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Transportin1: a marker of FTLD-FUS
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Abstract The term frontotemporal lobar degeneration

(FTLD) describes a group of disorders that are subdivided

by the presence of one of a number of pathological proteins

identified in the inclusion bodies observed post-mortem.

The FUS variant is defined by the presence of the fused in

sarcoma protein (FUS) in the pathological inclusions.

However, similar to other FTLDs, the disease pathogenesis

of FTLD-FUS remains largely poorly understood. Here we

present data that the protein transportin1 (TRN1) is abun-

dant in the FUS-positive inclusions. TRN1, the protein

product of the TNP01 gene, is responsible for shuttling

proteins containing an M9 nuclear localisation signal

between the nuclear and cytoplasmic compartments. RNA

interacting proteins, including FUS, have been implicated

as targets of TRN1. Using TRN1 immunohistochemistry

and Western blotting in this study, we investigated 13 cases

of FTLD-FUS including 6 cases with neuronal intermediate

filament inclusion disease (NIFID) and 7 atypical fronto-

temporal lobar degeneration with ubiquitinated inclusion

(aFTLD-U) cases. The data from our immunohistochemi-

cal studies show that FUS-immunoreactive inclusions are

also strongly labelled with the anti-TRN1 antibody and

double-label immunofluorescence studies indicate good co-

localisation between the FUS and TRN1 pathologies. Our

biochemical investigations demonstrate that urea-soluble

TRN1 is present in aFTLD-U and NIFID, but not in normal

control brains. These findings implicate abnormalities of

FUS transport in the pathogenesis of FTLD-FUS.
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Introduction

The term frontotemporal lobar degeneration (FTLD)

defines a heterogeneous group of neurodegenerative dis-

eases with distinct yet overlapping clinical presentations

with behavioural variant frontotemporal dementia, pro-

gressive non-fluent aphasia and semantic dementia being

the three best-characterised clinical syndromes. Although

there is some correlation between the clinical and patho-

logical subtypes, the clinical presentation does not always

predict the underlying pathology. Disease classification of

FTLDs relies on the identification of the main protein

component of neuronal inclusions. The proteins responsi-

ble for the majority of the cases are tau, the TAR DNA-

binding protein-43 (TDP-43) and the ‘fused in sarcoma’

(FUS) protein [16, 17]. The significance of FUS in
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neurodegeneration was recognised with the discovery that

mutations in the FUS gene are responsible for familial

amyotrophic lateral sclerosis (ALS) type 6 (ALS-FUS) [10,

27]. Subsequently FUS has also emerged as a significant

disease protein in a subgroup of FTLDs, previously char-

acterized by immunoreactivity of the neuronal inclusions

for ubiquitin, but not for TDP-43 or tau with a proportion

of the inclusions also containing a-internexin in a further

subgroup known as neuronal intermediate filament inclu-

sion disease (NIFID). The disease entities which are now

considered subtypes of FTLD-FUS are atypical fronto-

temporal lobar degeneration with ubiquitinated inclusions

(aFTLD-U), NIFID (otherwise known as neurofilament

inclusion body disease [8]) and basophilic inclusion body

disease (BIBD), which together with ALS-FUS comprise

the FUS-opathies [18–21].

