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Abstract

Mutations to the RNA binding protein, fused in sarcoma (FUS) occur in ~5% of familial ALS and
FUS-positive cytoplasmic inclusions are commonly observed in these patients. Altered RNA
metabolism is increasingly implicated in ALS, yet it is not understood how the specificity with
which FUS interacts with RNA in the cytoplasm can affect its aggregation in vivo. To further
understand this, we expressed, in mice, a form of FUS (FUS ARRMcyt) that lacked the RNA
recognition motif (RRM), thought to impart specificity to FUS-RNA interactions, and carried an
ALS-associated point mutation, R522G, retaining the protein in the cytoplasm. Here we report the
phenotype and results of histological assessment of the brain of transgenic mice expressing this
isoform of FUS. Results demonstrated that neuronal expression of FUS ARRMcyt caused early
lethality often preceded by severe tremor. Large FUS-positive cytoplasmic inclusions were found
in many brain neurons; however, neither neuronal loss nor neuroinflammatory response was
observed. In conclusion, the extensive FUS proteinopathy and severe phenotype of these mice
suggests that affecting the interactions of FUS with RNA in vivo may augment its aggregation in
the neuronal cytoplasm and the severity of disease processes.
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Introduction

A growing body of evidence suggests that the aggregation of RNA binding proteins and
disruptions to their normal functions in RNA metabolism play crucial roles in the pathways
leading to the development and progression of motor neuron pathology in ALS (1).
Mutations in the gene encoding the RNA binding protein, fused in sarcoma (FUS), cause
~5% of familial ALS and large cytoplasmic inclusions of FUS are frequently observed in
these patients and occasionally in cases of sporadic ALS and other neurodegenerative
diseases (2-8).

FUS comprises a low complexity prion-like N-terminal domain, a C-terminal nuclear
localiztion signal (NLS) and several RNA binding domains including Arg-Gly-Gly repeat
(RGG) domains, a zinc finger (ZF) and an RNA recognition motif (RRM) (9,10). This
predominantly nuclear protein is involved in several aspects of global RNA metabolism,
including roles in RNA polymerase Il and I11 transcription (11-14), splicing (15-18) and
transportation of mature transcripts (19-21). However, following the mislocalization of FUS
to the cytoplasm, occurring as a direct result of ALS associated mutation in the NLS (22),
post-transcriptional modification (23) or even DNA damage (24), aberrant interaction of
FUS with cytoplasmic RNA may severely compromise homeostasis of vulnerable neurons.

In the cytoplasm of cultured cells, mutant FUS forms pathological ribonucleoprotein (RNP)
granules, distinct from RNA transport granules, which coalesce and with further recruitment
of RNA, form larger FUS aggregates (25). Interestingly, these large FUS aggregates can
recruit components of stress granules (SGs) (25) — dynamic structures that function to
attenuate non-essential translation as part of cytoprotective response (26). This sequestration
may impair SG formation, having a detrimental effect on cell stress response. In a previous
study we have shown that in transgenic mice, neuronal expression of a FUS isoform, which
readily aggregates in the cytoplasm and is unable to be recruited into SGs in vitro (27),
causes several signs of ALS-like pathology, including FUS-positive neuronal cytoplasmic
inclusions, denervated neuromuscular junctions, degenerated motor neurons, progressive
paralysis and early-onset death within two weeks after first clinical signs are noticed (28).
Furthermore, as this form of FUS lacked major RNA binding domains, it provided the first
in vivo evidence that aggregation alone may trigger toxicity, irrespective of the protein’s
direct effect on RNA metabolism that inevitably occurs when expressing full-length forms of
FUS. However, it is not yet understood how changes to the specificity with which FUS
interacts with RNA can affect its aggregation and toxicity in an in vivo model system.

Although the presence of a consensus binding sequence for FUS is disputed (10,15,29),
specificity of its RNA binding is thought to arise from the cooperation of the RRM domain
with the less structurally complex RGG domains (10,19). Unlike C-terminus RGG and ZF
domains, which were absent in our previous transgene, the RRM domain, although thought
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to impart specificity, is not a major domain required for FUS to bind RNA, which
distinguishes it from canonical RRM domains (19,30-33).

