distributed in all
the compartments, including cytosol, membrane, nuclear,
and cytoskeletal fractions (Fig. 5, panel a, lanes 1-5).

F N-Terminal Half in Intermolecular
TDP-43 Proteins

identify the domains involved in the intermolecular
interagtion of TDP43 proteins, a panel of Flag-tagged
truncated proteins (Fig. 1), including the C-terminal frag-
ent - spanning amino acid  residues. 252414 (C), the

. N-terminal fragment spanning amino acid residues 3-98
- (N), the RRM1 domain spanning amino acid residues 98—

183 (RRM1), the RRM2. domain spanning amino acid
residues 184-258 (RRM2), the N-terminal domain plus
RRM]1 spanning amino acid residues 3—183 (NRRM1), the
C-terminal domain plus RRM2 spanning amino acid resi-
dues 184-414 (RRM2C), and the C-terminal domain-
cleaved protein spanning amino acid residues 3260 (delC)
were individually. expressed in HEK293 c¢ells. Then, the
protein extract was processed for immunoprecipitation
with anti-Flag affinity gel, followed by Western-blot with
anti-TDP-43 antibody (10782-2-AP).” The- anti-TDP-43
antibody (10782-2-AP) reacted with FL. TDP-43, delC, N,
NRRMI, RRM2, and ' RRM2C, but not with- RRM1 or C
(Fig. 6, lanes*1; 3, 5,9, 11, and 15). These results-indicate
that the 10782-2-AP antibody recognizes “at- least - two
separate epitopes located in N-and RRM2 in the N-terminal
half of TDP-43. After immunoprecipitation, ‘the endoge-
nous FL. TDP-43 protein was ‘detected exclusively in the
precipitates of Flag-tagged FL. TDP-43; delC, and NRRM1
fragments * (Fig. 6, lanes “1,°3, and 9) These results
suggest that the continuous - N-terminal ~half- domain
spanning amino -acid - residues  3-183, possibly - by
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A)
WRB: TDP-43 (a) N-Ab  (b) C-Ab (¢) 2nd Ab
alone
86-kDa — . w=g
43-kDa —
(B)

(a) TDP-43 (86-kDa)

(b) TDP-43 (43-kDa)

(c) HSP60

Fig. 3 The characterization of the 86-kDa protein. A The immu-
nolabeling of the protein with N- or C-terminal-specific anti-TDP-43
antibodies. Both 86- and 43-kDa proteins were extracted from the
corresponding SDS-PAGE gel bands, concentrated, and processed for
Western blot with the N-terminal-specific anti-TDP-43 - antibody
(panel a), the C-terminal-specific anti-TDP-43 antibody (panel b), or
the secondary antibody alone (panel ¢). The lanes (7 and 2) represent
the 86- and the 43-kDa. protein, respectively. B The. effects of
transient expression of TDP-43 siRNA. SK-N-SH cells were trans-
fected with the siRNA expression vector targeted to TDP-43 or a
scrambled sequence listed in Table I, 96 h after transfection, the
protein extract was processed for- Western blot: with anti-TDP-43

constructing. . a . conformationally ... ord interacting

domain is dispensable. for this:

TDP-43 Dimer-Acts. as a Seg
Aggregation of TDP-43 P

dimer in TDP-43 protein
ed TD;P—43 FL; monomer, tandem

aggregation,. Halo-t :
- in HEK293 cells. Then, the

dimer, or GFP v
blot was label d

active proteins with higher molecular mass ranging from
70- to. 200-kDa (Fig. 7A, panel a, lane 5), while the levels of

(%)
WB: TDP-43 (a) UBQLNI (b) CSNK1A1

BO-KDa = e i v | e ety g

43-kDa

WB: Xpress (left) “
or. V5 (right)

