
Nuclear localization sequence of FUS and induction of stress
granules by ALS mutants

Jozsef Gal1, Jiayu Zhang1, David M. Kwinter1, Jianjun Zhai1, Hongge Jia2, Jianhang Jia1,2,
and Haining Zhu1,*

1Department of Molecular and Cellular Biochemistry, College of Medicine, University of Kentucky,
741 South Limestone Street, Lexington, Kentucky 40536
2Markey Cancer Center, College of Medicine, University of Kentucky, 741 South Limestone
Street, Lexington, Kentucky 40536

Abstract
Mutations in FUS have been reported to cause a subset of familial amyotrophic lateral sclerosis
(ALS) cases. Wild-type FUS is mostly localized in the nuclei of neurons, but the ALS mutants are
partly mislocalized in the cytoplasm and can form inclusions. Little is known about the regulation
of FUS subcellular localization or how the ALS mutations alter FUS function. Here we
demonstrate that the C-terminal 32 amino acid residues of FUS constitute an effective nuclear
localization sequence (NLS) as it targeted beta-galactosidase (LacZ, 116 kDa) to the nucleus.
Deletion of or the ALS point mutations within the NLS caused cytoplasmic mislocalization of
FUS. Moreover, we identified the poly-A binding protein (PABP1), a stress granule marker, as an
interacting partner of FUS. PABP1 formed large cytoplasmic foci that co-localized with the
mutant FUS inclusions. No such foci, which resemble stress granules, were observed in the
presence of wild-type FUS. In addition, processing bodies, which are functionally related to stress
granules, were adjacent to but not co-localized with the mutant FUS inclusions. Our results
suggest that the ALS mutations in the C-terminal NLS of FUS can impair FUS nuclear
localization and induce cytoplasmic mislocalization, inclusion formation, and potential
perturbation of RNA metabolism.
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Introduction
Amyotrophic lateral sclerosis (ALS, also known as Lou Gehrig's disease) is a progressive
and fatal neurodegenerative disease. A general symptom of ALS is muscle weakness and
wasting triggered by the loss of innervation by motor neurons. The majority of ALS cases
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are sporadic, and approximately 10% are familial. Several ALS genes have been identified
as their mutation can lead to familial ALS. Mutations in Cu/Zn superoxide dismutase
(SOD1) were first discovered (Rosen, et al., 1993), which account for about 20% of the
familial cases. Most recently, mutations in an RNA processing protein named fused in
sarcoma/translocated in liposarcoma (FUS/TLS) were found to cause type 6 familial ALS
(Kwiatkowski, et al., 2009,Vance, et al., 2009). In addition, FUS mutations have also been
reported in sporadic ALS cases (Belzil, et al., 2009,Corrado, et al., 2009,Dejesus-
Hernandez, et al., 2010). Interestingly, mutations in another RNA metabolism protein named
TAR DNA binding protein (TDP-43) were also reported in familial ALS in recent years
(Kabashi, et al., 2008,Sreedharan, et al., 2008,Van Deerlin, et al., 2008). In addition,
perikaryal ubiquitinated TDP-43 proteinopathy is found in a large portion of familial and
sporadic ALS cases (Kwong, et al., 2007,Mackenzie, et al., 2007,Neumann, et al., 2006).
While TDP-43 has been intensely studied in the past several years, the role of FUS in ALS
is largely unknown and is the focus of this study.

FUS is a ubiquitously expressed multi-domain protein belonging to the FET family of RNA-
binding proteins along with EWS (Ewing sarcoma) (Bertolotti, et al., 1996). In neurons and
glial cells, FUS is almost exclusively localized to the nucleus (Aman, et al.,
1996,Andersson, et al., 2008). FUS engages in rapid nucleocytoplasmic shuttling, binds
RNA both in the nucleus and the cytoplasm and likely shuttles RNA between the nucleus
and the cytoplasm (Zinszner, et al., 1997). The FUS protein also plays a role in the transport
of mRNA for local translation in dendrites in neurons (Fujii, et al., 2005,Fujii and Takumi,
2005). In addition, FUS has also been reported to bind single- and double-stranded DNA
(Baechtold, et al., 1999) and to play a role in a variety of processes including DNA repair
(Baechtold, et al., 1999), pairing of homologous DNA and cell proliferation (Bertrand, et al.,
1999), transcriptional regulation (Prasad, et al., 1994,Tan and Manley, 2010) and mRNA
splicing (Yang, et al., 1998).

Protein inclusions in degenerating motor neurons are a hallmark of ALS (Piao, et al., 2003).
In the familial ALS cases caused by FUS mutations, aberrant FUS mislocalization to the
cytoplasm and FUS-positive cytoplasmic inclusions were detected (Belzil, et al.,
2009,Corrado, et al., 2009,Kwiatkowski, et al., 2009,Vance, et al., 2009). However, the
mechanism for such altered localization is unknown. Thus, in this study we set forth to
determine the underlying mechanism and potential consequences of mutant FUS
mislocalization.

