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Abstract:

Huntington's disease (HD) is an inherited neurodegenerative disease 
caused by a polyglutamine repeat expansion in the huntingtin protein. 
Immunohistochemistry studies using the 1C2 antibody for polyglutamine 
expansion have detected characteristic intranuclear inclusions in affected 
neurons in HD. Further, in vitro and mouse models of HD have shown 
that the intranuclear inclusions recruit several proteins relating to RNA 
splicing and translation. In the present study, we immunohistochemically 
investigated the association of intranuclear inclusions with various 
heterogeneous nuclear ribonucleoproteins in the cerebral cortex of four 
autopsy cases of HD. Fused in sarcoma (FUS) was colocalized with 1C2-
positive nuclear inclusions in all examined cases. Localization of 
poly(rC)-binding protein 1(PCBP1) in 1C2-positive nuclear inclusions was 
also observed. Double immunofluorescence revealed complete or partial 
loss of the normal, diffuse nuclear distribution of FUS or PCBP1 in 
neurons with 1C2-positive nuclear inclusions. This maldistribution of FUS 
in cortical neurons suggests a severe disturbance of mRNA processing, 
which may be a common pathogenetic mechanism of FUS-related 
familial amyotrophic lateral sclerosis.
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ABSTRACT

Huntington's disease (HD) is an inherited neurodegenerative disease caused by a 

polyglutamine repeat expansion in the huntingtin protein. Immunohistochemistry 

studies using the 1C2 antibody for polyglutamine expansion have detected characteristic 

intranuclear inclusions (INIs) in affected neurons in HD. Further, in vitro and mouse 

models of HD have shown that the INIs recruit several proteins relating to RNA 

splicing and translation. In the present study, we immunohistochemically investigated 

the association of INIs with various heterogeneous nuclear ribonucleoproteins in the 

cerebral cortex of four autopsy cases of HD. Fused in sarcoma (FUS) was colocalized 

with 1C2-positive nuclear inclusions in all examined cases. Localization of poly(rC)-

binding protein 1(PCBP1) in 1C2-positive nuclear inclusions was also observed. Double 

immunofluorescence revealed complete or partial loss of the normal, diffuse nuclear 

distribution of FUS or PCBP1 in neurons with 1C2-positive nuclear inclusions. This 

maldistribution of FUS in cortical neurons suggests a severe disturbance of mRNA 

processing, which may be a common pathogenetic mechanism of FUS-related familial 

amyotrophic lateral sclerosis.

Keywords: Huntington's disease, polyglutamine, ribonucleoprotein, FUS, PCBP1
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INTRODUCTION

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease 

characterized by clinical symptoms including chorea, cognitive impairment, and 

psychiatric manifestation. HD is caused by dominant CAG trinucleotide (polyQ) 

expansion mutations in the gene encoding huntingtin 1.The macroscopic pathological 

features of HD include severe atrophy of the caudate nucleus and putamen. Under 

microscopic examination, HD is characterized by intranuclear inclusions (INI) 

immunopositive for huntingtin and expanded polyglutamine2 3. 

Toxicity of the mutant protein and impairment of RNA metabolism are thought to 

be associated with the pathophysiology of triplet-repeat diseases, including HD4. 

Impairment of RNA metabolism is observed in several neurodegenerative diseases, 

especially amyotrophic lateral sclerosis (ALS)4 5. Further, there are HD cases that 

overlap pathologically with sporadic ALS, with neuronal inclusions immunoreactive for 

trans-activation response DNA-binding protein of 43 kDa (TARDBP or TDP43), a 

member of the heterogeneous nuclear ribonucleoproteins (hnRNP) family6. TARDBP 

was also frequently colocalized with huntingtin in dystrophic neurites and various 

intracellular inclusions in HD cases7. Additionally, a study using in vitro and mouse 

models of HD showed that the INI recruits several hnRNPs8. Thus, impairment of 

hnRNPs, which causes disordered RNA metabolism, is likely involved in the 

pathogenesis of HD. However, the relationship between huntingtin INIs and various 

hnRNPs in human HD cases remains unknown. Thus, in the present study we examined 

the immunohistochemical association of neuronal INIs and several hnRNPs in cortical 

neurons of HD cases.
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MATERIALS AND METHODS

Case material

We examined four autopsied cases clinicopathologically diagnosed with HD and one 

autopsied case of Machado-Joseph disease (MJD) from National Omuta Hospital, 

Fukuoka, Japan. Patients’ characteristics are shown in Table 1. In case 1 and case 2, 

genetic tests revealed pathogenetic CAG repeat expansion. Control cases were 

autopsied in Kyushu University Hospital, Fukuoka, Japan. Characteristics of control 

cases are shown in Table 2. All patients died between 1977 and 2017, and general 

autopsies were performed. Written informed consent for autopsy including use of tissue 

for research purposes was obtained. All analyses were performed in accordance with the 

Declaration of Helsinki. 