Here we describe the production and characterization of transgenic mice expressing a
cytoplasm-targeted form of human FUS lacking the RRM domain.

Materials and methods

Production of transgenic mice

A cDNA fragment encoding human FUS ARRMcyt mutant, which lacks amino acids 300—
360 and harbours the R522G mutation, was inserted between Xhol sites of the Thy-1
promoter plasmid, 323-pTSC21k (34) as previously described (35), and used for pronuclear
microinjection of BGCBAF1/J oocytes. PCR analysis with primers 5°-
TCTTTGTGCAAGGCCTGGGT-3’and 5’-AGAAGCAAGACCTCTGCAGAG-3’was used
for detection of the transgenic cassette in the mouse genome. Two female founders were
produced; however, we were unable to establish transgenic lines due to the associated
phenotype. As transgenic mice often died suddenly and unexpectedly, our analyses in many
cases were limited to tissues that were of sufficient quality following post mortem collection
and processing. Mice were housed in 12 h-12 h light-dark cycles with ad libitum access to
food and water. All work carried out on animals was performed in accordance with the
United Kingdom (Scientific Procedures) Act (1986) and European Directive 2010/63/EU.

Histology and immunohistochemistry

Tissues were fixed in paraformaldehyde, embedded in paraffin wax, and 8-um-thick sections
were cut and mounted onto poly-L-lysine coated slides (Thermo Fisher Scientific, Waltham,
MA, USA) as described elsewhere (36). To assess motor neuron morphology in brainstem
motor nuclei, cresyl violet staining was performed as previously described (28). Standard
immunohistochemistry (IHC) was carried out as described in our previous publications
(28,37).

Western blotting

Antibodies

Western blotting (WB) was performed as previously described (28).

The following commercial primary antibodies were used: FUS (mouse monoclonal, BD
Biosciences, NJ, USA, #611385, IHC: 1:500; rabbit polyclonal, Proteintech, IL, USA,
#11570-1-AP, IHC: 1:500; rabbit polyclonal, Bethyl Laboratories, TX, USA, #A300-302A,
WAB: 1:1000); Ubiquitin (mouse monoclonal, Santa Cruz Biotechnologies, #sc-8017, IHC:
1:100); NeuN (mouse monoclonal, Millipore, MA, USA, #MAB377, IHC: 1:1000); GFAP
(rabbit polyclonal, Sigma-Aldrich, #G-9269, IHC: 1:500); TIAR (mouse monoclonal, BD
laboratories, #610352, IHC: 1:1000); p-actin (mouse monoclonal, Sigma-Aldrich, #A5441,
WAB: 1:3000). Additionally, rabbit polyclonal anti-hFUS antibody (1480) and rabbit
polyclonal anti-mFUS antibody (1482) (both a kind gift from D. Cleveland) specific to the
N-terminus of human FUS and mouse FUS, respectively (28), were used at 1:1000 dilution
for IHC and 1:4000 for WB.
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Secondary anti-mouse or anti-rabbit biotinylated (Vector Laboratories, 1:1000) or Alexa
Fluor-conjugated antibodies (Invitrogen, 1:1000) were used for detection.

Total RNA extraction and reverse transcription with random hexamers were carried out
according to manufacturer’s (Qiagen, Hilden, Germany and Promega, WI, USA)
instructions. cDNA was used for gPCR reaction (cycle parameters: 10 min at 95°C followed
by 40 cycles of 15 s at 95°C and 60 s at 60°C) with GAPDH as a reference gene as
previously described (35,38). Primer sequences: FUS (human & mouse), 5’-
GGAACTCAGTCAACTCCCCA-3'& 5’-TACCGTAACTTCCCGAGGTG-3’; FUS (mouse
only), 5’-AAGGCCTAGGCGAGAATGTTAC-3’& 5’-TGCCTCACCCTTCAACTTGC-3’;
GAPDH, 5’-GTGGGTGCAGCGAACTTTAT-3'& 5’-CACTGAGCATCTCCCTCACA-3'.

