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Abstract

Frontotemporal lobar degeneration (FTLD) is pathologically subdivided based on the presence of particular
pathological proteins that are identified in inclusion bodies observed post-mortem. The FTLD-FUS subgroup is defined
by the presence of the fused in sarcoma protein (FUS) in pathological inclusions. FUS is a heterogeneous nuclear
ribonucleoprotein (hnRNP) protein and a member of the FET (FUS, EWS, TAF15) protein family. It shuttles between the
nucleus and cytoplasm, and has been implicated in many cellular functions including translation, splicing, and RNA
transport. EWS, TAF15 and the nuclear import receptor transportin have been shown to co-accumulate with FUS in
neuronal inclusions specifically in FTLD-FUS, with transportin-positive inclusions most frequently observed. Here, we
report the identification of hnRNP R and hnRNP Q in neuronal cytoplasmic and intranuclear inclusions in the frontal
cortex and hippocampus of FTLD-FUS patients, as frequently as transportin. hnRNP R and hnRNP Q were not found in
the characteristic pathological inclusions observed in FTLD-TDP (subtypes A-C). Additionally, we studied the expression
of hnRNP R in the frontal and temporal cortices from patients with FTLD and found significantly increased expression
of the heterogeneous nuclear ribonucleoprotein R in several FTLD disease groups. Our identification of the frequent
presence of hnRNP R and hnRNP Q in FTLD-FUS inclusions suggests a potential role for these hnRNPs in FTLD-FUS
pathogenesis and supports the role of dysfunctional RNA metabolism in FTLD.
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Introduction
Frontotemporal lobar degeneration (FTLD) is a broad
term used to describe the major pathology underlying a
clinically heterogeneous group of neurodegenerative dis-
eases characterised by progressive changes in executive
function, behaviour and/or language. Macroscopically,
FTLD is typically identified by significant atrophy of the
frontal and temporal cortices of the brain, while micro-
scopically, the disease is characterised by the presence of
abnormal intracellular protein aggregates. FTLD can be
pathologically sub-divided into three major groups based

on the main protein species identified in pathological in-
clusions; tau (FTLD-Tau), the TAR DNA-binding protein
43 (TDP-43) (FTLD-TDP) or the fused in sarcoma
(FUS) protein (FTLD-FUS) [28, 35, 36]. Each group can
be further sub-categorised based on the types of inclu-
sions present. The FTLD-FUS group encompasses three
pathological diagnoses; neurofilament inclusion body
disease (NIFID), basophilic inclusion body disease
(BIBD) and atypical frontotemporal lobar degeneration
with ubiquitinated inclusions (aFTLD-U), collectively ac-
counting for approximately 5–10% of all FTLD cases
[27, 33, 39, 41, 42, 55]. A commonality among all three
is the presence of pathological inclusions containing the
FUS protein.

* Correspondence: t.lashley@ucl.ac.uk
1Department of Neurodegenerative Disease, UCL Queen Square Institute of
Neurology, University College London, London, UK
2Queen Square Brain Bank for Neurological Disorders, Department of Clinical
and Movement Neurosciences, UCL Queen Square Institute of Neurology,
University College London, 1 Wakefield Street, London WC1N 1PJ, UK
Full list of author information is available at the end of the article

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Gittings et al. Acta Neuropathologica Communications            (2019) 7:18 
https://doi.org/10.1186/s40478-019-0673-y

http://crossmark.crossref.org/dialog/?doi=10.1186/s40478-019-0673-y&domain=pdf
http://orcid.org/0000-0001-7389-0348
mailto:t.lashley@ucl.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


FUS is a multi-functional 53 kDa DNA/RNA-binding
protein, belonging to the FET protein family. These are
highly conserved, nuclear proteins that are ubiquitously
expressed and are involved in various aspects of DNA and
RNA metabolism, including RNA processing, transcrip-
tion, splicing, transport and DNA repair [2, 26, 29, 54].
FET proteins are able to shuttle continuously between the
nucleus and cytoplasm via the interaction between their
non-classical nuclear localisation signal, PY-NLS, and the
nuclear import protein, transportin 1 (TRN1) [24, 58, 59],
which has been shown to label all FUS positive inclusions
[6]. In addition to FUS, the two other members of the
FET protein family, Ewing’s sarcoma (EWS) and
TATA-binding protein-associated factor 15 (TAF15), have
also been found to label a proportion of pathological in-
clusions in FTLD-FUS [40]. This observation has led to
the hypothesis that disruption of the nuclear import of
FET proteins by TRN1 may be contributing to pathogen-
esis in FTLD-FUS [43].
However, it is not only FET proteins that have been

identified as components of pathological inclusions in
FTLD-FUS cases. Our group previously reported several
other RNA binding proteins are present to varying de-
grees within these inclusions following pathological and
biochemical analysis of the heterogeneous nuclear ribo-
nucleoprotein (hnRNP) family of proteins in FTLD-FUS
cases [17]. Prompted by the fact that, in addition to be-
ing a FET protein, FUS can also be classified as an
hnRNP (hnRNP P2) [7], a screen of 11 hnRNPs indi-
cated the infrequent presence of hnRNP D, G, I and L
and the more frequent presence of the TRN1 cargo,
hnRNP A1, in FUS-positive neuronal cytoplasmic and
intranuclear inclusions [17].
hnRNPs are a large family of proteins, which can shut-

tle between the nucleus and cytoplasm to carry out a
variety of functions linked to nucleic acid metabolism,
including nuclear (transcription, splicing, 5′ capping and
polyadenylation) and cytoplasmic (mRNA transport, sta-
bility, translation and degradation) functions [15, 20].
The different hnRNPs frequently have overlapping func-
tions and often perform their functions as part of a lar-
ger co-operative protein complex, however they also
have individual specialised roles that are dependent on
specific RNA-protein or protein-protein interactions
[15, 20]. Given that hnRNPs perform a diverse range of
functions linked to RNA metabolism, the presence of
various hnRNPs in FUS inclusions implies that the
pathogenesis of FTLD-FUS extends beyond FET pro-
teins, TRN1 cargoes and dysfunctional nuclear import,
and implicates a wider dysregulation of RNA binding
protein metabolism. Here we provide further evidence to
support this hypothesis by reporting the presence of two
additional hnRNP proteins – hnRNP R and hnRNP
Q - in pathological inclusions specifically in FTLD-FUS.

We used immunohistochemical, biochemical and ex-
pression analysis to investigate a role for hnRNP R in
FTLD. Due to the sequence homology between hnRNP
R and hnRNP Q we investigated the presence of both
proteins in the pathological inclusions of FTLD-FUS and
undertook a semi-quantitative assessment of patho-
logical inclusions containing both hnRNP R and hnRNP
Q compared to inclusions containing FUS and/or TRN1.
We found hnRNP R and hnRNP Q to be present in es-
sentially all FUS inclusions, indicating a potential role in
FTLD-FUS pathogenesis.