The cause and pathomechanism of inclusion formation

in the FUS-opathies is only partially understood. FUS is a

526-amino acid long protein with a predicted molecular

mass of 53 kDa, which has diverse cellular functions [1, 4,

31]. The C-terminal region of FUS is involved in RNA–

protein interactions while its N-terminus has a role in

transcription activation [22]. FUS is ubiquitously expressed

[1] and is able to bind both RNA and DNA [4]. In keeping

with its important functions in transcription regulation,

FUS protein is present in considerably larger amounts in

the nucleus than in the cytoplasm of neurons while it is

restricted to the nuclei and not found in the cytoplasm of

glial cells [2]. Under normal physiological conditions, the

FUS protein shuttles between the nucleus and cytoplasm

through the nuclear pore [11, 32]. Transport of FUS from

the cytoplasm to the nucleus takes place with the aid of

transportin1 (TRN1), also known as M9-interacting protein

or karyopherinb2 (Karb2), which is an 890-amino acid

long protein (OMIM; http://www.ncbi.nlm.nih.gov/omim/

602901). Karyopherinb-s (Karbs), also known as importins

and exportins are responsible for the majority of the cel-

lular nucleocytoplasmic transport. In humans, ten Karbs

have been shown to carry diverse macromolecular sub-

strates into the nucleus and in one of these import pathways

Karb2 is responsible for the import of a significant group of

RNA processing proteins, including FUS [3, 5, 13, 15, 29,

30]. Binding of substrates to import and export Karbs is

dependent on the nuclear localisation signal (NLS) and

nuclear export signal, which are predicted to be located at

the C-terminal end and the beginning of the RNA recog-

nition motif of FUS, respectively [11]. The NLS of FUS

can be described as a PY motif very similar to previously

described M9 signals and a likely target of the TRN1

nuclear import system [5, 13]. During nuclear import of

proteins, the Karb-protein cargo complex translocates into

the nucleus through its association with the nuclear pore

complex. Once inside the nucleus the Karb-protein

complex dissociates, which is dependent on RanGTP

binding to the import Karbs. The free Karbs are then

recycled into the cytoplasm to be available for a new cycle

of cargo import [29].

In this study, we wished to investigate whether TRN1

is also incorporated into the FUS-positive inclusions in

FTLD-FUS, as TRN1 is a key player of the finely tuned

cellular machinery responsible for the nuclear import of

FUS [5] and several other proteins involved in RNA

processing [13]. For this we performed a detailed

immunohistochemical study and have found strong TRN1

immunoreactivity in neuronal cytoplasmic inclusions

(NCIs) and neuronal intranuclear inclusions (NIIs) with

an overall good co-localisation between TRN1 and FUS

immunoreactivity in both the NIFID and aFLTD-U sub-

groups of FTLD-FUS. Furthermore, our biochemical

investigations have demonstrated that highly insoluble

(urea-soluble) TRN1 is present in FTLD-FUS, but not in

normal controls, indicating that aggregation of TRN1

could be a significant event of pathomechanism in FTLD-

FUS.

Materials and methods

Cases

Brains were donated to the Queen Square Brain Bank for

Neurological Disorders, UCL Institute of Neurology,

University College London; the MRC London Brain Bank

for Neurodegenerative Diseases, Institute of Psychiatry,

King’s College, London, UK; Neuropathology Depart-

ment, Århus Kommunehospital, Århus, Denmark and

NeuroResource, UCL Institute of Neurology, University

College London. All cases had previously been diagnosed

as NIFID (6 cases) or aFTLD-U (7 cases) (Table 1). Two

aFTLD-U (case 13 was the mother of case 9) cases are

from the same family, although no mutations in the FUS

gene have been found [12]. In addition, three normal

control cases and three cases each with multiple system

atrophy, corticobasal degeneration, motor neuron disease,

Alzheimer’s disease, Parkinson’s disease, progressive

supranuclear palsy, Pick’s disease and FTLD-TDP types 1

and 3 were selected from the archives of the Queen

Square Brain Bank. Three cases with FTLD-TDP type 2

pathology, which included one of the motor neuron dis-

ease cases with extensive cortical TDP-43 pathology and

also used as motor neuron disease control, were also used

for this study. In addition to frontal and hippocampal

regions, the cervical or thoracic spinal cord from each

motor neurone disease case was also stained for TRN1.

No BIBD cases were available for this study in our

archives.
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TRN1 antibodies and western blotting

Two commercially available anti-TRN1 antibodies were

used in this study (Abcam ab10303, monoclonal; Abcam

ab67352, polyclonal).

Tissue samples from frontal cortex (grey matter) from

four controls, three NIFID and four aFTLD-U cases were

homogenised at a ratio of 1:2 (wt/vol) in high-salt (HS)

buffer (50 mM Tris–HCl, 750 mM NaCl, 10 mM NaF,

5 mM EDTA) containing 1% Triton-X and protease and

phosphatase inhibitors (Roche). Tissue homogenate was

spun at 1,000g to remove nuclear and membrane debris.