Expression of cytoplasm-targeted FUS ARRM causes a neurological phenotype and early
lethality in mice

Two transgenic female founders were generated and mated with B6CBAF1/J males to
produce offspring expressing a modified isoform of human FUS, ARRM-cyt, which lacked
amino acids 300-360 and harboured the cytoplasm-targeting mutation, R522G, under the
control of a Thy-1 neuronal promoter (Figure 1A). The first female founder produced five
litters and the transgene displayed a Mendelian pattern of inheritance. All transgenic FUS
ARRMcyt offspring (TG) were substantially smaller (~30% weight decrease) than wild-type
(WT) littermates and exhibited very early lethality, with mice moribund at a mean age of 20
+ 1 days (7= 17) (Figure 1B). Approximately 25% died suddenly, prior to the observation of
any additional phenotype(s). Interestingly, however, the remainder of these mice developed
pronounced tremor on average two days prior to death, with the survival duration following
tremor onset never exceeding more than five days. Tremor was constant and vigorous,
affecting the whole body and was not confined to the limbs. Probably as a direct result of
tremor, mice displayed a lack of balance; however, they were able to move around the cage
freely and signs of limb paralysis were not observed (Supplementary Video 1, to be found
online at http://informahealthcare.com/abs/doi/10.3109/21678421.2015.1040994). Because
of the rapid nature of disease progression in these mice, we were unable to perform
additional quantitative behavioural analyses. Although further breeding and production of
TG lines was not possible as mice died prior to sexual maturation, we endeavored to
characterize transgene expression and the associated pathology in this F1 generation.

It is important to note that a second female founder gave four litters, which yielded two
transgenic offspring. Again, both of these mice also died at the age of three weeks, with one
developing a visually identical tremor to those from the initial founder, supporting the
likelihood that the observed phenotype was a direct result of transgene expression.

RNA samples extracted from tissues of TG mice sacrificed at moribund stage in parallel
with WT littermates were used to determine the level of transgene expression in the brain
and spinal cord in these mice. RT-qPCR with a primer pair that detected both endogenous
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mouse FUS and the human ARRMcyt mutant FUS, showed that global FUS expression in
the brain (9.8 £ 0.77-fold) and spinal cord (18.1 + 2.07-fold) was significantly increased in
TG mice compared to WT littermates (Figure 1C). As endogenous mouse FUS expression
was not significantly altered from WT littermates in brain or spinal cord of TG mice, the
increase in FUS RNA can be attributed directly to the expression of the transgene (Figure
1C). Furthermore, we analysed the expression of human ARRMcyt FUS protein in the brain
of transgenic mice by Western blotting using an antibody specifically recognizing human
FUS or an antibody recognizing both human and mouse proteins. The results obtained using
the latter antibody demonstrated that the intensity of the band corresponding to FUS
ARRMcyt protein is comparable to the intensity of the band for the endogenous mouse
protein (Figures 1D, Supplementary Figure 1, to be found online at http://
informahealthcare.com/abs/doi/10.3109/21678421.2015.1040994), suggesting that human
FUS ARRMocyt protein is not massively overproduced in the brain of transgenic mice.