Materials and methods
Cases
Brains were donated to the Queen Square Brain Bank
for Neurological Disorders (UCL Queen Square Institute
of Neurology) and the Medical Research Council
London Brain Bank for Neurodegenerative Diseases
(Institute of Psychiatry, King’s College, London). The
demographic and clinical data of all cases used in this
study are listed in Table 1. FTLD-FUS cases used in this
study had previously been pathologically diagnosed as
NIFID (n = 6, cases 1–6) or aFTLD-U (n = 7, cases 7–13)
and have been previously reported [27]. FTLD-TDP
cases used included FTLD-TDP A (n = 19), FTLD-TDP
B (n = 3), FTLD-TDP C (n = 7) and neurologically nor-
mal controls (n = 6). Ethical approval for the study was
obtained from the Local Research Ethics Committee of
the National Hospital for Neurology and Neurosurgery.

mRNA expression analysis
Total RNA was extracted from the frontal and
temporal cortices of FTLD-FUS (n = 5), FTLD-TDP A
(n = 19), FTLD-TDP B (n = 3), FTLD-TDP C (n = 7)
and normal controls (n = 6) using the Qiagen RNeasy
kit. 100 ng of total RNA from each sample was ana-
lysed using the NanoString nCounter analysis system
(Nanostring Technologies, Seattle, WA) using a pre-
designed codeset, which has been previously reported
[17]. The codeset contained probes for detection of
the gene of interest; HNRNPR. Probes were designed
according to the manufacturer’s design principles [18].
The laboratory running the assay was blinded to case
diagnoses, and samples of cases or controls were ran-
domly assigned to plates to avoid run-order bias. Raw
counts were subjected to a technical normalization
and normalized to the geometric mean using nSolver
Analysis Software v2.0 (NanoString). Biological
normalization was performed using reference genes
(CLTC, GAPDH, GUSB, HPRT1, PGK1, and TUBB)
included in the codeset. Statistical analysis of was
performed using GraphPad Prism 5 software.
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Table 1 Case demographics of cases used in the study

Cases Disease group Age at onset Age at death Disease duration Gender Post-mortem
delay (hours)

1 FTLD-FUS 41 43 2 F 55

2 FTLD-FUS 44 46 2 M 96

3 FTLD-FUS 63 59 6 F 2

4 FTLD-FUS 43 46 3 F 30

5 FTLD-FUS 69 72 3 F 90

6 FTLD-FUS 66 69 3 F 102

7 FTLD-FUS 49 55 6 F 3.5

8 FTLD-FUS 43 53 10 F 96

9 FTLD-FUS 55 58 3 F N/A

10 FTLD-FUS 40 51 11 M 12

11 FTLD-FUS 44 51 7 M 24

12 FTLD-FUS 47 53 6 M 5

13 FTLD-FUS 51 60 9 M 48

FTLD-FUS summary 50 (9.5) 55 (8.5) 5.5 (3) 5 M:8F 47 (40)

14 FTLD-TDP A 66 74 8 F 86

15 FTLD-TDP A 43 45 2 M 26

16 FTLD-TDP A 53 63 10 M 77

17 FTLD-TDP A 62 68 6 M 99

18 FTLD-TDP A 58 67 9 F 115

19 FTLD-TDP A 56 67 11 F 85.5

20 FTLD-TDP A 57 62 5 F 63

21 FTLD-TDP A 66 71 5 M 52

22 FTLD-TDP A 58 66 8 F 107

23 FTLD-TDP A 47 53 6 M 34

24 FTLD-TDP A 53 61 8 M 72.5

25 FTLD-TDP A 57 62 5 M 93

26 FTLD-TDP A 62 72 10 M 97.5

27 FTLD-TDP A 49 55 6 M 29

28 FTLD-TDP A 75 78 3 F 36

29 FTLD-TDP A 83 87 4 F 69

30 FTLD-TDP A 57 63 6 F 85

31 FTLD-TDP A 72 79 7 F 50

32 FTLD-TDP A 62 68 6 F 100

FTLD-TDP A summary 59 (10) 66 (10) 6.6 (2.4) 9 M:10F 71 (28)

33 FTLD-TDP B 67 69 2 M 70

34 FTLD-TDP B 63 67 4 F 45.5

35 FTLD-TDP B 63 83 20 F 45

FTLD-TDP B summary 64.3 (2.3) 73 (8.7) 8.6 (9.8) 1 M:2F 53.5 (14)

36 FTLD-TDP C 58 73 15 F 38

37 FTLD-TDP C 59 73 14 F 84

38 FTLD-TDP C 64 78 14 M 27

39 FTLD-TDP C 64 74 10 M 19

40 FTLD-TDP C 50 65 15 M 52

41 FTLD-TDP C 61 66 5 M 71

42 FTLD-TDP C 44 67 23 M 76
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Immunohistochemistry
Seven-micron-thick paraffin-embedded frontal cortex
and hippocampal sections were cut from the cases listed
in Table 1. Sections were deparaffinised in xylene and
rehydrated using graded alcohols. Endogenous peroxid-
ase activity was blocked with 0.3% H202 in methanol
followed by pressure cooker pre-treatment in 0.1 M cit-
rate buffer, pH 6.0. Non-specific binding was blocked
with 10% dried milk solution. Tissue sections were incu-
bated in the relevant primary antibody for 1 h at room
temperature, or overnight at 4 °C. The following primary
antibodies were used: FUS (Novus, aa1–50, 1:200),
TRN1 (Abcam, ab1303, 1:500), hnRNP R (Abcam,
ab30930 1:200), hnRNP Q (Thermo PA5–15009). Tissue
sections were incubated with the relevant biotinylated
secondary antibody (DAKO, swine anti-rabbit, 1:200, or
goat anti-mouse, 1:200) at room temperature for 30 min,
prior to incubation with avidin-biotin complex (ABC;
DAKO) for 30 min. Antibody binding was visualised by
3,3 di-aminobenzidine, activated by H2O2, and cell nu-
clei were counterstained with Mayers haemotoxylin.

Double-label immunofluorescence
Seven-micron-thick paraffin-embedded frontal cortex and
hippocampal sections were sequentially co-stained using
rabbit anti-FUS (Novus Biologicals NB100–565, 1:200)
and goat anti-hnRNP R (Santa Cruz sc-16,541, 1:200) pri-
mary antibodies. After appropriate pre-treatment, tissue
sections were incubated with the FUS primary antibody
overnight at 4 °C, followed by incubation with a swine
anti-rabbit secondary (Dako,1:200) for 1 h at room
temperature, prior to a 30min incubation with ABC. FUS
binding was visualized using TSA fluorescein amplifica-
tion kit (Perkin-Elmer). Tissue sections were then incu-
bated with goat anti-hnRNP R primary antibody overnight
at 4 °C, followed by incubation with a mouse anti-goat
secondary antibody for 1 h at room temperature, prior to
a 30min incubation with ABC. Binding of the second
antibody was visualized using TSA Cyanine 3 amplifica-
tion kit (Perkin-Elmer). Cross reactivity of antibodies was
controlled for by omitting the primary antibodies from

sections that were subsequently incubated with secondary
antibodies and TSA. Tissue sections were washed and
mounted using Vectashield anti-fade mounting medium
containing DAPI (Vector Laboratories) for nuclear coun-
terstaining. Fluorescent images were captured using a
Leica DM5500B fluorescence microscope followed by
blind 3D deconvolution.

Inclusion quantification
FUS, TRN1, hnRNP R and hnRNP Q stained slides were
scanned using a Leica Slide Scanner SCN400. Regions of
interest were digitally marked and ten random fields of
view representing a total area of 500 μm2 were generated
for each case in the frontal cortex and the granule cell
layer of the dentate gyrus using ImageJ and a Python
script. The number of FUS, TRN1, hnRNP R and hnRNP
Q positive inclusions in each field of view were manually
quantified. Statistical differences between groups was
performed using the Kruskal-Wallis one-way analysis of
variance on GraphPad Prism 5 software.

