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Abstract

Aims—We aimed to investigate the role of the nuclear carrier and binding proteins, transportin-1 

(TRN1) and transportin-2 (TRN2), TATA-binding protein-associated factor 15 (TAF15) and 

Ewing’s Sarcoma protein (EWS) in inclusion body formation in cases of Frontotemporal Lobar 

Degeneration (FTLD) associated with Fused in Sarcoma protein (FTLD-FUS).

Methods—Eight cases of FTLD-FUS (5 cases of atypical FTLD-U (aFTLD-U), 2 of Neuronal 

Intermediate Filament Inclusion Body Disease (NIFID) and 1 of Basophilic Inclusion Body 

Disease (BIBD)) were immunostained for FUS, TRN1, TRN2, TAF15 and EWS. 10 cases of 

FTLD associated with TDP-43 inclusions served as reference cases.

Results—The inclusion bodies in FTLD-FUS contained TRN1 and TAF15 and, to a lesser 

extent, EWS, but not TRN2. The patterns of immunostaining for TRN1 and TAF15 were very 

similar to that of FUS. None of these proteins was associated with tau or TDP-43 aggregations in 

FTLD.
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Conclusion—Data suggest that FUS, TRN1 and TAF15 may participate in a functional pathway 

in an interdependent way, and imply that the function of TDP-43 may not necessarily be in 

parallel with, or complementary to, that of FUS, despite each protein sharing many similar 

structural elements.
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Introduction

Frontotemporal lobar degeneration (FTLD) is clinically, pathologically and genetically 

heterogeneous. The prototypical clinical syndromes are behavioural variant frontotemporal 

dementia (BvFTD), a disorder of behaviour, progressive non-fluent aphasia (PNFA), a 

disorder of expressive language and semantic dementia (SD), a disorder of conceptual 

knowledge [1]. Moreover, the clinical signs of motor neurone disease (MND) occur in some 

patients with FTLD [2,3]. Pathologically, approximately half of FTLD cases show an 

accumulation of hyperphosphorylated tau proteins in neurones and glia (and are known as 

FTLD-tau), whereas others are tau-negative and show immunoreactivity for ubiquitin 

(FTLD-U) [4]. The pathological protein in the majority of cases of FTLD-U, as well as in 

around 85% of MND cases, has been identified as TDP [5,6]. Four subtypes of TDP-43 

pathology have been delineated [7,8], reflecting the predominance of pathological change 

within nerve cell bodies and/or neurites. Most of the tau and TDP-43 negative FTLD cases 

show a pathology characterised by accumulations of fused in sarcoma (FUS) protein, this 

being present in cases labelled as atypical FTLD-U (aFTLD-U) [9-13], neuronal 

intermediate filament inclusion disease (NIFID) [14] and basophilic inclusion body disease 

(BIBD) [15]. Current nomenclature includes aFTLD-U, NIFID and BIBD as three forms of 

FUS pathology [16].

FUS is a 526-amino acid long protein with a predicted molecular mass of 53kDa which is 

ubiquitously expressed and has multiple cellular functions [17,18]. It is normally present 

more in the nucleus than in the cytoplasm, and more is present in neurones than glial cells 

[19]. It binds both DNA and RNA [17], with its C-terminus being involved in RNA-protein 

interactions and its N-terminus having a role in transcription. Under normal physiological 

conditions, FUS shuttles between nucleus and cytoplasm through the nuclear pore [20]. 

Nuclear import of FUS is effected by transportin 1 (TRN1) – a 890 amino acid long protein, 

also known as M9-interacting protein or karyopherin β1 (karβ1). Karβ1 is part of a family of 

proteins (karyopherinβ-s, also termed importins or exportins) which are responsible for 

performing most of the cell’s nucleocytoplasmic transport traffic. TRN1 is responsible for 

the import of particular RNA processing proteins which include FUS [21]. Binding of FUS 

to TRN1 is dependent on the PY motif, which is located at the C-terminus of FUS. A recent 

study [22] has suggested that TRN1 is incorporated into the FUS-positive inclusions in 

patients with FTLD associated with aFTLD-U and NIFID. Other studies have reported that 

the inclusion bodies in FTLD-FUS may contain other members of the FET protein family 
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such as TATA-binding protein-associated factor 15 (TAF15) and Ewing’s sarcoma protein 

(EWS) [23].