FUS ARRMcyt expression leads to cytoplasmic FUS-positive inclusion formation

We have shown previously that FUS ARRMcyt, albeit N-terminally tagged with green
fluorescent protein, forms pathological RNP granules and larger aggregates in the cytoplasm
of transfected cultured cell lines and primary hippocampal neurons, dependent on its
concentration (25). To determine whether this pattern of FUS localization was recapitulated
in vivo, we performed IHC on brains taken post mortem from TG mice in conjunction with
those from age-matched WT littermates. By using a monoclonal antibody that detects both
endogenous mouse FUS and the human mutant FUS, prominent staining was observed in the
cytoplasm of the cortex and brainstem cells of TG mice expressing the human FUS
ARRMcyt but not in WT mice where endogenous FUS was predominantly localized to the
nucleus (Figure 2A). In most instances FUS that was redistributed into the cytoplasm
displayed a granule-like appearance, although frequently, round, dense inclusions, highly
immunoreactive to FUS antibodies and resembling the pathological FUS inclusions seen in
the neurons of ALS patients, were also observed, typically one per cell. This redistribution
into the cytoplasm and pattern of FUS accumulation in TG mice was also confirmed using
immunofluorescent staining of sections costained with the nuclear dye, DAPI (Figure 2B).
The same pattern of FUS staining was also revealed by IHC with a different antibody, this
time polyclonal, also recognizing mouse and human FUS (Figure 2C). Costaining with a
neuronal marker, NeuN, demonstrated that mislocalization of FUS occurred in a large
fraction of cortical neurons (Figure 2C). In cells with prominent cytoplasmic localization of
FUS, the nucleus often appeared depleted of this protein (Figures 2, 3A). However, upon
staining with an antibody specifically recognizing mouse FUS, we observed that the
majority of cells maintained a nuclear localization of endogenous FUS, not dissimilar from
WT litter mates (Supplementary Figure 2A to be found online at http://
www.informahealthcare.com/doi/abs/10.3109/21678421.2015.1040994). Moreover,
cytoplasmic inclusions positive for endogenous mouse FUS were rare (Supplementary
Figure 2A, to be found online at http://www.informahealthcare.com/doi/abs/
10.3109/21678421.2015.1040994). Taken together with the unaltered expression of
endogenous FUS RNA, this suggests that endogenous FUS was affected to a minimal
degree. Surprisingly, immunoreactivity of FUS in the cytoplasm of cerebellar Purkinje cells
was comparatively weak (Figure 2A), although was detected more readily using an antibody
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highly specific to human FUS (Supplementary Figure 2B to be found online at http://
www.informahealthcare.com/doi/abs/10.3109/21678421.2015.1040994). In these cells, FUS
staining was predominantly nuclear and no FUS-positive inclusions or granule-like
accumulations were observed (Figure 2A).

We have recently shown that pathological RNP granules containing FUS can recruit SG
marker proteins and disrupt the cytoprotective formation of SGs (25). Therefore, we
performed IHC to assess the presence or absence of SG marker proteins in the pathological
FUS aggregates in these mice. The majority of large FUS-positive inclusions and smaller
granule-like accumulations were positive for a SG marker, TIAR (Figure 3A). In some rare
instances, large FUS-positive inclusions were also found to be ubiquitinated (Figure 3B). In
addition to upper motor neurons in the cortex and brainstem motor nuclei, lower motor
neurons in the spinal cord are also a key site of pathology in ALS, including FUS-ALS (39).
However, all samples for histological analysis were collected post mortem and spinal cord
tissues suffered from significant structural damage, preventing proper examination of FUS
proteinopathy.

Signs of neurodegeneration are not apparent in brain and brainstem regions of TG mice

Because of an obvious tremor phenotype in all mice that survived beyond three weeks and
the presence of neuronal FUS pathology in the brain of all analysed TG ARRMcyt animals,
we sought to establish whether gross morphological changes to neuronal populations had
occurred. However, in IHC experiments described above we observed no apparent loss or
morphological differences of cortical neurons in TG mice compared to WT littermates
(Figure 2A,C). Similarly, cerebellar Purkinje cells of TG mice were indistinguishable from
those of WT littermates upon FUS IHC and cresyl violet staining (Figure 2A and data not
shown). Furthermore, mice expressing FUS ARRMcyt did not display any obvious loss of
motor neurons in motor trigeminal, facial or hypoglossal brainstem motor nuclei, all of
which are commonly degenerated areas in ALS (40). Again, no changes to the morphology
of motor neurons in these nuclei were apparent compared to WT controls (Figure 4A).

A common feature of advanced neurodegenerative process is the presence of astro- and
microgliosis in the immediate area. IHC with anti-GFAP antibody failed to reveal any
indication of astrogliosis in the cortex or brainstem, namely differences in GFAP
immunoreactivity or in the size or number of astrocytes were not observed between TG and
WT mice (Figure 4B). Furthermore, using RCAI as a microglia marker, we were unable to
detect microgliosis in these areas (data not shown).

