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Absence of heterogeneous nuclear ribonucleoproteins and survival
motor neuron protein in TDP-43 positive inclusions
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Abstract TDP-43 was recently identified as the major
disease protein in neuronal inclusions in frontotemporal
lobar degeneration with ubiquitin-positive inclusions
(FTLD-U). TDP-43 becomes redistributed from the nucleus
to the cytoplasm, ubiquitinated, hyperphosphorylated and
cleaved to generate C-terminal fragments, thereby linking
mismetabolism of TDP-43 to the pathogenesis of FTLD-U.
The function of TDP-43 is unclear, however it has been
shown that TDP-43 might act as transcription repressor
and activator of exon skipping through interaction with
proteins of the heterogeneous nuclear ribonucleoprotein
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(hnRNP) family as well as a scaffold for nuclear bodies
through interactions with survival motor neuron protein.
To investigate whether these binding partners might be
associated with TDP-43 pathology, we studied the expres-
sion and localization of proteins of the hnRNP family
(hnRNP A1, A2/B1, C1/C2) and SMN protein in affected
brain regions in patients with sporadic and familial FTLD-
U and normal control brains by immunohistochemistry and
biochemical analysis. In contrast to TDP-43, no changes in
subcellular distribution, no labeling of pathologic inclu-
sions and no biochemical alterations were detectable for the
tested hnRNPs and SMN in FTLD-U brains compared to
controls. These results argue against a role of these binding
partners in the pathogenesis of FTLD-U and emphasize the
specificity of TDP-43 as marker for FTLD-U pathology.
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Introduction

Frontotemporal lobar degeneration with ubiquitin-positive
inclusions (FTDL-U) is the most common pathologic change
underlying the clinical syndrome of frontotemporal dementia
(FTD) [12, 16]. FTLD-U is characterized by ubiquitin-posi-
tive, tau- and a-synuclein-negative neuronal cytoplasmic and
nuclear inclusions as well as dystrophic neurites. Based on
the morphology and laminar distribution of inclusions, at
least four subtypes of FTLD-U pathology can be delineated
[13, 19, 25]. While mutations in the progranulin gene have
been found to be pathogenic for familial FTLD-U [3, 9], the
TAR DNA binding protein 43 (TDP-43) has recently been
identified as the major disease protein in the characteristic
inclusions in sporadic and familial FTLD-U as well as spo-
radic ALS [22] and was rapidly confirmed by others [1, 10].
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TDP-43 is a ubiquitously expressed, highly conserved
protein [2], that is physiologically primarily located to the
nucleus. However, in FTLD-U, TDP-43 is redistributed to
form predominantly cytoplasmic and neuritic inclusions
associated with dramatic reduction of nuclear TDP-43
immunoreactivity [1, 10, 20-22]. Biochemically, patho-
logic TDP-43 is abnormally hyperphosphorylated, ubiquiti-
nated and cleaved to generate C-terminal fragments
[20-22]. Thus, the current evidence links TDP-43 to the
pathogenesis of FTLD-U, although the pathologic mecha-
nisms and significance of these alterations of TDP-43
remain unknown.

TDP-43 may act as scaffold for nuclear bodies through
interaction with survival motor neuron protein (SMN) [27].
SMN is a ubiquitously expressed protein located in the
cytoplasm and nucleus concentrated in specific nuclear
structures called gems (gemini of coiled bodies) [17]. Loss
of functional SMN protein leads to autosomal recessive spi-
nal muscular atrophy (SMA) [15, 18]. In addition, TDP-43
may also act as transcription repressor and activator of exon
skipping [4, 6]. TDP-43 has been shown to be capable of
binding directly to several proteins of the heterogeneous
nuclear ribonucleoprotein (hnRNP) family, in particular
hnRNP A1, A2/B1, A3, and C1/C2, which seem to be nec-
essary for the splicing inhibitory activity of TDP-43 [5].

The aim of the present study was to determine whether
these identified binding partners of TDP-43 were also com-
ponents of FTLD-U inclusions. Therefore, we analyzed
several proteins of the hnRNP family (hnRNP A1, A2/B1,
C1/C2) and SMN protein in affected brain regions in
patients with sporadic and familial FTLD-U and normal
control brains by immunohistochemistry and biochemical
analysis. In contrast to TDP-43, no changes in subcellular
distribution, no labeling of pathologic inclusions and no
biochemical alterations were detectable for the tested
hnRNPs and SMN in FTLD-U brains compared to controls,
arguing for a specific role of TDP-43 in the pathogenic
pathway leading to FTLD-U.