The resulting supernatant was subjected to ultracentrifu-

gation at 120,000g for 30 min at 4�C, following which the

supernatant was retained (HS fraction). Using this HS

fraction, we performed immunoblotting with both the

monoclonal (Abcam ab10303, 1:500) and the polyclonal

antibodies (Abcam ab67352, 1:500) to test antibody spec-

ificity. Antibody specificity was confirmed by omission of

the primary antibody. The results of these preliminary

experiments indicated that the monoclonal antibody iden-

tified a strong band at *100 kDa representing the expected

molecular weight of TRN1. In addition to this band, the

polyclonal antibody also labelled additional low molecular

weight bands. Therefore, the monoclonal antibody was

regarded as more specific and was chosen for the full

biochemical analysis.

The pellet, retained after harvesting the HS fraction, was

subjected to further extractions with RIPA buffer (50 mM

Tris–HCl, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate)

containing 2% SDS and protease and phosphatase inhibi-

tors as before, which was subjected to ultracentrifugation at

120,000g for 30 min at 15�C to avoid SDS precipitation,

with the resulting supernatant being termed RIPA-SDS

fraction. The final pellet was resuspended in 8 M urea

containing 8% SDS (urea-soluble) fraction. Protein con-

centration was determined by the BCA protein assay

(Pierce) and 20 lg of protein from the HS and RIPA-SDS

fraction, and 5 lg of protein from the urea fraction, of each

case was loaded onto 10% Bis–Tris polyacrylamide gels

(Invitrogen) and run at 200 V with MES buffer (Invitro-

gen) under reducing conditions. Following electrophoresis,

the proteins were transferred onto Hybond P membrane

(GE Healthcare), blocked with 5% non-fat dried milk in

PBS containing 0.1% Tween (PBS-T) and probed over-

night with the monoclonal anti-TRN1 (Abcam ab10303,

1:500) antibody at 4�C. Following washes in PBS-T, the

blot was treated with HRP-conjugated secondary antibody

(Santa Cruz). Blots were visualised by enhanced chemi-

luminescence (Pierce) and the image captured onto Kodak,

X-Omat (Sigma) films.

Immunohistochemistry

For TRN1 immunohistochemistry, both the monoclonal

(Abcam ab10303, 1:200) and the polyclonal antibody

(Abcam ab67352, 1:200) were tested. Although both anti-

bodies stained normal nuclear protein, NCIs and NIIs, the

monoclonal antibody was used for full immunohisto-

chemical analysis as this antibody was shown to be more

specific with western blotting. Furthermore, the polyclonal

antibody only stained TRN1 when frozen tissue was used

while the monoclonal antibody gave positive staining on

paraffin sections.

Table 1 Summary of clinical data, clinical and pathological diagnosis in 13 cases with FTLD-FUS

Case no. Clinical diagnosis Previous pathological

diagnosis

Gender Age of onset

(years)

Age at death

(years)

Disease duration

(years)

1 bvFTD NIFID F 27 n/a n/a

2 CBS NIFID F 41 43 2

3 bvFTD with CBS like syndrome NIFID F 43 46 3

4 MND with PSP like syndrome NIFID M 44 46 2

5 MND NIFID F 63 68 5

6 MND NIFID F 69 72 3

7 bvFTD aFTLD-U M 40 51 11

8 bvFTD aFTLD-U F 43 53 10

9a bvFTD aFTLD-U M 44 51 7

10 bvFTD aFTLD-U M 47 52 5

11 PSP aFTLD-U F 49 55 6

12 bvFTD aFTLD-U M 51 60 9

13a bvFTD aFTLD-U F 55 58 3

bvFTD behavioural variant of frontotemporal dementia, CBS corticobasal syndrome, MND motor neuron disease, PSP progressive supranuclear

palsy, NIFID neuronal intermediate inclusion disease, aFTLD-U atypical FTLD-U
a Two members of the same family (case 9 is son of case 13)

Acta Neuropathol (2011) 122:591–600 593

123



For detailed immunohistochemical studies, 8-lm thick

tissue sections from frontal cortex, hippocampus, medulla

and spinal cord were cut from paraffin embedded tissue.

Endogenous peroxidase activity was blocked with 0.3%

H2O2 in methanol followed by pressure cooker pre-treat-

ment in citrate buffer pH 6.0. Sections were treated with

10% dried milk solution to block non-specific binding.