Discussion

We have shown that the neuronal expression of FUS lacking its RRM domain and targeted to
the cytoplasm causes abundant FUS pathology, a severe tremor phenotype and juvenile
lethality in transgenic mice. In ALS caused by mutations of the FUS gene, localization of
the predominantly nuclear protein dramatically shifts to the cytoplasm and large cytoplasmic
FUS-positive inclusions are frequently observed in surviving motor neurons (3). However,
FUS-positive inclusions in the cytoplasm were rarely observed following expression in
transgenic animals of full-length forms of FUS, even when the protein becomes mislocalized
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due to the disruption of NLS function (41-43). In contrast, in transgenic FUS ARRMcyt
mice we detected not only a dramatic mislocalization of FUS to the cytoplasm of neuronal
cells in the cortex and in the brainstem but also the occurrence of large, FUS-positive
cytoplasmic inclusions in many of these cells, reminiscent of those seen in patients’neurons.
These results are consistent with our previously proposed model linking the absence of RNA
binding of FUS to its increased aggregation propensity in the cell cytoplasm (for detail see

(25)).

Cytoplasmically mislocalized FUS isoforms have been shown to recruit endogenous FUS in
cultured cells and in a mouse model of FUSopathy (27,28). However, in FUS ARRMcyt
animals, immunostaining with mouse specific antibodies showed that endogenous mouse
FUS was not depleted from the nucleus and was very rarely included in human FUS-positive
inclusions in the cytoplasm. It is possible that recruitment of endogenous FUS to
cytoplasmic structures may represent a later stage of FUSopathy, which these mice did not
reach.

Normally, FUS engages in nucleo-cytoplasmic shuttling (19) and has been identified as a
constituent of RNA transport granules (21). Pertinent to this, FUS has been shown to interact
directly with hundreds of mMRNAs in the cytoplasm of motor neuron-like cells (44). In
addition to the higher aggregation propensity of FUS ARRMcyt, it is feasible that the
interactions of FUS with RNAs are altered in cells expressing this modified protein. As the
RRM domain is proposed to impart specificity, one would expect an increase in non-specific
RNA interactions for this isoform of FUS. Therefore, in addition to a deleterious effect on
function or metabolism of normal RNA targets of FUS, this isoform might become engaged
in interactions with, and compromise the normal functions of, novel RNA targets. Both of
these mechanisms might contribute to the development of the severe early onset phenotype
observed in these transgenic mice.

Despite a prominent proteinopathy, tremor and an early-onset lethality caused by expression
of FUS ARRMcyt in the cytoplasm, we were not able to detect any signs of
neurodegeneration or accompanying inflammatory glial response within either the cortex or
brainstem motor nuclei that are commonly affected in ALS. In a recent murine model where
wild-type human FUS was overexpressed, homozygous mice also developed a visually
similar early-onset tremor, in this case leading to limb paralysis and lethality at a young,
although significantly older, age than in FUS ARRMcyt mice. Interestingly, although FUS-
positive inclusions were widespread, loss of neuronal populations and neuroinflammatory
response were not found in the brain of these mice (45), which is consistent with our
observations.

Although it was not possible to determine an exact mechanism by which severe pathology
developed in this model, it is tempting to hypothesize that the very early death of FUS
ARRMcyt mice before or soon after developing tremor but prior to the potential onset of any
motor symptoms, reflects dramatic changes to intracellular regulatory/signalling processes
that make neurons throughout the nervous system dysfunctional before any structural
damage to these cells becomes evident. Such systemic dysregulation could have an
insurmountable effect on bodily functions, for example by causing dysregulation of
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respiratory control, leading to death of the animal before changes more typical to ALS
pathology occur in motor neurons.

Taken together with the previously reported evidence (28), our data further support the
notion that expression of cytoplasmically mislocalized FUS with compromised RNA-
binding capacity causes particularly prominent and harmful FUS pathology in the mouse
nervous system. However, models allowing more precise spatial and temporal regulation of
FUS isoforms with various tailored modifications are required to fully understand the
relationship between pathological aggregation and compromised RNA binding of FUS in the
development of neuronal dysfunction typical for FUS-ALS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Neuronal expression of cytoplasm-targeted FUS lacking RNA recognition motif causes
early lethality in mice.