In the present report we have investigated patients with all 3 forms of FTLD-FUS (ie 

aFTLD-U, NIFID and BIBD), and others with FTLD-tau and FTLD-TDP using antibodies 

against both TRN1 and Transportin 2 (TRN2) (also known as karyopherinβ2). We further 

immunostained the same cases for TAF15 and EWS proteins.

Materials and Methods

Eight patients with FTLD-FUS were drawn from those cases with FTLD collected across 4 

Academic Centres: 3 patients (patients#1-3, all with aFTLD-U) were from Manchester Brain 

Bank, 3 patients (patients #4 and 6 with aFTLD-U and patient #8 with BIBD) were from 

Northwestern University, Chicago, patient #6 (with NIFID) was from Washington 

University, and patient #7 (also with NIFID) was from the Newcastle Brain Tissue Resource 

(NBTR) at the Institute for Ageing and Health, Newcastle University, Campus for Ageing 

and Vitality (Table 1). Full clinical and pathological descriptions for patients #1-3 with 

aFTLD-U, and patients #6 and 7 with NIFID, have been presented elsewhere [see refs 12 

and 24, respectively]. Ten other patients with other histological forms of FTLD (1 with 

MAPT exon 10 +16 mutation, 2 with FTLD-tau with Pick bodies, 3 with GRN mutation, 1 

with C9ORF72 hexanucleotide repeat expansion with FTLD-TDP type A, 1 other patient 

with FTLD-TDP type A, 1 with FTLD-TDP type B and 1 with FTLD-type C: these latter 3 

patients were known not to bear mutation in any of the aforementioned genes) were drawn 

from the Manchester Brain Bank and served as reference cases. All FTLD cases selected 

fulfilled Lund-Manchester clinical diagnostic criteria for FTLD [1]. In all instances, brains 

had been obtained with full ethical permission and appropriate consent/declaration 

procedures.

Brains had been fixed for variable periods up to 12 months before documentation of external 

appearances and cutting into coronal sections for the reporting of macroscopic changes and 

preparation of tissue blocks for histological inspection. Representative fixed tissue blocks 

were cut from the temporal cortex (to include the hippocampus) and processed routinely into 

paraffin wax. Only the motor cortex was studied in the BIBD case as this was the cortical 

region showing maximal FUS pathology. Sections were cut at a thickness of 6μm and 

immunostained for non phosphorylated TDP-43 (rabbit polyclonal antibody (10782-2-AP 

(ProteinTech, Manchester, UK) 1:1000), FUS protein (rabbit polyclonal antibody 

HPA-008784 (Sigma, Poole, UK) 1:50 to 1:200), TRN1 (also known as importin beta-1 sub 

unit or karyopherin β1 (KPNB1)) (mouse monoclonal antibody ab10303 (Abcam, 

Cambridge, UK), and rabbit polyclonal antibody sc-11367 (Santa Cruz Biotechnology Inc), 

both used at 1:200), TRN2 (also known as karyopherin β2/2B or importin 3) (goat 

polyclonal antibody sc-6914 (Santa Cruz Biotechnology Inc), TAF15 (also known as 

TAF1168) (rabbit polyclonal antibody A300-308A (Bethyl Laboratories Inc), 1:200)) and 

EWS (mouse monoclonal antibody EWS-G5, sc-28327 (Santa Cruz Biotechnology Inc) 

1:200), employing a standard ABC Elite kit (Vector, Peterborough, UK) with DAB as 

chromogen.
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The number of NCI immunostaining for each protein was assessed semiquantitatively. For 

FUS, Abcam TRN1, TAF15 and EWS, the ratings refer to the relative frequencies of nerve 

cells bearing NCI, where 0 = none; + = few cells with NCI; ++ = moderate number; of cells 

with NCI; +++ = many cells with NCI. For Santa Cruz TRN1, the ratings refer to the 

number of cells and the intensity of staining of the cytoplasmic granules and nuclear 

membrane in each cell, and for TRN2 the ratings refer to the number of cells and intensity of 

the cytoplasmic granular staining, where 0=none; + = few/weak staining; ++ = moderate 

number/moderate staining; +++ = many/most/strong staining.