Biochemical fractionation and immunoblot analysis
Proteins were sequentially extracted using ultracentrifu-
gation in buffers of increasing stringency, adapted from
a protocol previously described [27]. To prevent carry
over, each extraction step was performed twice. Only su-
pernatants from the first extraction steps were analysed
while supernatants from the wash steps were discarded.
Tissue samples from frontal cortex (grey matter) were
homogenized at a ratio of 1:2 (weight/volume) in
high-salt 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 ho-
mogenates were initially centrifuged at 1000 g to remove
nuclear and membrane debris. The resulting supernatant
was subjected to ultracentrifugation at 120000 g for 30
min at 4 °C. The supernatant was retained and termed
the high-salt fraction. The pellet was resuspended in
radioimmunoprecipitation (RIPA) buffer (50 mM Tris–
HCl, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate) con-
taining 2% sodium dodecyl sulphate (SDS) and protease

Table 1 Case demographics of cases used in the study (Continued)

Cases Disease group Age at onset Age at death Disease duration Gender Post-mortem
delay (hours)

FTLD-TDP C summary 57.1 (7.5) 70.8 (4.9) 13.7 (5.5) 5 M:2F 52 (25)

43 Control 80 N/A N/A M 16

44 Control 79 N/A N/A F 89

45 Control 80 N/A N/A F 49

46 Control 93 N/A N/A F 30

47 Control 73 N/A N/A F 24

48 Control 83 N/A N/A F 20

Control summary 81.3 (6.6) N/A N/A 1 M:5F 14 (3.5)
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and phosphatase inhibitors. This was then subjected to
ultracentrifugation at 120000 g for 30 min at 15 °C, with
the resulting supernatant termed the RIPA-SDS fraction.
The final pellet was resuspended in 8M urea containing
8% SDS to become the urea-soluble fraction.
Protein concentrations from each fraction were de-

termined by the bicinchoninic acid protein assay
(Pierce) and 20, 20 and 5 μg of protein from the
high-salt fraction, RIPA-SDS fraction and urea frac-
tions, respectively, from each case were loaded onto
4–12% Bis–Tris polyacrylamide gels (Invitrogen) and
run at 200 V with MES [2-(N-morpholino) ethanesul-
phonic acid] buffer (Invitrogen) under reducing condi-
tions. Following electrophoresis, the proteins were
transferred onto Hybond P membrane (GE Health-
care), blocked with 5% non-fat dried milk in
phosphate-buffered saline containing 0.1% Tween and
probed overnight with primary antibody diluted in
2.5% bovine serum albumin (Sigma) in phosphate-
buffered saline containing 0.1% Tween. Following
washes in phosphate-buffered saline-Tween, blots
were developed using horseradish peroxidase conju-
gated anti-rabbit or anti-mouse IgG secondary anti-
bodies (DAKO) and visualized by an enhanced
chemiluminescence reaction (Millipore) and the
Li-Cor Odyssey imaging system (Li-Cor). The primary
antibodies used for immunoblotting were; FUS
(Novus aa1–50, 1:4000), hnRNP R (Abcam ab30930,
1:200), hnRNP Q (Millipore 05–1517, 1:500).

Results
hnRNP R mRNA expression is increased in some FTLD
subtypes
The mRNA expression of hnRNP R was analysed in the
frontal and temporal cortices of FTLD-FUS and
FTLD-TDP (Type-A, Type-B and Type-C) cases and
compared to expression in the frontal and temporal cor-
tices of neurologically normal control cases with no
pathological abnormalities. mRNA expression was ana-
lysed using NanoString technology for high-sensitive
capture of mRNA transcripts. Normalised expression in-
dicated that hnRNP R mRNA expression was significantly
increased compared to normal controls in FTLD-TDP
type A (p = 0.0005), FTLD-TDP type C (p = 0.0038) and
FTLD-FUS (p = 0.0048) subtypes relative to controls. No
significant difference in hnRNP R expression was found
between controls and FTLD-TDP type B (p = 0.5739) sub-
type (Fig. 1).

hnRNP R and hnRNP Q are localised to the nucleus in
frontal and hippocampal neurons
Given that hnRNP R expression was increased in sev-
eral FTLD subtypes, the cellular distribution of
hnRNP R, and the closely related protein, hnRNP Q
(Additional file 1: Figure S1), were investigated using
immunohistochemical staining in the frontal cortex
and hippocampus from FTLD (TDP-A, TDP-B,
TDP-C and FUS) cases. Strong neuronal nuclear
staining of hnRNP R and hnRNP Q was observed in

Fig. 1 hnRNP R expression is increased in some FTLD subtypes. Nanostring expression analysis of hnRNP R mRNA levels in the frontal and
temporal cortices of FTLD-TDP and FTLD-FUS cases compared to neurologically normal controls. A significant increase in expression of hnRNP R
was identified in FTLD-TDP A (p = 0.0005, n = 19), FTLD-TDP C (p = 0.0036, n = 7) and FTLD-FUS (p = 0.0048, n = 5) compared to controls (n = 6). No
significant difference was found between controls and FTLD-TDP B (p = 0.5739, n = 3). One-way analysis of variance
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control and all FTLD subtypes, with occasional neu-
rons additionally showing a weaker cytoplasmic stain-
ing pattern. For both proteins, the intensity of the
neuronal staining varied among cases and was
thought to be due to variation in fixation time; the
shorter the fixation time, the higher the intensity of
the staining. No pathological inclusions containing
hnRNP R or Q were detected in control cases or the
FTLD-TDP subtypes (Fig. 2).

hnRNP R and hnRNP Q are insoluble in FTLD-FUS
To establish the biochemical characteristics of both
hnRNP R and hnRNP Q in FTLD-FUS and normal
control brains, protein was sequentially extracted from
flash frozen frontal cortex. Buffers containing increas-
ing detergent strength were used to investigate the
biochemical fractions with different solubility charac-
teristics. We demonstrated that the two antibodies
recognised different proteins on the blots. Although
both hnRNP R and hnRNP Q were found in both the
soluble and detergent soluble fraction in both
FTLD-FUS and the normal controls, urea-soluble
hnRNP R and hnRNP Q was only present in
FTLD-FUS (Fig. 3).

hnRNP R and hnRNP Q form inclusions specifically in
FTLD-FUS
Post-mortem brain tissue was available from six NIFID
and seven aFTLD-U cases. These were immunohisto-
chemically assessed for hnRNP R and hnRNP Q path-
ology. All FTLD-FUS cases investigated had abundant
hnRNP R and Q immunoreactive neuronal cytoplasmic
inclusions, and occasional neuronal intranuclear inclu-
sions, in the frontal cortex and hippocampal granule cell
layer (Fig. 4). In some, but not all, neurons in the
FTLD-FUS cases, the presence of hnRNP R or Q immu-
noreactive inclusions depleted the normal nuclear stain-
ing of these proteins. However, this was variable
between cases, and may reflect variation in tissue fix-
ation time.
Between each case, the abundance and distribution of

inclusions stained with hnRNP R or hnRNP Q varied
but within each case the staining was comparable to
FUS and TRN1 immunohistochemistry, which has previ-
ously been reported for these cases [6, 27]. As with FUS
and TRN1 staining, the NIFID cases consistently showed
more hnRNP R and hnRNP Q positive inclusions than
aFTLD-U cases. In the hippocampus, hnRNP R and
hnRNP Q immuno-reactive neuronal cytoplasmic inclu-
sions were observed in dentate gyrus granule cell layer

Fig. 2 hnRNP R and hnRNP Q localise to the nucleus in the frontal cortex and hippocampus in FTLD-TDP and normal controls. Representative images
of hnRNP R and hnRNP Q immunohistochemistry in the frontal cortex and granular cell layer of the dentate gyrus in a neurologically normal control
and the FTLD-TDP subtypes (TDP-A, TDP-B, TDP-C and FUS). Strong neuronal nuclear hnRNP R and hnRNP Q staining is observed in both controls and
the FTLD-TDP subtypes, with occasional weak cytoplasmic staining in some neurons. Scale bar represents 50 μm in all images
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in both NIFID and aFTLD-U subtypes, although the
frequency of inclusions was much higher in the NIFID
subtype (Fig. 4). These inclusions were typically
bean-shaped or Pick-like structures adjacent to the nu-
cleus, however occasional crescent-shaped inclusions
surrounding nuclei were also observed. In some cases,
hnRNP R and hnRNP Q neuronal vermiform inclusions
were also observed in the granular cell layer in both
NIFID and aFTLD-U subtypes. Additionally,
crescent-shaped neuronal cytoplasmic inclusions and
rod-like structures in neuronal intranuclear inclusions
were observed (Fig. 5) as previously described for FUS
and TRN1 staining in these cases.
In the frontal cortex, crescent-shaped neuronal cyto-

plasmic inclusions surrounding the nucleus containing
hnRNP R and Q were frequently observed in both
NIFID and aFTLD-U cases (Fig. 5a and b), as well as
dense, bean-shaped or larger Pick-body-like structures
adjacent to the nucleus (Fig. 5c and d). Neuronal intra-
nuclear inclusions were also observed in both
FTLD-FUS subtypes, but at a much less frequent rate
than neuronal cytoplasmic inclusions. These typically
formed a rod-like structure through the nucleus (Fig. 5g
and h). Similar to FUS and TRN1 staining, hnRNP R
and Q immunoreactive neuronal cytoplasmic and intra-
nuclear inclusions were less frequently observed in the
cortex of aFTLD-U cases than NIFID cases. hnRNP R
and Q immunoreactive dystrophic neurites were also ob-
served through the cortex of both NIFID and aFTLD-U
cases (Fig. 5e and f).