T 1T 11
12 3.456

antibody (panels a and b) or anti-HSP60 antibody, an internal control
for protein loading (panel ¢). The lanes (/-3) represent non-
transfected cells, the cells transfected with the vector of a scrambled
sequence, and the cells transfected with the vector of TDP-43 siRNA,
respectively. C The effects of expression of ubiqulin-1 (UBQLNI)
and casein kinase-1 alpha-1 (CSNK1Al). HEK293 cells were
untransfected (Janes 1 and 4) or transfected with the expression
vectors of Xpress-tagged LacZ (lane 2), Xpress-tagged UBQLNI
(lane 3), V5-tagged LacZ (lane 5), or V5-tagged CSNK1AL1 (lane 6).
The detergent-soluble protein extract was processed for Western blot
with anti-TDP-43 antibody (upper panels), anti-Xpress antibody (the
left lower panel); or anti-V5 antibody (the right lower panel)

expression: of Halo-tagged proteins were identical among
GFP, the monomer; and the dimer (Fig. 7A, panel b, lanes
3-5). These results suggest that TDP-43 dimer by acting as a
seed promotes profein. aggregation that involves various
endogenous. - species - of . TDP-43,. including N-termi-
nally.cleaved fragments.:Unexpectedly, untransfected and
untreated HEK293 cells expressed constitutively both unc-
leaved (116-kDa) and cleaved (85-kDa). forms of PARP
without morphological features.of apoptosis (Fig.. 7A, panel
c, lanes.1-5). The expression of TDP-43 tandem dimer did
not. alter. the levels of the cleaved PARP (Fig: 7A, panel c,
lane 5) or did not elevate substantially. the levels of ubiqui-
tinated proteins, compared with the cells with expression of
GFP or the monomer (Fig.. 7A, panel d, lanes 3-5). In con-
trast, a 24-h treatment. with-MG-132 enhanced an:accumu-
lation of ubiquitinated: proteins: (Fig. 7A, panel d, lane 2).
Importantly,. the numbers of -the cells presenting with
nuclear accumulation of Halo tag immunoreactivity  was
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(A) (a) HEK293

(b) HeLa

(B) HEK293

(¢) SK-N-SH

WB: TDP-43

Flag-TDP-43
Endogenous TDP-43

200

116

Flag-TDP-43

WB: Flag

Flag-TDP-43
Endogenous TDP-43

1 2
(C) HEK293

IP: Flag
WB: Mye
IP: Myc
WB: Flag

Fig. 4 Immunoprecipitation analysis of Flag-tagged TDP-43-binding
proteins. A Coimmunoprecipitation with Flag-tagged proteins. Flag-
tagged FL TDP-43 (lanes 1 and 3) or GFP (lanes 2 and 4) was
expressed in HEK293 (panel a), HeLa (panel b),; and SK-N-SH (panel
¢) cells. The detergent-soluble protein extract was processed for
immunoprecipitation (IP) with' anti-Flag M2 affinity gel, followed by
Western blot: (WB) with anti-TDP-43 antibody (upper pariels) or anti-
Flag M2 antibody (lower panels). The lanes (1-4) represent (I-and 2)
the immunoprecipitates and (3 and 4) the corresponding input
controls. B Flag-tagged TDP-43 constitutes multimeric forms. Flag-
tagged- FL. TDP-43 was expressed in: HEK293 cells, and then

significantly smaller in the  tandem dimer-expressing
HEK?293 cells than those. expressing the monomer. (P
0.00008, two-tailed Student’s ¢ test) (Fig..7B, panels a—d
Fig. 7C). “

Identification of TDP-43 Dimer in Human Brain
Tissues

Finally, we conducted Western blot analy,
gent-soluble protein. extract of humar
anti-TDP43 antibody (10782-2-AP):

phrenia, or depressik
Although the brai
constantly expresse
we could not obta
limitation of t

igher ;k;evels of the TDP-43 dimer,
iite conclusion because of the
es examined,

By Western blot analysis, we identified the expression of
the 86-kDa TDP-43-immunoreactive protein in HEK293,