Results

All 8 cases were characterised by FUS-immunoreactive neuronal cytoplasmic inclusions 

(NCI) widely distributed throughout the temporal cortex and hippocampus in aFTLD-U and 

NIFID cases, and motor cortex in the BIBD case (Table 2). Employing the FUS antibody 

(Sigma), a mix of rounded, more solid or granular NCI and ring-like NCI were present in the 

majority of granule cells of the dentate gyrus of the hippocampus, and ‘vermiform’ NII were 

commonly seen in the aFTLD-U (Figure 1a) and NIFID cases (Figure 2a). In the temporal 

cortex, the FUS-immunopositive NCI in the aFTLD-U and NIFID cases appeared rounded, 

either solid or resembling clumps of granules; ‘vermiform’ NII were occasionally seen in the 

aFTLD-U and NIFID cases, but no glial cell inclusions were present (not shown). In the 

motor cortex in the BIBD case, NCI had a ring-like, perinuclear distribution (Figure 3a), but 

no NII were seen.

The patterns of immunostaining using the Abcam antibody, ab10303, for TRN1 (Figures 1b, 

2b and 3b, Table 1) and Bethyl antibody A300-308A for TAF15 (Figures 1c, 2c and 3c) 

were similar to that of FUS. However, immunostaining for TRN1 with Santa Cruz antibody, 

sc-11367, did not detect the FUS-positive NCI, but demonstrated a fine punctuate 

immunostaining within neurones and neuropil with distinct nuclear membrane 

immunostaining (Figures 1d, 2d and 3d). Immunostaining for EWS protein was generally 

weak with, only a (small) proportion of all TRN1/TAF15 positive structures being 

immunostained (Figures 1e, 2e and 3e).

None of the FTLD-TDP or FTLD-tau cases showed any immunopositivity with TRN1, 

TAF15 or EWS antibodies.

Immunostaining for TRN2 revealed small granules within dentate gyrus granule cells and 

cortical and hippocampal pyramidal cells, as well as cortical astrocytes (Figures 1f, 2f and 

3f). The FTLD-FUS cases all showed similar staining patterns for TRN2, with no apparent 

qualitative or quantitative differences in immunostaining for this between these and the 

FTLD-tau or FTLD-TDP cases.

Discussion

In the present report we have shown that the inclusion bodies in cases of FTLD-FUS, 

whether these be ones in cases of aFTLD-U, NIFID or BIBD, contain other proteins besides 

FUS, notably TRN1 and TAF15 (and to a lesser extent apparently, EWS), whereas none of 

these proteins or other the transportin proteins TRN1 and TRN2 seem to be associated with 
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tau or TDP-43 aggregations in FTLD. These data imply FUS, TRN1 and TAF15 participate 

in a functional pathway in an interdependent way. Present data agree with those recently 

reported by Brelstaff et al [22] who also showed there was good colocalisation of FUS and 

TRN1 protein in the inclusion bodies of the hippocampus and cerebral cortex in 7 cases of 

aFTLD-U and 6 cases of NIFID. In the present study, comparison between FUS and TRN1 

immunostained sections indicated close anatomical overlaps. Similar to Neumann et al [23], 

we find that the inclusion bodies in all forms of FTLD-FUS consistently immunostain for 

TAF15, and that EWS protein immunostaining not only appears to be much weaker in 

intensity in aFTLD-U, NIFID and BIBD cases, but is also localised to a much lesser 

proportion of the inclusions. However, the commercial EWS antibody employed in the 

present study (Santa Cruz) may not always behave optimally in its immunoreactivity, and 

therefore the results obtained need to be interpreted with caution. Similarly, although we did 

not test the specificity of the commercial TRN1 and TRN2 antibodies from Santa Cruz, 

ourselves, both of these have been employed in siRNA knockdown and other 

immunohistochemical studies [25,26], and their specificity validated. According to 

manufacturer’s datasheets, on western blots, the Santa Cruz TRN1 antibody recognises a 

single band (of the correct molecular mass) at 97kDa, whereas TRN2 antibody recognises a 

single band at around 90kDa. It is curious, therefore, that the NCI immunostained by Abcam 

TRN1 antibody were not immunostained by the Santa Cruz TRN1 antibody, and therefore 

the results obtained with this antibody likewise need to be viewed with caution.