hnRNP R and hnRNP Q are detected in inclusions as
frequently as FUS and TRN1
To quantitatively assess the abundance of pathological
inclusions containing hnRNP R and hnRNP Q relative

Fig. 3 hnRNP R and Q are insoluble in FTLD-FUS. Representative immunoblots demonstrating hnRNP R and hnRNP Q in fractions of varying
solubility in FTLD-FUS and normal control brains. Proteins were sequentially extracted into high salt (lane 1), RIPA/ 2% SDS (lane 2), and 8 M urea
/ 8% SDS (lane 3) fractions. 20 μg of protein was loaded from high salt and RIPA-SDS fractions, while 5 μg of protein was loaded from the urea
fractions. Two prominent bands were observed for hnRNP R, whilst a single band was observed for hnRNP Q. Only the FTLD-FUS cases showed
bands in the insoluble urea fraction for both proteins

Fig. 4 hnRNP R and hnRNP Q form frequent inclusions in FTLD-FUS.
Representative images of FUS, TRN1, hnRNP R and hnRNP Q
immunohistochemical staining in the granule cell layer of the
dentate fascia of the hippocampus in NIFID and aFTLD-U subtypes
of FTLD-FUS. Single arrows indicate neuronal cytoplasmic inclusions
and double arrows highlight intranuclear inclusions. Scale bars
represent 50 μm in all images
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to FUS or TRN1 in FTLD-FUS cases, the number of
FUS, TRN1, hnRNP R and hnRNP Q positive inclusions
on immunohistochemically stained sections were
counted in a defined area of the grey matter of the
frontal cortex (Fig. 6a) and in the granule cell layer of
the dentate gyrus in the hippocampus (Fig. 6b). Inclusion
quantification indicated variation between cases in the
number of all inclusions counted, however no statistically
significant differences were found between the average
number of FUS, TRN1, hnRNP R and hnRNP Q positive
inclusions in both NIFID (frontal cortex p = 0.7978, den-
tate gyrus p = 0.9723) and atypical FTLD-FUS (frontal cor-
tex p = 0.2856, dentate gyrus p = 0.8934) subtypes. As
expected, the number of FUS, TRN1, hnRNP R and
hnRNP Q positive inclusions were consistently higher in
the NIFID cases than aFTLD-U.

hnRNP R and FUS co-localise in inclusions in FTLD-FUS
To investigate whether the pathological inclusions la-
belled with hnRNP R also contained FUS, double im-
munofluorescence staining was performed on both
NIFID and aFTLD-U cases (Fig. 7). Due to the anti-FUS
antibody and anti-hnRNP Q antibody being raised in the
same species, double immunofluorescence staining with
these two antibodies was unable to be performed. Quali-
tative assessment of the fluorescence images indicated
that, in all FTLD-FUS cases assessed, hnRNP R
co-localised with FUS in neuronal cytoplasmic and intra-
nuclear inclusions in the cerebral cortex and granule cell
layer of the dentate gyrus in the hippocampus, in both
NIFID (Fig. 7a and c) and aFTLD-U (Fig. 7b and d) cases.

Discussion
This study has shown for the first time that hnRNP R
and hnRNP Q are mislocalised into pathological inclu-
sions in two subtypes of FTLD-FUS, expanding the
spectrum of DNA/RNA binding proteins linked to FTLD
pathobiology. mRNA expression analysis revealed that
hnRNP R expression was increased in FTLD-TDP A,
FTLD-TDP B and FTLD-FUS subtypes but immunohis-
tochemical examination demonstrated that this protein,
and the closely related hnRNP Q protein, only show
pathological mislocalisation specifically in FTLD-FUS.
We have previously shown an increase in mRNA expres-
sion of other hnRNP proteins in FTLD-FUS, however

Fig. 5 hnRNP R (a, c, e and g) and hnRNP Q (b, d, f and h) form a
range of inclusions types in FTLD-FUS. Immunohistochemical
staining demonstrates the different pathological inclusions types
found to be immunoreactive with anti-hnRNP R and anti-hnRNP Q
antibodies. Crescent neuronal cytoplasmic inclusions (a and b),
bean-shaped neuronal cytoplasmic inclusions (c and d), dystrophic
neurites (e and f) and intranuclear neuronal inclusions (g and h).
Scale bars represent 10 μm in all images
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these proteins were not identified in the pathological in-
clusions [17]. The pathological inclusions containing
hnRNP R and hnRNP Q in the frontal cortex and
hippocampus of these cases had a similar localisation
pattern and morphological features to the previously
described FUS and TRN1 inclusions [6, 27]. Quantifi-
cation of hnRNP R and hnRNP Q inclusions indi-
cated they were as frequent as inclusions containing
FUS or TRN1, and double-immunofluorescence con-
firmed the co-localisation of hnRNP R with FUS in
both neuronal cytoplasmic and intranuclear inclu-
sions. Additionally, biochemical fractionation demon-
strated a shift in the solubility of hnRNP R and
hnRNP Q in a similar manner as we previously re-
ported for FUS and TRN1 in the FTLD-FUS cases
[6]. These findings reinforce the hypothesis that the
pathogenesis of FTLD-FUS extends beyond the FET
proteins, known TRN1 cargoes and dysfunctional

nuclear import, but rather implicates a broader dys-
regulation of DNA/RNA binding proteins.
hnRNP R and hnRNP Q are multi-functional,

RNA-binding proteins containing three RNA recogni-
tion motifs, one acidic rich domain and an RGG do-
main [21, 38]. Despite being widely expressed in
neuronal tissue little is known about these hnRNP in
the context of neurodegenerative diseases [44]. The
two proteins have high sequence homology with se-
quence alignment of their canonical isoforms showing
that they are 81.2% identical at the amino acid level
[37]. Consequently, they are known to have similar, but
distinct, functional roles within the cell [8, 19, 37].
hnRNP R is involved in axonal RNA transport and
processing, the expression of immunity factors, and
transcription and degradation process of c-fos mRNA
[11, 16, 23, 49], whilst hnRNP Q, also known as SYN-
CRIP, is implicated in the maintenance of circadian

Fig. 6 hnRNP R and hnRNP Q inclusions occur as frequently as FUS and TRN1 inclusions. Quantification of FUS, TRN1, hnRNP R and hnRNP Q
inclusions in the frontal cortex (a) and granular cell layer of the hippocampus (b) in NIFID and aFTLD-U cases. No significant differences were
found between the number of each inclusion type in either FTLD-FUS subtype in either brain region. Kruscall-Wallis one-way analysis of variance.
a NIFID cases, n = 5, p = 0.7978. aFTLD-U cases, n = 5, p = 0.2856. b NIFID cases, n = 6, p = 0.9723. aFTLD-U cases, n = 5, p = 0.8934