Tissue sections were incubated with the primary anti-

TRN1 (Abcam, ab10303, 1:200) antibody for 1 h at room

temperature, followed by biotinylated anti-mouse (Dako,

1:200) and ABC complex (Dako). Colour was developed

with di-aminobenzidine/H2O2.

Double-label immunofluorescence and morphometry

The frontal cortex and hippocampus from all FTLD-FUS

cases were stained using a polyclonal anti-FUS antibody

(aa1-50, Novus, 1:200) in combination with a monoclonal

anti-TRN1 (Abcam, ab10303, 1:200). After appropriate

pre-treatment, tissue sections were incubated with the pri-

mary antibodies overnight, followed by the secondary

antibody anti-mouse Alexa Fluor 488 (Invitrogen, Paisley,

UK, 1:300) for 1 h at room temperature. Sections were

next incubated with swine anti-rabbit secondary (Dako,

1:200), followed by ABC and visualized using TSA Rho-

damine kit (Perkin-Elmer) and 40-6-diamidino-2-

phenylindole (DAPI) was used for nuclear counterstaining.

Sections were viewed with a Leica DM5500B fluorescence

microscope using 3D deconvolution post-processing.

To establish the proportion of FUS-positive inclusions

also labelled with the anti-TRN1 antibody, double-labelled

sections of the hippocampus were chosen from three NIFID

and three aFTLD-U cases. The granule cell layer was

identified using the Leica DM5500B fluorescence micro-

scope and ten sequential visual fields of this structure were

captured using a 609 objective. Subsequently z-stack of

images through the full depth of the tissue section was

taken and a non-blind deconvolution algorithm was

applied. A maximum projection of the z-stack provided the

final image for analysis. TRN1 or FUS-positive NCIs and

NIIs were visually identified on the appropriate channels

and the co-localisation was confirmed on the combined

images.

Results

TRN1 immunoblot analysis

To establish the biochemical characteristics of TRN1 in

FTLD-FUS and normal control brains, protein was

sequentially extracted from flash frozen frontal cortex.

Buffers containing increasing detergent strength were used

to investigate the different biochemical fractions with dif-

ferent solubility characteristics. Our immunoblot data

demonstrate two key points: (1) The two antibodies tested

were found to recognise an *100 kDa band that corre-

sponds to full-length TRN1 protein and (2) analysis of the

immunoblots using the monoclonal antibody (Abcam

ab10303) has demonstrated that, although a significant

amount of TRN1 is present in the HS and RIPA-SDS

fractions in both FTLD-FUS and controls, urea-soluble

TRN1 (highly insoluble fraction of TRN1) is present in

FTLD-FUS (Fig. 1).

Normal localization of TRN1

The cellular localization of TRN1, examined in normal

control cases using formalin fixed tissue and TRN1

immunohistochemistry showed that immunoreactivity was

localized to the nuclei of both neurons and glial cells

(Fig. 2a). A similar staining pattern was seen in unaffected

neurons in the FTLD-FUS cases and cases with other

neurodegenerative diseases.

Localization of TRN1 in FTLD-FUS

Tissue sections of the frontal cortex, hippocampus with the

entorhinal cortex, and whenever available the medulla with

the XIIth cranial nerve nucleus and/or the spinal cord

(available in 4 NIFID and 3 aFTLD-U cases) were inves-

tigated in the 12 post-mortem cases, and the frontal cortex

alone in the case diagnosed using a frontal cortical biopsy.

The tissue sections from all areas showed TRN1-

Fig. 1 Representative immunoblots demonstrating TRN1 in fractions

of varying solubility in FTLD-FUS and normal control brains.

Proteins were sequentially extracted into high salt (lane 1), RIPA-

SDS (lane 2), and urea (lane 3) fractions from 4 control, 3 NIFID, and

4 aFTLD-U cases. 20 lg of protein was loaded from high salt and

RIPA-SDS fractions, while 5 lg of protein was loaded from the urea

fractions. A single band at approximately 100 kDa corresponding to

full-length TRN1 appears in high salt and RIPA-SDS fractions in both

control and disease cases, but the highly insoluble urea fraction is

seen in the FTLD-FUS cases
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immunoreactive NCIs (Figs. 2b–g, 3a–d, f, g), NIIs

(Figs. 2c, 3c, e) and threads/neurites in all 13 FTLD-FUS

cases. The intensity of the immunolabelling of inclusions

varied between and within individual cases, but this toge-

ther with the variability of the morphological appearances

of the inclusions, the overall severity and distribution of the

TRN1 pathology were comparable to those seen with FUS

immunohistochemistry.