Neuropathological examination

The brains and spinal cords were fixed in 10% buffered formalin and processed into 

paraffin sections. Specimens of HD included the precentral gyrus, middle frontal gyrus, 

superior and middle temporal gyri, inferior parietal lobule, basal ganglia, thalamus, and 

spinal cord. We also examined pons of the MJD case. Multiple 6 μm-thick sections 

were stained by hematoxylin and eosin and KlüverBarrera staining.

Immunohistochemistry

Immunohistochemistry was performed using primary antibodies against polyQ-

expansion (1C2; monoclonal, mouse, 1:10,000; Millipore, Burlington, MA, USA), 

huntingtin (monoclonal, rabbit, 1:500; Abcam, Cambridge, UK), TARDBP (polyclonal, 

rabbit, 1:2000; Protein Tech Group Inc., Chicago, IL, USA), phosphorylated TARDBP 
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(p-TDP43; polyclonal, rabbit, 1:5000; Cosmo Bio, Tokyo, Japan), hnRNPA1 

(monoclonal, rabbit, 1:200; Abcam), hnRNPA2B1 (monoclonal, mouse, 1:500; 

Abcam), hnRNPD (polyclonal, rabbit, 1:500; Atlas Antibodies, Stockholm, Sweden), 

PCBP1 (polyclonal, rabbit, 1:100; ab74794 Abcam)(Fig. 1), FUS (polyclonal, rabbit, 

1:200; NB100-2599 Novus Biologicals, LLC, CO, USA) 9, 10, and sequestosome 1 (p62; 

polyclonal, rabbit, 1:500; MBL, Nagoya, Japan). Sections were deparaffinized in xylene 

and rehydrated in an ethanol gradient. Tissues were pretreated for antigen retrieval by 

autoclaving in 0.01 M citrate buffer (pH 6.0) at 121°C for 10 min. Sections were then 

incubated with primary antibodies overnight at 4°C. After rinsing, immunoreaction 

products were detected using the polymer immunocomplex method (Envision system; 

DakoCytomation, Glostrup, Denmark). Immunoreactivity was visualized using 3, 3′-

diaminobenzidine (Dojindo, Kumamoto, Japan), and specimens were lightly 

counterstained with hematoxylin.

Immunofluorescence

We performed double immunofluorescence with the following combinations of 

antibodies: anti-polyQ-expansion antibody with anti-huntingtin antibody, anti-

hnRNPA1 antibody, anti-hnRNPD antibody, anti-PCBP1 antibody, anti-FUS antibody, 

or anti-p62 antibody. Alexa 488-labeled anti-mouse IgG (Invitrogen, Carlsbad, CA, 

USA) and Alexa 546-labeled anti-rabbit IgG (Invitrogen) were used as secondary 

antibodies (1:50 dilution). Sections were deparaffinized and rehydrated, and then 

autoclaved to unmask the epitope as described above. Sections were then incubated with 

the primary antibodies overnight at 4°C, rinsed, incubated with appropriate 

combinations of secondary antibodies for 1 h at room temperature, and then 
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counterstained with 4′,6-diamidino-2-phenylindole (Invitrogen). Specimens were 

observed using a ZEISS LSM 700 Laser Scanning Microscope (ZEISS, Oberkochen, 

Germany).

Antibody conjugation kits (ReadiLink; Bio-Rad) were used for double 

immunofluorescence labeling of polyQ and hnRNPA2B1. According to the 

manufacturer instructions, the monoclonal mouse anti-polyQ antibody was conjugated 

with iFlur555, and the monoclonal mouse anti-hnRNPA2B1 antibody was conjugated 

with iFlur492. Sections were incubated with the conjugated antibodies and then 

processed as described above.

RESULTS

All four cases showed polyQ-expansion (1C2)-positive INIs in numerous cortical 

neurons (Fig. 2A). INIs were also immunopositive for huntingtin (Fig. 2B), p62 (Fig. 

2C) and FUS (Fig. 3B), occasionally positive for PCBP1(Fig.4B). In the cortical 

neurons of the normal control, immunohistochemistry for TDP43, hnRNP A2B1, 

hnRNP D (Fig.4) and FUS (Fig. 3A) revealed intense, nuclear immunoreactivity. 

Immunohistochemistry for PCBP1 (Fig. 4A) shows immunoreactivity of both the nuclei 

and cytoplasm.