(A) Map of the DNA fragment used for pronuclear microinjection. Human FUS lacking
RRM domain and targeted to the cytoplasm by the ALS associated R522G mutation was
inserted between exons Il and IV of the 7hy-1 gene. (B) Survival plot of the F1 generation
of mice used in this study which originated from the initial founder. TG mice were either
found dead or were sacrificed at moribund stage (TG, n=17; WT, n=18). (C) The bar chart
shows the mean + S.E.M of FUS expression levels in the brain and spinal cord of moribund
TG mice expressed as fold change from WT littermates (*p < 0.05, **p < 0.001, 7= 3,
Mann-Whitney test). The dashed line indicates the relative WT baseline of 1. No significant
difference in endogenous mouse FUS expression was found between TG and WT littermates
in either the brain or spinal cord (p > 0.05, n= 3, Mann-Whitney test). (D) Western blot
analysis of FUS proteins expression in the total brain lysates of TG and WT mice, using
antibodies against either only human FUS or both human and mouse FUS. Cell lysates from
the human neuroblastoma cell line, SH-SY5Y, were included as a positive control (Hum.)
for the full-length human FUS. Blots were reprobed for -actin as a loading control.
Asterisks indicate non-specific bands.
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Figure 2. FUS mislocalization in cortical and brainstem neuronal populations in FUS ARRMcyt
mice.

Mouse brain sections were immunostained with a mouse monoclonal antibody detecting
both human mutant and mouse endogenous FUS proteins. (A) Cells of the cortex and
brainstem in TG mice displayed prominent FUS immunoreactivity in the cytoplasm (white
arrowheads). Large FUS-positive, round inclusions were also frequently observed in the
cytoplasm of these cells (black arrowheads). Purkinje cells of the cerebellum (black arrows),
however, displayed only very slight staining in the cytoplasm. In WT mice, the cellular
localization of FUS is predominantly nuclear. (B) Immunofluorescent staining for FUS and
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DAPI counterstaining of cell nuclei revealed a granular pattern (white arrows) and the
presence of FUS-positive inclusions (white arrowhead) in the cytoplasm of cortical cells. (C)
Double immunofluorescent staining for FUS and the neuronal nuclear marker, NeuN,
demonstrated that cytoplasmic mislocalization of FUS is widespread in cortical neurons of
TG mice. Scale bars: A,B, 25 um; C, 100 pm.
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(A)

Figure 3. Characterization of FUS proteinopathy in FUS ARRMcyt mice.
Double immunofluorescent staining of mouse brain sections with a rabbit polyclonal

antibody detecting both human mutant and mouse endogenous FUS proteins, and either
mouse monoclonal anti-TIAR antibody or anti-ubiquitin antibody. (A) Large FUS-positive
inclusions (arrowheads) and much smaller FUS-positive granular structures (arrows)
colocalize with TIAR in cortical cells of TG mice. In contrast, in WT littermates, TIAR
displays diffuse staining in the nucleus and cytoplasm. Insets show higher magnification of
boxed areas. (B) Some FUS-positive inclusions (arrowhead) also displayed
immunoreactivity to ubiquitin. Scale bars: 15 pm for all panels.
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Figure 4. Brainstem motor nuclei of FUS ARRMcyt mice do not display obvious signs of
neurodegeneration.
(A) Motor trigeminal, facial and hypoglossal nuclei in TG and WT mice were stained with

cresyl violet to permit identification of motor neurons. No morphological differences were
identified in TG mice compared with WT littermates. (B) Immunoreactivity to glial fibrillary
acidic protein (GFAP) and morphology of astrocytes are indistinguishable between FUS
ARRMcyt mice and WT littermates. Representative images shown. Scale bars: A, 25 um; B,
50 pm.

Amyotroph Lateral Scler Frontotemporal Degener. Author manuscript; available in PMC 2016 March 29.



	Abstract
	Introduction
	Materials and methods
	Production of transgenic mice
	Histology and immunohistochemistry
	Western blotting
	Antibodies
	RT-qPCR

	Results
	Expression of cytoplasm-targeted FUS ΔRRM causes a neurological phenotype and early
lethality in mice
	FUS ΔRRMcyt expression leads to cytoplasmic FUS-positive inclusion formation
	Signs of neurodegeneration are not apparent in brain and brainstem regions of TG mice

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