Although the preservation of the normal nuclear stain-

ing appeared to be dependent on the length of the fixation

time (Fig. 2b), variability in the strength of the TRN1

nuclear staining could be ascertained in cases with

otherwise good preservation of nuclear TRN1 immuno-

reactivity. In such cases, although strong TRN1 nuclear

immunoreactivity was present in a significant proportion

of the nuclei of neurons with NCIs (Figs. 2f, 3a, d, g), the

TRN1 staining was decreased or was entirely absent in

others (Figs. 2c, 3a). In the NIFID cases, variable numbers

of small, 1–2 lm large, dot-like TRN1-positive structures

were frequently found in the neuropil of the frontal cortex,

but these structures were generally more numerous in the

entorhinal cortex. In one of the most severely affected

NIFID cases (case 2), larger TRN1-positive spindle or

comma-shaped grain-like structures with a diameter of up

to 4 lm were found to intermingle with TRN1-positive

dots in the entorhinal cortex with TRN1-positive grain-

like structures being particularly frequent in the cellular

islands of the pre-a layer of the entorhinal cortex. A

characteristic, rather coarse, dot-like immunoreactivity

was also commonly seen in the cytoplasm and dendrites of

the large neurons of the pre-a clusters. Albeit less abun-

dant, TRN1 dot-like positivity was also present in the

cortical neuropil in the aFTLD-U cases (Fig. 3f). Fine

TRN1-positive threads or delicate neurites and often large

and rather thick neurites were evident in most cases.

Similar to the findings seen with FUS immunohisto-

chemistry, the motor neurons of the XIIth nerve nucleus

and spinal cord contained morphologically variable NCIs,

including granular, globular or filamentous skein-like

inclusions (Fig. 3g).

Fig. 2 In normal controls transportin 1 (TRN1) immunoreactivity is

nuclear in both neurons (double arrow) and glial cells (arrow) (a).

TRN1-positive neuronal cytoplasmic inclusions in the hippocampal

granule cells in a NIFID case (b arrow) and both neuronal

cytoplasmic inclusions and neuronal intranuclear inclusions in

granule cells in an aFTLD-U case (c double arrow). Note the lack

of nuclear staining on b due to prolonged fixation in formaldehyde.

Different inclusion types in motor neurons in the XIIth cranial nerve

nucleus (d, f) and spinal cord (e, g) in NIFID (d, e) and aFTLD-U (f,
g). The inclusion types included dot-like/granular (d), large globular

inclusions without nuclear positivity (e), large globular inclusions

with nuclear positivity (f), inclusions formed in a neuronal process

(g arrow). Bar in a represents 5 lm on d–g, 20 lm on a and 40 lm

on b and c
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TRN1 staining in other neurodegenerative diseases

The frontal cortex and hippocampus from examples of

different neurodegenerative diseases (multiple system

atrophy, corticobasal degeneration, motor neuron disease,

Alzheimer’s disease, Parkinson’s disease, progressive

supranuclear palsy, Pick’s disease and FTLD-TDP types 1,

2 and 3 were stained with the anti-TRN1 antibody. In

addition, sections of the cervical or thoracic spinal cord

were stained in the motor neuron disease cases. In all cases,

TRN1 immunoreactivity was seen in the nuclei of neurons

and glial cells, but, apart from a single cortical Lewy body,

the characteristic inclusions seen in these diseases showed

no immunoreactivity for TRN1 (data not shown).