 Double immunostaining for polyQ-expansion (1C2) and huntingtin showed their 

colocalization in INIs of cortical neurons (Fig.2D-I). Almost all the 1C2-positive 

intranuclear inclusions colocalized with huntingtin and p62. In double 

immunofluorescence for polyQ-expansion (1C2) and FUS, cortical neurons without 

polyQ-expansion (1C2)-positive INIs retained nuclear FUS immunoreactivity. In all 

examined cases including the MJD case, double immunofluorescence for polyQ-
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expansion (1C2) and FUS revealed colocalization in the INIs (Fig. 3CH, Fig. 6AC), 

while diffuse nuclear distribution of FUS disappeared. Some neurons with nuclear 

inclusions double-positive for 1C2 and FUS showed a preserved diffuse nuclear 

distribution of FUS (Fig. 3CE), while other neurons were immunopositive for FUS 

restricted to the polyQ-expansion (1C2)-positive INI (Fig. 3FH). In Case 1, 

colocalization of FUS was observed in 51% (51/100) of cortical neurons with polyQ-

expansion (1C2)-positive INIs. Immunopositive staining for FUS restricted to the 

polyQ-expansion (1C2)-positive INIs was observed in 33% (33/100) of neurons. 

Eighteen percent (18/100) of neurons with nuclear inclusions double-positive for 

polyQ-expansion (1C2) and FUS showed a preserved diffuse nuclear distribution of 

FUS.

Colocalization of polyQ-expansion (1C2) and PCBP1 was observed in three HD 

cases and one MJD case (Fig. 4CE, Fig. 6DF, Table 3). However, the frequency of 

colocalization was very low (4%: 2/50) compared with that of 1C2 and FUS 

colocalization in case1. Cortical neurons without polyQ-expansion (1C2)-positive INIs 

retained diffuse nuclear immunoreactivity for PCBP1. When PCBP1 was colocalized 

with the INIs, the normal diffuse nuclear distribution of PCBP1 was always missing 

(Fig. 4CE, Fig. 6DF). Colocalization of 1C2 with hnRNPA1, hnRNPA2B1, 

hnRNPD, TARDBP and p-TDP43 was not observed (Fig. 6G-O, Fig. 7, Table 3). The 

normal nuclear localization of these proteins was preserved even in neurons with 1C2-

positive nuclear inclusions. For TARDBP immunostaining, a skein-like inclusion was 

only observed in one case (case 1), and neurons with a skein-like inclusion lost nuclear 

TARDBP staining (data not shown). 
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DISCUSSION

The main findings of the present study were that FUS and PCBP1 were colocalized with 

huntingtin INIs, and that their normal nuclear distribution was frequently altered, in all 

HD cases. Abnormal deposition of TARDBP was observed only in one case, and there 

was no colocalization of the inclusions with other hnRNPs. Thus, FUS and PCBP1 are 

more closely associated with the pathogenesis of HD than for other hnRNPs, including 

TDP43. 

Both hnRNPs (FUS, PCBP1, etc.) and TDP43 have RNA binding domain, and they 

play multiple roles especially in regulating gene expression including alternative 

splicing11, 12. TDP43 and other hnRNPs are also known to be associated with several 

neurodegenerative pathologies. Neumann et al. reported the absence of nuclear hnRNPs 

in neurons with TDP43-positive inclusions in affected brain regions in FTLD cases with 

TDP43 proteinopathy13. Nuclear hnRNPA1 immunoreactivity was lost in the nucleus of 

ALS motor neurons14. Recent studies demonstrate that some hnRNPs expression level 

modulates TDP43 function in human neuronal cells15, 16. Thus, several hnRNP family 

interact with TDP43 and play an important role in neurodegenerative diseases including 

HD.

In all examined cases, FUS was frequently colocalized with the INIs in neurons. 

FUS is a ribonucleotide protein associated with transcription, processing, and regulation 

of translation. FUS is also involved in a diverse range of diseases including familial 

ALS and frontotemporal lobar degeneration17, 18. In addition, some studies revealed that 

FUS binds to INIs in the human brains from patients with polyglutamine diseases 19, 20. 

For example, FUS was shown to be a major components of nuclear polyQ aggregate-

interacting proteins in an in vitro HD model, and interacted with neuronal INIs in HD 
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model mice8, 19, 21. Further, recent studies demonstrated that huntingtin forms a complex 

with several RNA binding proteins and translation factors in the process of 

aggregation,8 and forms a complex with its own mRNA22. Kino et al. also demonstrated 

that HD model mice with heterozygous FUS deletion have a shortened life span 

compared with HD model mice without the deletion21. In that study, degradation of FUS 

worsened the phenotypes of HD. Further, the authors suggested that the exploitation of 

FUS by the huntingtin INI causes functional impairment of FUS. Thus, an altered 

distribution of FUS is likely associated with progression of neurodegeneration in HD. 