Fig. 7 hnRNP R co-localises with FUS inclusions in NIFID and aFTLD-U cases. Representative images of double-label immunofluorescence in the
cortex (a and b) and granular cell layer of the dentate gyrus (c and d) of a NIFID and aFTLD-U case demonstrating colocalisation of FUS (green)
and hnRNP R (red) in neuronal cytoplasmic inclusions (white arrows) and intranuclear neuronal inclusions (white arrow heads). Neuronal nuclei
are counterstained with DAPI. Scale bars represent 20 μm in all images
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rhythms and be involved in the regulation of mRNAs
responsible for neuronal morphogenesis [10, 25, 31].
Both proteins are known to interact with the survival
motor neuron (SMN) protein [1] and be involved in
pre-mRNA splicing as components of the spliceosome
[9, 38, 51, 56]. Recent analysis of these proteins in a cellu-
lar model has found them to be important regulators of
neuronal homeostasis and indicated that their disruption
could impair distinct pathways in the central nervous sys-
tem axis [8]. Interestingly, a link between TDP-43 and
hnRNP Q has previously been reported as hnRNP Q is
capable of rescuing TDP-43 toxicity in Drosophila mela-
nogaster model [3], whilst significant alterations in hnRNP
Q were found in ALS compared controls [4]. In contrast,
no interactions have previously been reported between
FUS and hnRNP R or hnRNP Q.
A prominent hypothesis to explain the pathogenesis of

FTLD-FUS is that pathological aggregation of FUS and
other FET proteins results from an impaired interaction
with their nuclear importer, TRN1 [34, 43]. It is believed
that this may be a result of impaired methylation of ar-
ginine residues in the RGG3 domains of the FET pro-
teins, which causes overly tight binding of the FET
proteins to TRN1. A consequence of this aberrant bind-
ing is lack of dissociation of the FET-TRN1 complex
once inside the nucleus, resulting in the re-export of the
complex and accumulation of FET proteins and TRN1
in the cytoplasm [12, 13]. Recent work has also shown
that aberrant arginine methylation of FUS, as seen in
FTLD-FUS patients, promotes the phase transition of
FUS into liquid-like droplets which form solid, fibrous
aggregates over time, promoting their pathological ag-
gregation [22, 47]. Given the structural and functional
similarity between the FET proteins, it is possible that
arginine methylation may have a similar effect on EWS
and TAF15, although this remains to be investigated.
Whilst this hypothesis can explain the presence of TRN1
and the three FET proteins in pathological inclusions in
FTLD-FUS, it cannot explain the pathological accumula-
tion of non-FET proteins, such as hnRNP R, hnRNP Q
and the other hnRNP proteins previously identified in
these inclusions [17]. With the exception of hnRNP A1
and hnRNP D, the majority of these proteins are not
predicted to be imported by TRN1 [30, 45, 53], and it is
unclear to what extent these proteins are capable of
liquid-liquid phase separation or subject to the effects of
arginine methylation. This suggests that it is not only
the FET proteins that are responsible for FTLD-FUS
pathology but rather implicates dysfunction in a broader
spectrum of RNA binding proteins. Unlike EWS, TAF15
and other hnRNPs, which are only found in a proportion
of FUS inclusions, quantification of hnRNP R and
hnRNP Q inclusions revealed that these proteins are
found as frequently as FUS and TRN1 in inclusions.

This suggests these proteins have a central role in the
pathogenesis of FTLD-FUS, however it is currently un-
clear, whether the accumulation of these proteins is a
trigger or consequence of FUS aggregation.
FUS, hnRNP R and hnRNP Q are all RNA binding pro-

teins that have a wide range of functions linked to various
aspects of mRNA metabolism. They have all been re-
ported to bind to the SMN protein spliceosome complex
and are all known to shuttle between the nucleus and
cytoplasm associated with mRNAs [38, 51, 57]. This indi-
cates these proteins have similar functions and could sug-
gest that they interact with each other under physiological
conditions within the cell. One hypothesis to explain the
co-aggregation of FUS, hnRNP R and hnRNP Q could be
that these proteins associate with each other in a
protein-RNA complex, either directly via a protein-protein
interaction, or indirectly by binding to the same mRNA
transcripts. If the proteins form part of the same complex,
then aberrant aggregation of one of the proteins could
trigger the co-deposition of the associated proteins. It may
also be possible that FUS and hnRNP R and hnRNP Q do
not interact with each other physiologically and localise to
pathological aggregates independently. Endogenous FUS
and hnRNP Q have both been shown to localise to cyto-
plasmic stress granules under specific cellular stress con-
ditions [48, 52]. It may therefore be possible that these
proteins co-localise in stress granules only during cellular
stress and it is the aberrant disassembly of these granules
that results in co-aggregation of these proteins in patho-
logical inclusions. Several groups have proposed that the
pathological accumulation of FUS, and other ALS/
FTD linked proteins, is initiated by their assembly in
stress granules or other RNA granules [5, 14, 32].
The mechanism by which FUS condenses into stress gran-
ules by liquid-liquid phase separation is well-characterised
and is known to be driven by cation-pi interactions be-
tween tyrosine in its N-terminal LCD domain and argin-
ine residues in the C-terminal RGG domain [22, 47].
Whether hnRNP R and hnRNP Q possess similar phase
transitioning properties that enable them to condense into
stress granules is currently unknown and requires further
investigation. Both hnRNP proteins contain C-terminal
RGG domains but only hnRNP R is predicted to have a
LCD domain.
The identification of hnRNP R and/or hnRNP Q in

pathological inclusions in FTLD-FUS provide two candi-
date genes for genetic screening in FTLD. All
FTLD-FUS cases used in this study have previously been
screened for mutations in a variety of genes linked to
FTD and ALS [27, 50], but to date, no genetic mutations
have been identified as causative of FTLD-FUS. Screen-
ing the HNRNPR and HNRNPQ genes for mutations in
these cases could identify mutations linked to disease. It
would also be interesting to screen for mutations and
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assess hnRNP R and hnRNP Q pathology in ALS-FUS
cases. To date, none of the additional proteins identified
in FTLD-FUS inclusions have been found in ALS-FUS
inclusions [43]. This is hypothesised to reflect the differ-
ing pathogenic mechanisms of the diseases, however, the
end-point in both diseases is the pathological aggrega-
tion of FUS and it is possible that other proteins associ-
ated with FUS will also be common to both diseases.
ALS-FUS cases should therefore be assessed for hnRNP
R and hnRNP Q pathology to determine whether the
dysregulation of these proteins is specific to FTLD-FUS
or is a common feature shared by FUS pathologies.
In summary, the identification of hnRNP R and

hnRNP Q in pathological inclusions in the FTLD-FUS
cases adds two new proteins to the growing list of RNA
binding proteins implicated in the pathogenesis of
FTLD. Disease causing mutations in TDP-43, FUS,
hnRNP A1, hnRNP A2B1, MATR3 and TIA1 all point to
disturbed function of RNA binding proteins, especially
hnRNPs, as playing a role in the pathogenesis of FTD
and ALS [46]. The accumulation of these proteins in
cytoplasmic and intranuclear neuronal inclusions was
found to be specific to FTLD-FUS cases, although in-
creased hnRNP R mRNA expression was also seen in
several FTLD-TDP subtypes. These inclusions were
found to co-localise with and occur as frequently as in-
clusions containing FUS, suggesting these proteins may
play a role in the pathogenesis of FTLD-FUS. The rela-
tionship between FUS and these hnRNP proteins has
not been previously explored and future experiments
should be performed to establish whether these proteins
directly or indirectly associate with FUS as this may help
to establish the mechanism by which these proteins
co-aggregate. Future biochemical experiments are also re-
quired to address whether it is both hnRNP R and hnRNP
Q accumulating in these inclusions because the high level
of homology between these proteins has made this diffi-
cult to decipher by immunohistochemical methods. Fur-
ther functional understanding of these two new RNA
binding proteins in FTLD-FUS aggregates may help to
elucidate the mechanism by which these inclusions form
and reveal novel functions for these hnRNP proteins.