@ Springer

processed for IP with anti-Flag M2 affinity gel, followed by WB with
anti-TDP-43 antibody or anti-Flag M2 antibody. Immunoprecipitates
were overloaded on a 10% SDS-PAGE gel. The lanes (/, 2) represent
anti-TDP-43 ‘antibody and anti-Flag M2 antibody, respectively.
Multimeric forms are indicated by stars. C Reciprocal coimmuno-
precipitation analysis. Flag-tagged FL. TDP-43 and Myc-tagged FL
TDP-43 were coexpressed in HEK293, IP followed by WB was
performed using the antibody against Myc (upper panel) or Flag
(lower panel), reciprocally. The lanes (/-3) represent input control, IP
with anti-Flag M2 or anti-Myc antibody, and IP with normal mouse or

..rabbit IeG, respectively

,-and SK-N-SH cells in culture. We considered this
rotein as a dimer of TDP-43 for the following reasons.
st, the molecular weight of the protein corresponds
exactly to that of the dimer. Second, two different anti-

' TDP-43 antibodies that recognize- distinct antigenic epi-

topes located. in. the. N-: or the C-terminal domain- equally
labeled the 86-kDa protein, excluding the possibility of
immunological cross reactivity on a non-TDP-43 protein.
Third, the levels of expression of the 86-kDa protein
were: greatly reduced by treatment with TDP-43 siRNA,
suggesting that it is composed of TDP-43, Fourth, by
immunoprecipitation analysis, we verified the interaction
between the endogenous FL TDP-43 and the exogenous
Flag-tagged TDP-43. We excluded non-specific binding
of TDP:43 to immunoglobulins. We  identified the
N-terminal half spanning amino acid residues 3-183 as
an intermolecular interacting domain. Finally, the 86-kDa
protein was identified in human brain tissues of various
neurological diseases, arguing against the possibility of
an_in_ vitro artificial byproduct. Nevertheless, we
could not completely exclude the possibility that the
86-kDa protein: represents a:-complex of TDP-43 with- an
unidentified ‘43-kDa protein. It is"of ‘particular interest
that SDS-resistant dimers of DJ-1, whose loss of function
causes: PD, are. accuamulated in PD and AD. brains (Choi
et-al. 2006);
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(a) WB: TDP-43 B

86-kDa =

43-kDa

35-kDa

27-kDa = E e
(b) WB: HSC70 giw » iy’

(c) WB: CDH §e~

(d) WB: VIM

(e) WB: HIST

ol
1 2 3 4 5

Fig. 5 Fractionation analysis of cellular proteins: of HEK293. The
cellular proteins of HEK293 separated . into cytosol (lane 1),
membrane (lane 2), nuclear (lane 3), and cytoskeletal (lane 4)
fractions were processed:for Western blot with anti-TDP-43 antibody
(panel a), anti-HSC70 antibody (panel b), anti-pan-cadherin antibody
(panel c¢), anti-vimentin antibody (panel d), and anti-histone HI
antibody (panel e). The lane (5) represents the unfractionated inpu
control

Supporting our observations, a recent crystal strycttiral
study has clarified the self-assembling capacity of T
(Kuo et al.- 2009). Another study showed that Fla
FL ‘TDP-43 ‘protein binds to GFP-tagged €-tei
deleted ' products - of TDP-43, suggesting

FL delC N RRM1

N-terminal domain in the intermolecular interaction
(Zhang et al. 2009). In contrast, a different study disclosed
that the wild-type human TDP-43 protein has an intrinsi-
cally aggregation-prone propensity that requires the
C-terminal domain (Johnson et al. 2009). Furthermore,
DsRed-tagged FL. TDP-43 is colocalized in cytoplasmic
inclusions with GFP-tagged C-terminal fragments (Nonaka
et al. 2009a). These observations suggest-the possibility
that the dimer formation of TDP-43 requiires the N-terminal
half, while afterward the aggregate formatlon mvolves the
C-terminal domain as well. @
In contrast to the normal nuélear ation of TDP-43
under physiological conditions, the pathogemc TDP-43 is
often redistributed in the neuronal glial cytoplasm and
dystrophic neuritis by formmg insoluble aggregates (Arai
et al. 2006; Neumann ‘ 006) Tmportantly, we found
that the 86-kDa TDP:43 dimer was enriched in the cyto-
solic fraction in HEK293 cells, When the 86-kDa tan-
i DP-43 was overexpressed in