FUS has also been reported to form fibrils by the self-assembly and phase separation of 

its low-complexity domains23. Thus, we suggest that FUS itself is important for the 

formation and growth of INIs. By contrast, huntingtin inclusions were reported to 

prevent neuronal apoptosis, but induce slow cell death by necrosis8. Further, 

Tauffenberger et al. revealed that FUS reduced polyglutamine toxicity in HD models24. 

Thus, the potential roles of FUS in HD pathology remains to be clarified. 

In the present study, we also found colocalization of PCBP1 with the INI in three 

cases. Normal nuclear staining of PCBP1 was reduced in neurons with INIs. PCBP1 

(also termed hnRNPE1) participates in mRNA binding and stabilization, translational 

activation or silencing25, and iron chaperone function26. There are limited reports of a 

role of PCBP1 in neurodegenerative diseases. For example, PCBP1 was reported to 

interact with the HSPB1-P182L mutant, as well as other genes causing hereditary 

neurological disorders27. However, to our knowledge there are no reports suggesting a 

role of PCBP1 in HD. Nevertheless, PCBP1, an iron chaperon for ferritin, may be 

involved in ferroptosis in HD. Ferroptosis is a new form of cell death caused by 

intracellular iron and reactive oxygen species (ROS) accumulation28 29, and ferroptosis 
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is associated with HD pathophysiology.30 Further, in the present study, we observed 

colocalization of PCBP1 with INIs in HD patients. Although this may relate to 

secondary aggregation, the normal distribution of PCBP1 in the nucleus was also 

disturbed, suggesting that PCBP1 is involved in HD pathogenesis. Other hnRNPs 

including hnRNPA1, hnRNPA2, hnRNPD, and TARDBP showed no colocalization 

with the INIs and no alterations in their localization, further suggesting specific roles of 

FUS and PCBP1 in HD pathogenesis. 

We have extended our observation to the other polyglutamine disease: MJD. MJD 

is caused by a heterozygous (CAG)n trinucleotide repeat expansion encoding glutamine 

repeats in the ataxin-3 gene. Normal individuals have up to 44 glutamine repeats, and 

MJD patients have between 52 and 86 glutamine repeats31. As the result, INIs of MJD 

also showed similar immunostaining profiles as to FUS and PCBP1. We considered that 

the common findings are important in expanded CAG repeat diseases.

HD is caused by expansions of CAG repeats encoding polyglutamine, and is one 

of the triplet repeat diseases. In myotonic dystrophy caused by CUG-repeat expansions, 

accumulation of the RNA-binding protein muscleblind-like 1 (MBNL1) in INIs 

containing mutant repeat RNA leads to loss of MBNL1 function32. Thus, functional 

impairment of MBNL1 causes several disorders in MD patients32. As such, the 

abnormal distribution and loss of RNA binding proteins is thought to cause their 

dysfunction. Based on our findings, we propose that the aggregation and maldistribution 

of hnRNPs, especially FUS, may be an important factor for neuronal degeneration in 

HD. Our data support the involvement of abnormal RNA metabolism in the 

pathogenesis of HD. Further functional studies are required to elucidate the specific role 

of hnRNPs in HD pathogenesis.

Page 11 of 29

http://www.blackwellpublishing.com/neu

Neuropathology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review

ACKNOWLEDGEMENTS

The authors thank Ms. Sachiko Koyama and Ms. Hideko Noguchi for their technical 

assistance (Department of Neuropathology, Kyushu University), The Research Support 

Center, Research Center for Human Disease Modeling, Kyushu University Graduate 

School of Medical Sciences, for research assistance, and Edanz Group 

(www.edanzediting.com/ac) for editing a draft of this manuscript.

DISCLOSURE

Funding for this study was provided by a Grant-in-Aid for Scientific Research 

(17K07097 and 26290017) from the Japan Society for the Promotion of Science (JSPS). 

The authors have no conflicts of interest to declare. 