Additional file

Additional file 1: Figure S1. Schematic diagram of hnRNP R and
hnRNP Q proteins including antibody binding sites and sequence
alignment. The schematic diagram illustrates the structural similarities
between hnRNP R and hnRNP Q. The antibody binding sites for the
antibodies used in this study are shown on the diagram (a). Protein
sequence alignment showing similarities between hnRNP R and hnRNP Q
sequences (b). Abbreviations: Acidic – Acidic rich domain; RRM – RNA
recognition motif; RGG – Arginine and glycine rich domain; NLS –
Nuclear localisation signal; QN – Glutamine and asparagine rich domain.
(TIF 3258 kb)

Acknowledgements and funding
The authors wish to thank the MRC London Brain Bank for
Neurodegenerative Diseases, Institute of Psychiatry, King’s College, London,
UK for allowing them to investigate some of the cases used in this study.
Tammaryn Lashley is supported by an Alzheimer’s Research UK Senior
Fellowship and the Leonard Wolfson Centre for Experimental Neurology.
Lauren Gittings and Bridget Benson are funded by the Leonard Wolfson
Centre for Experimental Neurology. Adrian Isaacs receives funding from the
European Research Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (648716 - C9ND), Alzheimer’s Research
UK, the Motor Neurone Disease Association and the UK Dementia Research
Institute. Sandrine Foti is funded by Alzheimer’s Research UK. The Queen
Square Brain Bank is supported by the Reta Lila Weston Institute for
Neurological Studies and the Medical Research Council.

Author contributions
TL drafted the study design, LG, PGP, BB and SF undertook the wet lab work
and analysis. LG and TL wrote the final manuscript. All authors read and
approved the final version of the manuscript.

Ethics approval and consent to participate
This study was approved by the National Hospital for Neurology and
Neurosurgery and Institute of Neurology Joint Research Ethics Committee.

Consent for publication
All authors have approved the manuscript.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Neurodegenerative Disease, UCL Queen Square Institute of
Neurology, University College London, London, UK. 2Queen Square Brain
Bank for Neurological Disorders, Department of Clinical and Movement
Neurosciences, UCL Queen Square Institute of Neurology, University College
London, 1 Wakefield Street, London WC1N 1PJ, UK. 3UK Dementia Research
Institute at UCL, UCL Queen Square Institute of Neurology, University College
London, London, UK.

Received: 1 February 2019 Accepted: 3 February 2019

References
1. Aalten P, Verhey FR, Boziki M, Bullock R, Byrne EJ, Camus V et al (2007)

Neuropsychiatric syndromes in dementia. Results from the European
Alzheimer disease consortium: part I. Dement Geriatr Cogn Disord 24:457–
463. https://doi.org/10.1159/000110738

2. Andersson MK, Stahlberg A, Arvidsson Y, Olofsson A, Semb H, Stenman G
et al (2008) The multifunctional FUS, EWS and TAF15 proto-oncoproteins
show cell type-specific expression patterns and involvement in cell
spreading and stress response. BMC Cell Biol 9:37. https://doi.org/10.1186/
1471-2121-9-37

3. Appocher C, Mohagheghi F, Cappelli S, Stuani C, Romano M, Feiguin F et al
(2017) Major hnRNP proteins act as general TDP-43 functional modifiers
both in Drosophila and human neuronal cells. Nucleic Acids Res 45:8026–
8045. https://doi.org/10.1093/nar/gkx477

4. Bakkar N, Kovalik T, Lorenzini I, Spangler S, Lacoste A, Sponaugle K et al
(2018) Artificial intelligence in neurodegenerative disease research: use of
IBM Watson to identify additional RNA-binding proteins altered in
amyotrophic lateral sclerosis. Acta Neuropathol 135:227–247. https://doi.org/
10.1007/s00401-017-1785-8

5. Bentmann E, Haass C, Dormann D (2013) Stress granules in neurodegeneration--
lessons learnt from TAR DNA binding protein of 43 kDa and fused in sarcoma.
FEBS J 280:4348–4370. https://doi.org/10.1111/febs.12287

6. Brelstaff J, Lashley T, Holton JL, Lees AJ, Rossor MN, Bandopadhyay R et al
(2011) Transportin1: a marker of FTLD-FUS. Acta Neuropathol 122:591–600.
https://doi.org/10.1007/s00401-011-0863-6

Gittings et al. Acta Neuropathologica Communications            (2019) 7:18 Page 11 of 13

https://doi.org/10.1186/s40478-019-0673-y
https://doi.org/10.1159/000110738
https://doi.org/10.1186/1471-2121-9-37
https://doi.org/10.1186/1471-2121-9-37
https://doi.org/10.1093/nar/gkx477
https://doi.org/10.1007/s00401-017-1785-8
https://doi.org/10.1007/s00401-017-1785-8
https://doi.org/10.1111/febs.12287
https://doi.org/10.1007/s00401-011-0863-6


7. Calvio C, Neubauer G, Mann M, Lamond AI (1995) Identification of hnRNP
P2 as TLS/FUS using electrospray mass spectrometry. RNA 1:724–733

8. Cappelli S, Romano M, Buratti E (2018) Systematic analysis of gene
expression profiles controlled by hnRNP Q and hnRNP R, two closely related
human RNA binding proteins implicated in mRNA processing mechanisms.
Front Mol Biosci 5:79. https://doi.org/10.3389/fmolb.2018.00079

9. Chen HH, Chang JG, Lu RM, Peng TY, Tarn WY (2008) The RNA binding
protein hnRNP Q modulates the utilization of exon 7 in the survival motor
neuron 2 (SMN2) gene. Mol Cell Biol 28:6929–6938. https://doi.org/10.1128/
MCB.01332-08

10. Chen HH, Yu HI, Chiang WC, Lin YD, Shia BC, Tarn WY (2012) hnRNP Q
regulates Cdc42-mediated neuronal morphogenesis. Mol Cell Biol 32:
2224–2238. https://doi.org/10.1128/MCB.06550-11

11. Dombert B, Sivadasan R, Simon CM, Jablonka S, Sendtner M (2014)
Presynaptic localization of Smn and hnRNP R in axon terminals of
embryonic and postnatal mouse motoneurons. PLoS One 9:e110846.
https://doi.org/10.1371/journal.pone.0110846

12. Dormann D, Haass C (2013) Fused in sarcoma (FUS): an oncogene goes
awry in neurodegeneration. Mol Cell Neurosci 56:475–486. https://doi.org/
10.1016/j.mcn.2013.03.006

13. Dormann D, Madl T, Valori CF, Bentmann E, Tahirovic S, Abou-Ajram C et al
(2012) Arginine methylation next to the PY-NLS modulates Transportin
binding and nuclear import of FUS. EMBO J 31:4258–4275. https://doi.org/
10.1038/emboj.2012.261

14. Dormann D, Rodde R, Edbauer D, Bentmann E, Fischer I, Hruscha A et al
(2010) ALS-associated fused in sarcoma (FUS) mutations disrupt Transportin-
mediated nuclear import. EMBO J 29:2841–2857. https://doi.org/10.1038/
emboj.2010.143

15. Dreyfuss G, Matunis MJ, Pinol-Roma S, Burd CG (1993) hnRNP proteins and
the biogenesis of mRNA. Annu Rev Biochem 62:289–321. https://doi.org/10.
1146/annurev.bi.62.070193.001445

16. Fukuda A, Shimada M, Nakadai T, Nishimura K, Hisatake K (2013)
Heterogeneous nuclear ribonucleoprotein R cooperates with mediator to
facilitate transcription reinitiation on the c-Fos gene. PLoS One 8:e72496.
https://doi.org/10.1371/journal.pone.0072496

17. Gami-Patel P, Bandopadhyay R, Brelstaff J, Revesz T, Lashley T (2016) The
presence of heterogeneous nuclear ribonucleoproteins in frontotemporal
lobar degeneration with FUS-positive inclusions. Neurobiol Aging 46:
192–203. https://doi.org/10.1016/j.neurobiolaging.2016.07.004

18. Geiss GK, Bumgarner RE, Birditt B, Dahl T, Dowidar N, Dunaway DL et al (2008)
Direct multiplexed measurement of gene expression with color-coded probe
pairs. Nat Biotechnol 26:317–325. https://doi.org/10.1038/nbt1385

19. Geuens T, Bouhy D, Timmerman V (2016) The hnRNP family: insights into
their role in health and disease. Hum Genet 135:851–867. https://doi.org/10.
1007/s00439-016-1683-5