Materials and methods
Immunohistochemistry

Tissue blocks from frontal and temporal neocortex and hip-
pocampus from FTLD-U (n = 10) and control brains (n = 3)
were fixed with either 70% ethanol in 150 mmol/l NaCl or
phosphate-buffered 3.65% formaldehyde and embedded in
paraffin. FTLD-U cases consisted of eight sporadic FTLD-
U cases further classified as subtype 1 (n = 3), subtype 2
(n=3) and subtype 3 (n =2) according to Sampathu et al.
[25], one case with a progranulin mutation (R493X), and
one case with a VCP mutation (R155H). Immunohisto-
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chemistry was carried out as described previously using the
avidin—biotin complex detection system (Vector Laborato-
ries, Burlingame, CA, USA) and 3,3 diaminobenzidine as
chromogen. Antigen retrieval was done by boiling the sec-
tions in 10 mmol/l citrate buffer (pH 6.0) in a microwave
oven. Antibodies used in this study included affinity-puri-
fied rabbit polyclonal anti-TDP-43 (ProteinTech Group,
Chicago, IL, USA), mouse monoclonal antibody (mAb)
anti-hnRNP A1 clone 9H10 [7] and clone 4B10 [24], mAb
anti-hnRNP A2/B1 clone DP3B3 [14], mAb anti-hnRNP
C1/C2 clone 4F4 [8], and mAb anti-SMN clone 62E7 [30]
and clone 2B1 [29]. Double-labeling immunofluorescence
was performed as previously described using Alexa Fluor
488 and 594 conjugated secondary antibodies (Molecular
Probes, Eugene, OR, USA).

Sequential biochemical fractionation and immunoblot
analysis

Frozen tissues from frontal gray matter from FTLD-U
(n =10, including one case with progranulin gene mutation
and one case with a VCP gene mutation) and control cases
(n=3) were used for the sequential extraction of proteins
with buffers of increasing stringency, as described [22, 25].
Briefly, gray matter was extracted at 5 ml/g (v/w) with low-
salt buffer (10 mmol/l Tris, pH 7.5, 5mmol/l EDTA,
1 mmol/l dithiothreitol, 10% sucrose, and a cocktail of
protease inhibitors), high salt-Triton X buffer (low salt
buffer + 1% Triton X-100 + 0.5 mol/l NaCl), myelin flotation
buffer (Triton X buffer containing 30% sucrose), and Sarkosyl
buffer (low salt buffer + 1% N-lauroyl-sarcosine + 0.5 mol/l
NaCl). The detergent-insoluble materials were extracted in
0.25 ml/g of urea buffer (7 mol/l urea, 2 mol/l thiourea, 4%
3-[(3-cholamidopropyl)dimethylammonio]- 1-propanesulf-
onate, 30 mmol/l Tris, pH 8.5).

For Western blot analysis, fractions from different
samples were resolved by Tris-glycine 5 to 20% gradient
sodium dodecyl sulfatepolyacrylamide gel electrophoresis,
transferred to nitrocellulose and probed with primary and
secondary antibodies (horseradish peroxidase-conjugated
anti-mouse IgG or anti-rabbit IgG (Jackson ImmunoRea-
search, West Grove, PA, USA). Blots were developed with
Renaissance Enhanced Luminol Reagents (NEN Life Sci-
ence Product, Inc., Boston, MA, USA), and digital images
were acquired using a Fujifilm Intelligent Darkbox II (Fuji
Systems USA, Stamford, CT, USA).