. A previous study showed that TDP-43 continuously
huttles between the nucleus and the cytoplasm in a tran-
scription-dependent manner (Ayala et al. 2008). Because

' TDP-43 plays a key role in shuttling of mRNA species in

response tothe neuronal injury (Moisse et al. 2009),
even a trivial perturbation affecting the nucleocytoplasmic

NRRM1 RRM2 C RRM2C

Lol
3 4

L '

5 6 7 8
Fig. 6 The domains involved-in the intermolecular: interaction of
TDP-43 proteins. Flag-tagged FL. TDP-43 (lanes I and 2) and a panel
of truncated proteins (see the details in Fig, 1), including delC (lanes
3 and 4), N (lanes 5 and 6), RRM1 (lanes 7 and 8), NRRM1 (lanes 9

and 10), RRM2 (lanes 11 and 12), C (lanes 13 and 14), and RRM2C
(lanes 15 and 16) were individually expressed in HEK293 cells. The

11 12 13 14 1516

protein extract was processed for IP with anti-Flag affinity gel,
followed by Western blot with anti-TDP-43 antibody (lanes-I;:3,5;7;
9, 11, 13, and 15) or anti-Flag M2 antibody (lanes 2, 4, 6, 8, 10, 12,
14, and 16). The position (43-kDa) of the immunoprecipitated
endogenous FL. TDP-43 is indicated by arrow heads
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(B)

(A)

(a) WB: TDP-43

Halo tagged-dimer 119-kDa  —

Halo tagged-monomer 76-kDa =l

Endogenous TDP-43 =] 8 s e
REEEEAg
(b) WB: Halo
=
g

(c) WB: PARP

p = 0.00008 (Student-t)

(d) WB: UBQ

cells with nuclear sce
total positive cells 1%}
&
=

WB: HSP60

|
r 2 3 4

Fig, 7 TDP-43 dimer serves as a seed for promoting aggregation of
TDP-43 proteins. A The expression of TDP-43 tandem dimer
promotes an accumulation of high-molecular-mass TDP-43-immuno-
reactive proteins. The vectors of Halo-tagged GFP (lane 3), TDP-43
FL monomer (lane 4), or FL tandem dimer (lane 5) were transfected
or untransfected (lanes I and 2) in HEK293 cells with (lane 2) or
without (lanes 1, 3-5) a 24-h treatment of 1-uM MG-132. The protein
extract was processed for Western blot with anti-TDP43 antibody
(panel a), anti-Halo tag antibody (panel b), anti-PARP antibody

moaemer

(panel c), anti-ubiquitin antibody (panel d), or anti-HSP60 antibody,
an internal control for protein loading (panel e). B Cell imaging
analysis. HEK293 cells expressing Halo-tagged TDP-43 monomer
(panels a and b) or tandem dimer (panels c and d) were processed for
labeling with Oregon Green (panels a and ¢} merged with nuclear
labeling with DAPI (panels b and d). C The counting of the number of
the cells with nuclear accumulation of Halo-tagged proteins. The
average of cell counts of six random fields under the magnification of
%400 is shown with standard deviations

Fig. 8 The constitutive
expression of TDP-43 dimer in
human brain tissues. The
detergent-soluble protein extract
of human brain tissues of the
cerebrum (CBR) (lanes 1, 3, 4,
6, 8, 11-14) and the cerebellum