20. Han SP, Tang YH, Smith R (2010) Functional diversity of the hnRNPs: past,
present and perspectives. The Biochemical journal 430:379–392. https://doi.
org/10.1042/BJ20100396

21. Hassfeld W, Chan EK, Mathison DA, Portman D, Dreyfuss G, Steiner G et al
(1998) Molecular definition of heterogeneous nuclear ribonucleoprotein R
(hnRNP R) using autoimmune antibody: immunological relationship with
hnRNP P. Nucleic Acids Res 26:439–445

22. Hofweber M, Hutten S, Bourgeois B, Spreitzer E, Niedner-Boblenz A,
Schifferer M et al (2018) Phase separation of FUS is suppressed by its
nuclear import receptor and arginine methylation. Cell 173:706–719 e713.
https://doi.org/10.1016/j.cell.2018.03.004

23. Huang J, Li SJ, Chen XH, Han Y, Xu P (2008) hnRNP-R regulates the PMA-
induced c-fos expression in retinal cells. Cell Mol Biol Lett 13:303–311.
https://doi.org/10.2478/s11658-008-0002-0

24. Jobert L, Argentini M, Tora L (2009) PRMT1 mediated methylation of TAF15
is required for its positive gene regulatory function. Exp Cell Res 315:
1273–1286. https://doi.org/10.1016/j.yexcr.2008.12.008

25. Kim DY, Woo KC, Lee KH, Kim TD, Kim KT (2010) hnRNP Q and PTB modulate
the circadian oscillation of mouse rev-erb alpha via IRES-mediated translation.
Nucleic Acids Res 38:7068–7078. https://doi.org/10.1093/nar/gkq569

26. Kovar H (2011) Dr. Jekyll and Mr. Hyde: the two faces of the FUS/EWS/TAF15
protein family. Sarcoma 2011: 837474 Doi https://doi.org/10.1155/2011/837474

27. Lashley T, Rohrer JD, Bandopadhyay R, Fry C, Ahmed Z, Isaacs AM et al
(2011) A comparative clinical, pathological, biochemical and genetic study
of fused in sarcoma proteinopathies. Brain 134:2548–2564. https://doi.org/
10.1093/brain/awr160

28. Lashley T, Rohrer JD, Mead S, Revesz T (2015) Review: an update on clinical,
genetic and pathological aspects of frontotemporal lobar degenerations.
Neuropathol Appl Neurobiol 41:858–881. https://doi.org/10.1111/nan.12250

29. Law WJ, Cann KL, Hicks GG (2006) TLS, EWS and TAF15: a model for
transcriptional integration of gene expression. Brief Funct Genomic
Proteomic 5:8–14. https://doi.org/10.1093/bfgp/ell015

30. Lee BJ, Cansizoglu AE, Suel KE, Louis TH, Zhang Z, Chook YM (2006) Rules
for nuclear localization sequence recognition by karyopherin beta 2. Cell
126:543–558. https://doi.org/10.1016/j.cell.2006.05.049

31. Lee KH, Woo KC, Kim DY, Kim TD, Shin J, Park SM et al (2012) Rhythmic
interaction between Period1 mRNA and hnRNP Q leads to circadian time-
dependent translation. Mol Cell Biol 32:717–728. https://doi.org/10.1128/
MCB.06177-11

32. Liu X, Niu C, Ren J, Zhang J, Xie X, Zhu H et al (2013) The RRM domain of
human fused in sarcoma protein reveals a non-canonical nucleic acid
binding site. Biochim Biophys Acta 1832:375–385. https://doi.org/10.1016/j.
bbadis.2012.11.012

33. Mackenzie IR, Munoz DG, Kusaka H, Yokota O, Ishihara K, Roeber S et al
(2011) Distinct pathological subtypes of FTLD-FUS. Acta Neuropathol 121:
207–218. https://doi.org/10.1007/s00401-010-0764-0

34. Mackenzie IR, Neumann M (2012) FET proteins in frontotemporal dementia
and amyotrophic lateral sclerosis. Brain Res 1462:40–43. https://doi.org/10.
1016/j.brainres.2011.12.010

35. Mackenzie IR, Neumann M (2016) Molecular neuropathology of
frontotemporal dementia: insights into disease mechanisms from
postmortem studies. J Neurochem 138(Suppl 1):54–70. https://doi.org/10.
1111/jnc.13588

36. Mackenzie IR, Neumann M, Bigio EH, Cairns NJ, Alafuzoff I, Kril J et al (2010)
Nomenclature and nosology for neuropathologic subtypes of
frontotemporal lobar degeneration: an update. Acta Neuropathol 119:1–4.
https://doi.org/10.1007/s00401-009-0612-2

37. Mizutani A, Fukuda M, Ibata K, Shiraishi Y, Mikoshiba K (2000) SYNCRIP, a
cytoplasmic counterpart of heterogeneous nuclear ribonucleoprotein R,
interacts with ubiquitous synaptotagmin isoforms. J Biol Chem 275:9823–9831

38. Mourelatos Z, Abel L, Yong J, Kataoka N, Dreyfuss G (2001) SMN interacts
with a novel family of hnRNP and spliceosomal proteins. EMBO J 20:
5443–5452. https://doi.org/10.1093/emboj/20.19.5443

39. Munoz DG, Neumann M, Kusaka H, Yokota O, Ishihara K, Terada S et al
(2009) FUS pathology in basophilic inclusion body disease. Acta
Neuropathol 118:617–627. https://doi.org/10.1007/s00401-009-0598-9

40. Neumann M, Bentmann E, Dormann D, Jawaid A, DeJesus-Hernandez M,
Ansorge O et al (2011) FET proteins TAF15 and EWS are selective markers that
distinguish FTLD with FUS pathology from amyotrophic lateral sclerosis with
FUS mutations. Brain 134:2595–2609. https://doi.org/10.1093/brain/awr201

41. Neumann M, Rademakers R, Roeber S, Baker M, Kretzschmar HA, Mackenzie
IR (2009) A new subtype of frontotemporal lobar degeneration with FUS
pathology. Brain 132:2922–2931. https://doi.org/10.1093/brain/awp214

42. Neumann M, Roeber S, Kretzschmar HA, Rademakers R, Baker M, Mackenzie
IR (2009) Abundant FUS-immunoreactive pathology in neuronal
intermediate filament inclusion disease. Acta Neuropathol 118:605–616.
https://doi.org/10.1007/s00401-009-0581-5

43. Neumann M, Valori CF, Ansorge O, Kretzschmar HA, Munoz DG, Kusaka H
et al (2012) Transportin 1 accumulates specifically with FET proteins but no
other transportin cargos in FTLD-FUS and is absent in FUS inclusions in ALS
with FUS mutations. Acta Neuropathol 124:705–716. https://doi.org/10.1007/
s00401-012-1020-6

44. Peng ZY, Huang J, Lee SC, Shi YL, Chen XH, Xu P (2009) The expression
pattern of heterogeneous nuclear ribonucleoprotein R in rat retina.
Neurochem Res 34:1083–1088. https://doi.org/10.1007/s11064-008-9878-3

45. Pollard VW, Michael WM, Nakielny S, Siomi MC, Wang F, Dreyfuss G (1996) A
novel receptor-mediated nuclear protein import pathway. Cell 86:985–994

46. Purice MD, Taylor JP (2018) Linking hnRNP function to ALS and FTD
pathology. Front Neurosci 12:326. https://doi.org/10.3389/fnins.2018.00326

47. Qamar S, Wang G, Randle SJ, Ruggeri FS, Varela JA, Lin JQ et al (2018) FUS
phase separation is modulated by a molecular chaperone and methylation
of arginine cation-pi interactions. Cell 173:720–734 e715. https://doi.org/10.
1016/j.cell.2018.03.056

48. Quaresma AJ, Bressan GC, Gava LM, Lanza DC, Ramos CH, Kobarg J (2009)
Human hnRNP Q re-localizes to cytoplasmic granules upon PMA,
thapsigargin, arsenite and heat-shock treatments. Exp Cell Res 315:968–980.
https://doi.org/10.1016/j.yexcr.2009.01.012