Page 12 of 29

http://www.blackwellpublishing.com/neu

Neuropathology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review

Tables

Table 1　Demographic characteristics of human cases of the diseases

Case　number 1 (HD) 2 (HD) 3 (HD) 4 (HD) 5 (MJD)

Sex M M F F M

Age at death, years 60 73 65 52 66

Disease duration, years 21 11 26 17 25

Family history ＋ ＋ ＋ ＋ ＋

Expanded CAG repeat ＋ ＋
not 

examined

not

examined
＋

F, female; HD, Huntington’s disease; M, male; MJD, Machado-Joseph disease

Table 2　 Demographic characteristics of human control cases 

Case　number 1 2 3 

Sex F M F

Age at death, years 76 66 67

Neuropathological 
findings

(No significant
finding)

Old lacunar
infarction

(No significant
finding)

F, female; M, male
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Table 3  Heterogeneous nuclear ribonucleoproteins (hnRNPs) colocalized with 1C2-

positive nuclear inclusions

Case　

number

1 (HD) 2 (HD) 3 (HD) 4 (HD) 5 (MJD)

FUS ＋ ＋ ＋ ＋ ＋

PCBP1 ＋ ＋ ＋ － ＋

hnRNP A1 － － － － －

hnRNP A2B1 － － － － －

hnRNP D － － － － －

TDP43 － － － － －

FUS, Fused in sarcoma; HD, Huntington’s disease; MJD, Machado-Joseph disease; 

PCBP1, poly(rC)-binding protein 1; TARDBP, trans-activation response DNA-binding 

protein of 43.
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Figure legends

Fig. 1 Western blotting with the anti-PCBP1 polyclonal antibodies (ab74794 (Abcam)) 

to confirm the specificity. For this purpose, we prepare cell extracts from HeLa S3, 

PCBP1 and PCBP2 knock out cell lines 33 using SDS sample buffer (60 mM Tris·HCl 

[pH 6.8], 2% SDS and 10% glycerol). Recombinant His-PCBP1 protein is expressed in 

E. coli and purified using His affinity column. The cell extracts (containing 7.5 µg 

protein each) and purified proteins (containing 3.75 ng protein each) are applied to 

SDS-PAGE and examine for specificity by Western blotting using the PCBP1 antibody.

Fig. 2 Anti-polyQ-expansion(1C2) antibody-labelled (A), anti-huntingtin antibody-

labelled (B), and anti-p62 antibody-labelled (C) neuronal intranuclear inclusions(INI) in 

the frontal cortex of HD patients. Double immunofluorescence for polyQ-expansion and 

huntingtin showing colocalization of 1C2-positive nuclear inclusions and p62 (D-F). 

Double immunofluorescence for polyQ-expansion and huntingtin showing 

colocalization of 1C2-positive nuclear inclusions and huntingtin (G-I). Scale bars = 20 

μm.

Fig. 3 Expression of FUS in cortex neuron of the control case (A). FUS antibody-

labelled (B) neuronal INIs(the arrow pointed) and loss of nuclear staining outside the 

INI in the frontal cortex of HD patients. 
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The distribution of FUS is restricted to the 1C2-positive nuclear inclusions, and its 

normal nuclear distribution is lost (C-E). In other neurons, the nuclear distribution of 

FUS is only partly lost (F-H). Scale bars = 20 μm.

Fig. 4 Expression of poly(rC)-binding protein 1(PCBP1) in cortex neuron of the control 

case (A). PCBP1 antibody labelled neuronal INIs (arrow) and loss of nuclear staining 

outside the INI in the frontal cortex of HD patients(B).

Double immunofluorescence for polyQ-expansion and PCBP1 in cortical neurons of 

HD cases. Double immunofluorescence microscopy showing colocalization of 1C2-

positive nuclear inclusions and PCBP1 (C-E). Scale bars = 20 μm.

Fig. 5 Immunohistochemistry for hnRNP A1(A), hnRNPA2(B), hnRNP D(C) and 

TDP43(D) in cortex neuron of the control cases. Scale bar = 20 μm.

Fig. 6 Double immunofluorescence for polyQ-expansions, FUS, PCBP1, hnRNP A1, 

hnRNPD and TDP43 in pontine neurons of the MJD case. 

FUS and PCBP1 are colocalized with 1C2-positive INIs (A-F). hnRNPA1, hnRNPD 

and TDP43 are not colocalized with 1C2 (G-O). 

Scale bar = 20 μm.

Fig. 7 Double immunofluorescence for polyQ-expansions, heterogeneous nuclear

ribonucleoprotein A1 (hnRNPA1), hnRNPA2, hnRNPD, trans-activation response 

DNA-binding protein of 43 (TDP43) and phosphorylated TDP43 in cortical neurons of 

HD cases. hnRNPA1, hnRNPA2, hnRNPD, TDP43 and p-TDP43 were not colocalized 
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with 1C2 and they showed normal distribution in neurons with 1C2-positive nuclear 

inclusions (A-O). Scale bar = 20 μm.
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