Fig. 3 TRN1 immunohistochemistry highlighted different inclusion

types in the frontal cortex in both NIFID (a–c, f, g) and aFTLD-U (d,

e). In some neurons with neuronal cytoplasmic inclusions the normal

nuclear TRN1 staining was retained (a, d), but this was lost in the

majority (a, b, c, f). A number of inclusion types were seen in cortical

neurons including crescent/annular shaped inclusions in both NIFID

and aFTLD-U (a, d), Pick body-like inclusions in NIFID (b) and

bean-shaped inclusions in aFTLD-U (c). Vermiform neuronal intra-

nuclear inclusions were seen in both subtypes (c, e). Granular, dot-

like cytoplasmic positivity often extending into dendrites (arrows)

was found in NIFID (f). TRN1-positive grains were observed in the

entorhinal cortex in NIFID (f double arrow). Skein-like inclusions

were seen in motor neurons (g). Bar on a represents 20 lm on a;

5 lm on b–e, g; 10 lm on f
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TRN1 and FUS double-label immunofluorescence

and morphometry

In all cases, histological sections of the frontal cortex and

hippocampal formation including the granule cell layer of

the dentate fascia were double stained for TRN1 and FUS.

Qualitative assessment of the fluorescence images showed

that there is an overall very good co-localisation of TRN1

with FUS in NCIs and NIIs in both NIFID and aFTLD-U

cases (Fig. 4). Furthermore, quantitative analysis of three

NIFID and three FTLD-U cases also demonstrated that the

overwhelming majority of the FUS-positive inclusions also

had TRN1 immunolabelling in the granule cells of the

dentate fascia (99.4% in NIFID and 100% in aFTLD-U). It

was also noted that the TRN1 labelling of NII was often

disproportionate in that a proportion of such inclusions

were only weakly immunoreactive for TRN1.

Discussion

In this study of seven aFTLD-U cases, which included two

members of the same family and of six NIFID cases, we

have shown by immunohistochemistry that TRN1 is

abundant in neuronal inclusions in the two main subtypes

of FTLD-FUS, NIFID and aFTLD-U. Our western blot

studies indicate that the antibody (Abcam, ab10303) used

for these immunohistochemical investigations recognises

an *100 kDa band, corresponding to full-length TRN1,

and does not cross-react with FUS, which runs as two

distinct bands at 53 and 75 kDa in our FUS-opathy cases

[12]. Furthermore, our detailed biochemical studies have

also demonstrated that highly insoluble TRN1 is present in

FTLD-FUS, but not in normal brains. These findings

indicate that TRN1 is a reliable marker for inclusions in at

least these subtypes of FTLD-FUS, and moreover, it pro-

vides a new molecular target for future investigations.

Results of our qualitative assessment of tissue sections of

the frontal cortex, hippocampus, entorhinal cortex, and

wherever available, brainstem and/or spinal cord motor

neurons, indicate that TRN1 immunoreactive inclusions

occur in all neuron types affected by FUS inclusions and

that the TRN1-positive inclusions conform to the mor-

phologies, which have previously been described in

aFTLD-U and NIFID using FUS immunohistochemistry

[12, 20, 21]. Furthermore, our double-label fluorescence

experiments supplemented with morphometry confirm a

close co-localisation of TRN1 and FUS in both NCIs and

Fig. 4 Double-label immunofluorescence in aFTLD-U (a–c) and

NIFID (d–f) demonstrating co-localisation of TRN1 (green) and FUS

(red) in neuronal cytoplasmic inclusions (single arrow) and in

neuronal intranuclear inclusions (double arrow) in the granule cell

layer of the hippocampus (nuclear DAPI in blue). Note that the

neuronal nuclei are largely negative for TRN1 (a, d), but they show

FUS immunoreactivity (b, e). Bar on a represents 5 lm on all panels
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NIIs. In addition to NCIs and NIIs, the TRN1 antibody also

strongly labelled fine neuropil threads, coarse neurites, dots

and occasional grain-like structures, which are also labelled

with the anti-FUS antibody. A dendritic origin of the dots

and ‘‘grains’’ is likely as they were readily recognised in

the dendritic processes of larger neurons such as those of

the cellular islands of the pre-a layer of the entorhinal

cortex. This is interesting in view of the observation that

FUS has a role in mRNA export and mRNA transport to

dendritic spines [6, 7].