Gittings et al. Acta Neuropathologica Communications            (2019) 7:18 Page 12 of 13

https://doi.org/10.3389/fmolb.2018.00079
https://doi.org/10.1128/MCB.01332-08
https://doi.org/10.1128/MCB.01332-08
https://doi.org/10.1128/MCB.06550-11
https://doi.org/10.1371/journal.pone.0110846
https://doi.org/10.1016/j.mcn.2013.03.006
https://doi.org/10.1016/j.mcn.2013.03.006
https://doi.org/10.1038/emboj.2012.261
https://doi.org/10.1038/emboj.2012.261
https://doi.org/10.1038/emboj.2010.143
https://doi.org/10.1038/emboj.2010.143
https://doi.org/10.1146/annurev.bi.62.070193.001445
https://doi.org/10.1146/annurev.bi.62.070193.001445
https://doi.org/10.1371/journal.pone.0072496
https://doi.org/10.1016/j.neurobiolaging.2016.07.004
https://doi.org/10.1038/nbt1385
https://doi.org/10.1007/s00439-016-1683-5
https://doi.org/10.1007/s00439-016-1683-5
https://doi.org/10.1042/BJ20100396
https://doi.org/10.1042/BJ20100396
https://doi.org/10.1016/j.cell.2018.03.004
https://doi.org/10.2478/s11658-008-0002-0
https://doi.org/10.1016/j.yexcr.2008.12.008
https://doi.org/10.1093/nar/gkq569
https://doi.org/10.1155/2011/837474
https://doi.org/10.1093/brain/awr160
https://doi.org/10.1093/brain/awr160
https://doi.org/10.1111/nan.12250
https://doi.org/10.1093/bfgp/ell015
https://doi.org/10.1016/j.cell.2006.05.049
https://doi.org/10.1128/MCB.06177-11
https://doi.org/10.1128/MCB.06177-11
https://doi.org/10.1016/j.bbadis.2012.11.012
https://doi.org/10.1016/j.bbadis.2012.11.012
https://doi.org/10.1007/s00401-010-0764-0
https://doi.org/10.1016/j.brainres.2011.12.010
https://doi.org/10.1016/j.brainres.2011.12.010
https://doi.org/10.1111/jnc.13588
https://doi.org/10.1111/jnc.13588
https://doi.org/10.1007/s00401-009-0612-2
https://doi.org/10.1093/emboj/20.19.5443
https://doi.org/10.1007/s00401-009-0598-9
https://doi.org/10.1093/brain/awr201
https://doi.org/10.1093/brain/awp214
https://doi.org/10.1007/s00401-009-0581-5
https://doi.org/10.1007/s00401-012-1020-6
https://doi.org/10.1007/s00401-012-1020-6
https://doi.org/10.1007/s11064-008-9878-3
https://doi.org/10.3389/fnins.2018.00326
https://doi.org/10.1016/j.cell.2018.03.056
https://doi.org/10.1016/j.cell.2018.03.056
https://doi.org/10.1016/j.yexcr.2009.01.012


49. Reches A, Nachmani D, Berhani O, Duev-Cohen A, Shreibman D, Ophir Y
et al (2016) HNRNPR regulates the expression of classical and nonclassical
MHC class I proteins. J Immunol 196:4967–4976. https://doi.org/10.4049/
jimmunol.1501550

50. Rohrer JD, Lashley T, Holton J, Revesz T, Urwin H, Isaacs AM et al (2011) The
clinical and neuroanatomical phenotype of FUS associated frontotemporal
lobar degeneration. J Neurol Neurosurg Psychiatry 82:1405–1407. https://
doi.org/10.1136/jnnp.2010.214437

51. Rossoll W, Kroning AK, Ohndorf UM, Steegborn C, Jablonka S, Sendtner M
(2002) Specific interaction of Smn, the spinal muscular atrophy determining
gene product, with hnRNP-R and gry-rbp/hnRNP-Q: a role for Smn in RNA
processing in motor axons? Hum Mol Genet 11:93–105

52. Sama RR, Ward CL, Kaushansky LJ, Lemay N, Ishigaki S, Urano F et al (2013)
FUS/TLS assembles into stress granules and is a prosurvival factor during
hyperosmolar stress. J Cell Physiol 228:2222–2231. https://doi.org/10.1002/
jcp.24395

53. Suzuki M, Iijima M, Nishimura A, Tomozoe Y, Kamei D, Yamada M (2005)
Two separate regions essential for nuclear import of the hnRNP D
nucleocytoplasmic shuttling sequence. FEBS J 272:3975–3987. https://doi.
org/10.1111/j.1742-4658.2005.04820.x

54. Tan AY, Manley JL (2009) The TET family of proteins: functions and roles in
disease. J Mol Cell Biol 1:82–92. https://doi.org/10.1093/jmcb/mjp025

55. Urwin H, Josephs KA, Rohrer JD, Mackenzie IR, Neumann M, Authier A et al
(2010) FUS pathology defines the majority of tau- and TDP-43-negative
frontotemporal lobar degeneration. Acta Neuropathol 120:33–41. https://
doi.org/10.1007/s00401-010-0698-6

56. Woodsmith J, Casado-Medrano V, Benlasfer N, Eccles RL, Hutten S, Heine CL
et al (2018) Interaction modulation through arrays of clustered methyl-
arginine protein modifications. Life Sci Alliance 1:e201800178. https://doi.
org/10.26508/lsa.201800178

57. Yamazaki T, Chen S, Yu Y, Yan B, Haertlein TC, Carrasco MA et al (2012) FUS-
SMN protein interactions link the motor neuron diseases ALS and SMA. Cell
Rep 2:799–806. https://doi.org/10.1016/j.celrep.2012.08.025

58. Zakaryan RP, Gehring H (2006) Identification and characterization of the
nuclear localization/retention signal in the EWS proto-oncoprotein. J Mol
Biol 363:27–38. https://doi.org/10.1016/j.jmb.2006.08.018

59. Zinszner H, Sok J, Immanuel D, Yin Y, Ron D (1997) TLS (FUS) binds RNA in
vivo and engages in nucleo-cytoplasmic shuttling. J Cell Sci 110(Pt 15):
1741–1750

Gittings et al. Acta Neuropathologica Communications            (2019) 7:18 Page 13 of 13

https://doi.org/10.4049/jimmunol.1501550
https://doi.org/10.4049/jimmunol.1501550
https://doi.org/10.1136/jnnp.2010.214437
https://doi.org/10.1136/jnnp.2010.214437
https://doi.org/10.1002/jcp.24395
https://doi.org/10.1002/jcp.24395
https://doi.org/10.1111/j.1742-4658.2005.04820.x
https://doi.org/10.1111/j.1742-4658.2005.04820.x
https://doi.org/10.1093/jmcb/mjp025
https://doi.org/10.1007/s00401-010-0698-6
https://doi.org/10.1007/s00401-010-0698-6
https://doi.org/10.26508/lsa.201800178
https://doi.org/10.26508/lsa.201800178
https://doi.org/10.1016/j.celrep.2012.08.025
https://doi.org/10.1016/j.jmb.2006.08.018

	Abstract
	Introduction
	Materials and methods
	Cases
	mRNA expression analysis
	Immunohistochemistry
	Double-label immunofluorescence
	Inclusion quantification
	Biochemical fractionation and immunoblot analysis

	Results
	hnRNP R mRNA expression is increased in some FTLD subtypes
	hnRNP R and hnRNP Q are localised to the nucleus in frontal and hippocampal neurons
	hnRNP R and hnRNP Q are insoluble in FTLD-FUS
	hnRNP R and hnRNP Q form inclusions specifically in FTLD-FUS
	hnRNP R and hnRNP Q are detected in inclusions as frequently as FUS and TRN1
	hnRNP R and FUS co-localise in inclusions in FTLD-FUS

	Discussion
	Additional file
	Acknowledgements and funding
	Author contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