Results

We performed immunohistochemistry (IHC) and double-
label immunofluorescence studies on brain sections from
hippocampus and neocortical brain regions from controls
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and FTLD-U cases, including different FTLD-U subtypes
according to Sampathu et al. [25] as well as single familial
cases with progranulin and VCP gene mutations. In accor-
dance with previous studies, anti-TDP-43 IHC labeled
numerous cytoplasmic inclusions in the dentate granule
cells (Fig. 1a) as well as cytoplasmic and neuritic inclu-
sions in affected cortical brain regions (Fig. 1f-h) in FTLD-
U cases. While cells without inclusions showed a strong

nuclear TDP-43 staining (arrows in Fig. 1a), there was a
dramatic reduction in the labeling intensity of nuclear TDP-
43 in inclusion-bearing cells (arrowheads in Fig. 1a). Stan-
dard THC on adjacent tissue sections with antibodies
against hnRNPs revealed a robust, predominantly nuclear
staining for hnRNP Al (Fig. 1b), A2/B1 (Fig. 1c), and C1/C2
(Fig. 1d) in FTLD-U brains and controls (data not shown),
but no labeling of cytoplasmic inclusions in FTLD-U.

a 3 v M c hnRNP-A2/B1
*e . TDP:lS bg & hnRNP-As . n
» w® A
.@. ‘I‘ A
id:m‘;“:. 'u% ”"""' ' w
*.‘.*ﬁ\ o Q“ L ¢ . .
Y % Py %"' : g
WA AT N S
ﬁQ{é’ ; . — E » ¢ B . _' -
d hnaNFuCﬂcz .
’ u'- ” g o
€ 0 !‘ .. J'ﬂ
Q
. o ." 0 o '4
* - .8 .‘ " 3 —

Fig. 1 Immunohistochemistry of TDP-43, hnRNPs and SMN in
FTLD-U. a Sections of the dentate gyrus of FTLD-U case immunola-
beled with antibody against 7DP-43. In addition to physiological
nuclear TDP-43 staining (arrow in a), cytoplasmic TDP-43 positive
inclusions are detectable (arrowhead in a). Note the absence of nuclear
TDP-43 staining in inclusion bearing cells. Adjacent sections were
immunostained with antibodies against inRNP Al (b), hnRNP A2/B1

.‘-

-

hnRNP-A1

hnRNP-A2/B1

hnRNP-C1/C2

(¢), inRNP C1/C2 (d) and SMN protein (e) showing predominantly nu-
clear staining in all neurons for hnRNPs and nuclear and cytoplasmic
staining for SMN, but no labeling of pathologic inclusions. Double flu-
orescence labeling confirming absence of hnRNP Al (f, red), hnRNP
A2/BI (g, red) and C1/C2 (h, red) in TDP-43 positive cytoplasmic and
neuritic inclusions (f-h, green). Scale bar in a corresponds to 20 um
(a-h)
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Double-label immunofluorescence experiments confirmed
that TDP-43 positive cytoplasmic and neuritic inclusions in
FTLD-U were not immunoreactive for hnRNP Al (Fig. 1f),
A2/B1 (Fig. 1g) and C1/C2 (Fig. 1h).

Anti-SMN IHC demonstrated nuclear and cytoplasmic
labeling of neurons in FTLD-U (Fig. le) and controls (data
not shown), but also absence of immunoreactivity in patho-
logic TDP-43 positive inclusions in sporadic and familial
FTLD-U.

Biochemically, FTLD-U brains show a disease-specific
signature of pathologically altered TDP-43 in detergent-
insoluble, urea-soluble proteins extracts. To examine the
biochemical properties of hnRNPs and SMN in FTLD-U
and controls compared to TDP-43, we performed Western
blot analysis on protein samples sequentially extracted
from cortical gray matter of FTLD-U and control brains
(Fig. 2). Full-length TDP-43 was detected in all soluble and
insoluble protein fraction in FTLD-U and controls, while
additional proteins bands of ~25 and 45 kD, as well as a

Fig. 2 Biochemical analysis of
TDP-43, hnRNPs and SMN in
FTLD-U and controls. Proteins
were sequentially extracted from
frontal cortex of FTLD-U and
controls with buffers of increas-
ing strength and subjected to
SDS-PAGE. Western blots were
probed with antibodies against
TDP-43, hnRNP A1, A2/B1, C1/
C2 and SMN, as indicated to the
left. In addition to physiological
TDP-43 running as ~43 kD
band in soluble and insoluble
brain fraction in control and
FTLD-U, rabbit anti-TDP-43
showed pathological ~ 25-kD
(*), ~45-kD (**) bands and high
molecular smear (***) in the
urea fraction of FTLD-U cases.
No changes in solubility and/or
changes in banding pattern were
detectable for tested hnRNPs
and SMN protein in FTLD-U
brains compared to controls.
Lane 1 low salt, 2 high salt
with triton X-100; 3 sarkosyl,