(a) WB: TDP-43

86-kDa -

43-kD:
(CBL) (lanes 2, 5, 7, 9, 10, 15), >kDa
derived from PD#1 (lanes I and 36-KkDa
2), ALS#1 (lane 3), ALS#2 ’
(lanes 4 and 5), ALS#3 (lanes 6 33-kDa
and 7), ALS#4 (lanes 8 and 9), 274D
MS#1 (lane 10), MS#2 (lane e
11), MS#3 (lane 12), SCH#1
(lane 13), and DEP#1 (lanes 14 (b) WB: HSP60 o g 5
and 15) was processed for
Western blot with anti-TDP43 U o I U A !
antibody (upper panels) or anti- 1 _:' 3 04 5 6 7 8 9 101 12 13 1415
HSP60 antibody, an internal é g 5 EEE EBEBERE BB B LY E
control for protein loading = = % % % ‘g % ‘ﬁ % x5 5 2 3
(lower panels) % g 992982 2¢ggQ g8 8 A é é

m % 0 ® & R & U R R 28 E
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transport of TDP-43 could disturb neuronal function by
deregulating gene expression. TDP-43 accumulates in the
cytoplasm following inhibition of RNA polymerase 1I by
treatment with actinomycin D (Ayala et al. 2008). The
C-terminal domain is the most important part for mainte-
nance of solubility and cellular localization of TDP-43,
while disruption of the RRM1 domain increases TDP-43
binding to the chromatin and nuclear matrix (Ayala et al.
2008). The TDP-43 mutant protein defective in the nuclear
localization signal (NLS) forms cytoplasmic aggregates,
while the mutant defective in the nuclear export signal
(NES) constitutes nuclear aggregates (Winton et al. 2008).
Inhibition of proteasome function by MG-132 enhances the
aggregate formation in the NLS-defective mutant (Nonaka
et al. 2009b). The overexpression of TDP-43 C-terminal
fragment is sufficient to generate hyperphosphorylated and
ubiquitinated cytoplasmic aggregates that could alter the
exon splicing pattern (Zhang et al. 2009). Although over-
expression of the wild-type human TDP-43 protein is toxic
to yeast and rat cells (Johnson et al. 2008; Tatom et al.
2009), overexpression of the tandem dimer of TDP-43 did
not cause acute cytotoxicity in HEK293 cells in this study.

In this study, the levels of expression of TDP-43 dimer
were unaltered in HEK293 cells by treatment with MG-132 or
overexpression of ubiqulin-1 (UBQLN1). The ubiqulin family
proteins, composed of an N-terminus ubiquitin-like (UBL)
domain and a C-terminal ubiquitin-associated (UBA) domain
separated by a central Stil-like repeat, physically interact with
both proteasomes and ubiquitin ligases (Ford and Monteiro
2006). UBQLNI, capable of forming a dimer via the ceintral

region, promotes the formation of cytoplasmic aggregates of .

TDP-43, and regulates the proteasome and autophagosome
targeting of TDP-43 aggregates (Kim et al. 2008). Polyubig-
uitinated TDP-43 interacts with the UBA domain of UBQLNI
(Kim et al. 2008). We found that following the expression of
the tandem TDP-43 dimer, accumulated high'—molecular—mass
TDP-43-immunoreactive proteins are unlikely to be ubiqui-
tinated. The 86-kDa TDP-43 dimer constitutively expressed in
cultured human cells might not interact with UBQLNI,
because it is unlikely to be modified by polyubiquitination.

The present observationg-Suggest 'th;at the 86-kDa TDP-
43-immunoreactive proteilj ‘repreéems a very small amount
of dimerized TDP-43 expressed constitutively in normal
cells under physiologiéél conditions. We suppose that this
dimerized TDP-43 ‘might serve as a starting seed that
triggers aggregation of TDP-43 under pathological condi-
tions of TDP-43 _proteinopathy. This hypothesis warrants
further immunohistochemical and neurochemical investi-
gations, ‘iﬁcludihg the establishment of TDP-43-dimer-
specific antibodies.
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