The protocol used in this study for the biochemical

investigation of TRN1 is based on increasingly insoluble

sequential protein extraction and is identical to that pre-

viously used for FUS [12, 20]. This approach allowed us to

separate HS-soluble, RIPA-SDS-soluble and urea-soluble

fractions of TRN1. While previous studies, including our

own have showed that FUS is present in all three bio-

chemical fractions in both FTLD-FUS and normal controls

[12, 20], the data of our current study indicate that highly

insoluble (urea-soluble) TRN1 is only present in FTLD-

FUS cases. This finding indicates that the presence of

highly insoluble TRN1 may be a robust biochemical mar-

ker of both NIFID and aFTLD-U and this notion is further

underpinned by the absence of TRN1 immunoreactivity in

inclusions of a number of neurodegenerative diseases such

as Alzheimer’s disease, multiple system atrophy, Pick’s

disease, progressive supranuclear palsy, MND and FTLD-

TDP.

Interference with the transport mechanism of nuclear

proteins can result in their redistribution into the cyto-

plasm, which has been strongly implicated in the

pathogenesis of both TDP-43 and FUS proteinopathies [11,

23, 28] and there are data indicating that classical NLS-

mediated nuclear import may also be disrupted in Alzhei-

mer’s disease [14]. The hypothesis that cytoplasmic

redistribution of FUS is central to the pathogenesis of FUS-

opathies is supported by a number of observations. Cellular

stress disrupts the nuclear transport of FUS by its recruit-

ment into stress granules, markers of which have recently

been shown to co-deposit with FUS-positive inclusions in

both ALS-FUS and FTLD-FUS [5]. Cell culture experi-

ments, utilizing mutations associated with familial ALS-

FUS, have shown that modification of the C-terminal tail of

FUS, which contains the NLS, is able to disrupt the normal

binding of TRN1. This results in the failure of the cellular

machinery responsible for the import of FUS into the cell

nucleus with its concomitant cytoplasmic accumulation [5].

The cellular and molecular events triggering aggregation of

FUS are not known in sporadic FTLD-FUS, but further

detailed biochemical studies could answer whether abnor-

malities of TRN1 and FUS interactions or involvement of

the nuclear pore and RanGTPase could be factors con-

tributing to the disease mechanism. So far no biochemical

modifications of the disease-associated FUS have been

reported [10, 20, 21, 27], although studies indicate that in

vitro, post-translational modifications of FUS such as

tyrosine phosphorylation or dimethylation of arginine res-

idues may alter its subcellular localisation [9, 11, 23, 26].

In this immunohistochemical study, we consistently

observed strong TRN1 immunoreactivity of the FUS-

positive inclusions with co-localisation of these two,

functionally closely associated proteins, indicating that it is

likely that both FUS and TRN1 are major components of

the inclusions in FTLD-FUS. These findings also indicate

that a significant amount of TRN1 protein may be

sequestered in the neuronal inclusions with a decrease or

absence of normal nuclear staining of TRN1 in some nerve

cells. This event could, in turn, further impact on the

nuclear import of FUS, which may still be available for

transport, and compromise the nuclear import of a host of

other RNA binding proteins, which are known to be

mediated by TRN1 [13]. Therefore, investigation of whe-

ther involvement of TRN1 transport mechanism, found in

FTLD-FUS, could influence the transport of other relevant

proteins should be undertaken. However, recent studies

have indicated the possibility of a degree of redundancy in

the transportin system. It has been suggested that a splicing

variant of transportin2 has a M9 recognition motif with a

high degree of similarity to that of TRN1 [24]. In our

current study, we were unable to comment on the biology

of TRN2b as no suitable antibodies were available. How-

ever, we recognise that this avenue of research requires

further investigation in order to elucidate the role TRN1

plays in the pathogenesis of FTLD-FUS.

The observation that TRN1 protein becomes insoluble

and is incorporated into the inclusions (both nuclear and

cytoplasmic) in FTLD-FUS is consistent with a role in

inclusion formation. The study by Dormann et al. [5] and

the findings of our current investigations implicate the

TRN1 transport pathway in the pathogenesis of FTLD-

FUS, which presents an interesting window of opportunity

for research. Whilst FTLD-FUS represents a relatively

small proportion of the total FTLD disease spectrum [25], a

better understanding of the pathogenic events resulting in

accumulation of FUS and finally nerve cell death in FUS-

opathies could also shed light on the role of abnormalities

in RNA processing in the wider field of neurodegeneration.
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