4 urea fraction

TDP-43

A1

A2/B1

c1/C2

SMN
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high molecular smear were detected in urea samples from
FTLD-U brains but not controls, as described [22]. hnRNPs
and SMN proteins were predominantly found in the sarco-
syl and urea fractions of controls and FTLD-U brains.
There was some variation in the intensity of labeled bands
among cases. However, no changes in solubility or banding
pattern were detectable for hnRNPs and SMN protein
between FTLD-U and control brains.

Discussion

TDP-43 is the major disease protein in FTLD-U that forms
the signature intraneuronal cytoplasmic and intranuclear
inclusions predominantly in the frontal and temporal cor-
tex. Pathologic TDP-43 in FTLD-U becomes hyperphosph-
orylated, ubiquitinated and cleaved to generate C-terminal
fragments [1, 22]. Thus, current evidence links abnormal
metabolism of TDP-43 to the pathogenesis of FTLD-U,
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although the pathologic mechanisms and the significance of
these alterations are unknown.

Very little is known about the normal function of TDP-
43. It is a highly conserved nuclear protein, as closely
related proteins have been identified in Drosophila and
Caenorhabditis [2]. TDP-43 contains two RNA-recognition
motifs (RRMs) and a glycine-rich domain, both of which
are functional modules commonly found in RNA-binding
proteins, such as hnRNPs [11]. At least the first RRM of
TDP-43 is required for RNA binding, thereby acting as
transcription repressor and activator of exon skipping [4].
The C-terminal region of TDP-43 has been shown to be
capable of interacting with several proteins of the hnRNP
family, in particular hnRNP A1, A2/B1, C1/C2 and A3.
This interaction leading to formation of a hnRNP-rich com-
plex seems to be essential for the splicing inhibitory activ-
ity of TDP-43 [5]. In addition to the role as splicing factor,
TDP-43 might act as a bridge between the various nuclear
bodies, possibly through interaction with SMN protein
[28], an ubiquitously expressed cytoplasmic and nuclear
protein. SMN interacts with a number of proteins to form
a stable complex which functions in the assembly and
metabolism of small nuclear ribonucleoproteins (snRNP)
[23, 26]. Mutations in the SMN gene leading to reduced
levels of functional SMN are associated with autosomal
recessive spinal muscular atrophy, a disease characterized
by the degeneration of motor neurons in the anterior horn of
the spinal cord [15, 18].

To investigate whether these identified interactors with
TDP-43 might be associated with TDP-43 pathology in
FTLD-U and might therefore help to elucidate the under-
lying mechanisms leading to neurodegeneration in FTLD-
U and ALS, we performed immunohistochemical and
biochemical studies on FTLD-U and control brains. We
demonstrated that hnRNPs A1, A2/B1 and C1/C2 as well
as SMN protein were not detectable in the TDP-43 posi-
tive inclusions in FTLD-U brains. While the nuclear stain-
ing of TDP-43 in inclusion bearing cells was dramatically
reduced, in accordance with previous reports [1, 10, 21,
22], no obvious changes of staining intensity and subcel-
lular distribution was seen for hnRNPs and SMN protein
in cells with cytoplasmic and nuclear TDP-43 inclusions.
In addition, no biochemical alterations of hnRNPs with
respect to posttranslational modification and change in
solubility were present in FTLD-U, in contrast to the
pathological alterations of TDP-43 in insoluble protein
fractions extracted from sporadic and familial FTLD-U
brains [22].

In conclusion, we found no evidence that previously
identified proteins interacting with TDP-43, including
proteins from the hnRNP family and SMN protein, are
involved in TDP-43 aggregation and FTLD-U pathogene-
sis. These results emphasize the specificity of TDP-43 as

marker protein for FTLD-U pathology, however, further
studies, including identification of additional binding part-
ners of TDP-43, will need to address mechanistic aspects of
TDP-43 aggregation and their role in the pathogenesis of
neurodegeneration.
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