Present data therefore imply that FUS, TRN1, TAF15, and possibly to a lesser extent EWS, 

are all implicated in the pathogenesis of inclusion body formation in FTLD-FUS, and 

indicate that disruption of FUS transport between nucleus and cytoplasm may underpin the 

pathogenesis of FTLD-FUS. This may not be an entirely unexpected conclusion when it is 

considered that all 4 proteins form part of the FET family of proteins whose predicted roles 

include RNA transcription, processing and transport, microRNA processing and DNA repair 

[27,28], and that protein interaction studies have suggested that they can interact with each 

other to form protein complexes [27,29]. All of these proteins are normally located within 

the nucleus, but can continuously shuttle between nucleus and cytoplasm [20,30]. In the 

present study, we observed nuclear staining to be weak or absent in many cases of FTLD-

FUS. While this might on face value be taken as evidence of a cytoplasmic translocation or 

sequestration (in inclusion bearing cells at least) its absence, in non-inclusion bearing cells 

in FTLD-FUS, and in cases of FTLD-tau and FTLD-TDP may be greater testament to poor 

preservation of antigenicity following death or fixation, and not misinterpreted as a specific 

phenomenon in long fixation cases.

It has also been noted that the FUS inclusions associated with cases of ALS due to mutations 

in FUS do not apparently contain either TAF15 or EWS proteins [23]. Whether they contain 

TRN1 or not is presently unknown, though in view of the previously noted observations [23] 

it might be surmised they would not. Finally, mutations in FUS are associated with ALS and 

not with FTLD [31-33]. Hence, there may be further mechanistic heterogeneities within the 

FUSopathies with inherited forms of disease progressing along different pathogenic routes 

to those in sporadic disease.
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It is interesting, as shown here and elsewhere [22,23], that other histological forms of FTLD, 

particular FTLD-TDP, were not associated with TAF15, EWS or transportins including 

TRN1. This implies that the function of TDP-43 may not necessarily parallel, or even be 

complementary to, that of FUS, despite a commonality of many structural elements within 

each protein. It is becoming increasingly clear that carrier proteins such as TDP-43 and FUS 

(and their binding partners) play a critical and primary role in the pathogenesis of disorders 

such as FTLD and Motor Neurone Disease, but they may also contribute secondarily to the 

pathological outcomes in other disorders such as Alzheimer’s disease, where a substantial 

minority of cases also display TDP-43 tissue changes. Future research should be directed 

towards the roles of carrier proteins in normal neurobiology and in neurodegenerative 

disease.
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Figure 1. 
Immunostaining for nuclear transport associated proteins in consecutive sections from 

aFTLD-U case #4. There is strong immunostaining of neuronal cytoplasmic inclusions 

(NCI) and intranuclear inclusions (NII) in dentate gyrus granule cells, in a similar 

distribution, for FUS (a), Abcam TRN1 (b) and TAF15 (c). The Sigma TRN1 antibody 

immunostains cell cytoplasm and nuclear membrane, but not NCI or NII (d). The EWS 

antibody only weakly immunostains a proportion of those NCI and NII immunolabelled by 

FUS, TRN1 and TAF15 (e). The TRN2 antibody immunolabels small amounts of granular 

material in the cytoplasm of both neurones and astrocytes (f).

Immunoperoxidase – haematoxylin, all x40 microscope objective magnification.
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Figure 2. 
Immunostaining for nuclear transport associated proteins in consecutive sections from 

NIFID case #6. There is strong immunostaining of neuronal cytoplasmic inclusions (NCI) 

and intranuclear inclusions (NII) in dentate gyrus granule cells, in a similar distribution, for 

FUS (a), Abcam TRN1 (b) and TAF15 (c). The Sigma TRN1 antibody immunostains cell 

cytoplasm and nuclear membrane, but not NCI or NII (d). In the temporal cortex (and 

dentate gyrus – not shown), the EWS antibody only weakly immunostains a small 

proportion of NCI immunolabelled by FUS, TRN1 and TAF15 (e). The TRN2 antibody 

immunolabels small amounts of granular material in the cytoplasm of both neurones and 

astrocytes (f).

Immunoperoxidase – haematoxylin, all x40 microscope objective magnification.
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Figure 3. 
Immunostaining for nuclear transport associated proteins in consecutive sections from BIBD 

case #8. There is strong immunostaining of neuronal cytoplasmic inclusions (NCI) in 

pyramidal cells of the motor cortex, in a similar distribution, for FUS (a), Abcam TRN1 (b) 

and TAF15 (c). The Sigma TRN1 antibody immunostains cell cytoplasm and nuclear 

membrane, but not NCI (d). The EWS antibody immunostains, less strongly, only a 

proportion of those NCI immunolabelled by FUS, TRN1 and TAF15 antibodies (e). The 

TRN2 antibody immunolabels small amounts of granular material in the cytoplasm of both 

neurones and astrocytes (f).

Immunoperoxidase – haematoxylin, all x40 microscope objective magnification.
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