The regulation of FUS subcellular localization is not fully understood. The calculated
molecular weight of human FUS protein is 53,426 daltons although it migrates as a band at
approximately 70 kDa in SDS-PAGE. The cutoff for passive diffusion through the nuclear
pore complex is estimated to vary between 40-60 kDa (Gerace, 1995,Peters, 2009,Rout, et
al., 2003). Thus, it is theoretically possible but likely difficult for FUS to migrate across the
nuclear pore complex with passive diffusion. There is a predicted nuclear export sequence
(NES) in FUS (Lagier-Tourenne and Cleveland, 2009), whose sequence shows similarity but
does not match well with the consensus NES sequence. There is no classic nuclear
localization sequence (NLS) reported or predicted in FUS. Bioinformatic attempts revealed
no classically predictable NLS (e.g., PredictNLS server at
http://cubic.bioc.columbia.edu/services/predictNLS, (Cokol, et al., 2000)). However, a
potential NLS has been reported within EWS, which is homologous to the C-terminus of
FUS (Lee, et al., 2006,Zakaryan and Gehring, 2006). It is also noted that the majority of the
FUS mutations identified to date are clustered in the C-terminus of the protein
(Kwiatkowski, et al., 2009,Vance, et al., 2009). We thus tested the hypothesis that the C-
terminus of FUS played a critical role in the nuclear localization of FUS by functioning as
an NLS.
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Sequence analysis led us first to test the C-terminal 17 residues, which contain several
positively charged residues and likely constitute a distinct motif from the preceding
sequences. Deletion of the 17 residues caused a dramatic mislocalization to cytoplasm and
formation of cytoplasmic inclusions. Fusion of the 17 residues to GFP was sufficient to
cause accumulation of GFP in the nucleus, however tagging the 17 residues to a large
protein beta-galactosidase (LacZ) had marginal effect in targeting LacZ to the nucleus. Our
results suggest that the C-terminal 17 residues are essential for FUS nuclear localization but
may not be sufficient to function as an effective NLS. Based on the most recently discovered
ALS truncation mutant FUS lacking the C-terminal 32 residues, we tested and demonstrated
that the 32-residue fragment was highly effective in targeting LacZ to the nucleus.
Moreover, the ALS point mutations in the C-terminal fragment significantly impaired its
ability of targeting LacZ and GFP to the nucleus. These results support that the C-terminus
of FUS indeed plays a critical role in its nuclear localization. Using proteomic techniques,
we identified a stress granule component, the poly-A binding protein 1 (PABP1) as a FUS
interacting partner. Confocal microscopic analysis showed that the mutant FUS inclusions
were co-localized with stress granules using PABP-1 and TIA-1 as markers, whereas no
stress granules were induced in cells expressing wild-type FUS. Moreover, the mutant FUS
inclusions were adjacent to but not co-localized with processing bodies that are functionally
related to stress granules.

Materials and Methods
Plasmid construction

The wild-type (WT) or mutant FUS sequence was PCR amplified using the pDEST53-WT
FUS plasmid (generous gift from Dr. Lawrence J. Hayward, University of Massachusetts
Medical School). The amplification products were inserted into p3XFLAG-CMV10
(Sigma), pEGFP-C3 (Clontech) and p5xMyc-UAST (Liu, et al., 2007) vectors using the
BglII and KpnI sites, or the pEBG glutathione S-transferase (GST) fusion vector (Tanaka, et
al., 1995) using the BamHI and KpnI sites. The FUS C-terminal segments K510-Y526,
R495-Y526 and R495-G509 were fused to the C-terminus of the GFP and LacZ vectors by
inserting double-stranded oligonucleotides between the BglII and KpnI sites of pEGFP-C1
(Clontech) or the NheI and XhoI sites of pHM829 (Addgene Plasmid 20703) (Sorg and
Stamminger, 1999), The R518K, R521G and R521H mutations were introduced into the
LacZ-FUS (R495-Y526) construct using the QuikChange II Site-Directed Mutagenesis Kit
(Stratagene).

Primary mouse motor neuron culture
Primary mouse motor neurons were purified and cultured following a previously reported
protocol (Gingras, et al., 2007). Briefly, spinal cords were obtained from embryonic day 13
mice by careful dissection. Spinal cord cells were then dissociated by trituration and motor
neurons were purified by differential centrifugation using a step gradient of NycoPrep
(Accurate Chemical) solutions. The motor neurons were then plated on poly-Lysine treated
glass coverslips and incubated at 37°C, 5% CO2 in growth-factor supplemented medium.
The cells were transfected using Lipofectamine LTX (Invitrogen) on the sixth day in vitro
(DIV6) and fixed on DIV 10 for confocal microscopy.

Cell culture and transfection
The NSC34, N2A and HEK293 cells were cultured in DMEM medium (Invitrogen)
supplemented with 10% FBS and penicillin/streptomycin in a 37°C incubator in 5%
CO2/95% air as previously described (Strom, et al., 2008). The cells were transfected in a 6-
well format using the Lipofectamine transfection reagent (Invitrogen). The S2 cells were
cultured in Schneider's Drosophila Medium (Invitrogen) with 10% fetal bovine serum, 100
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U/mL penicillin, and 100 μg/mL streptomycin. Standard protocols were used for
transfection and immunostaining as described previously (Liu, et al., 2007).

Nuclear-cytosolic fractionation
The nuclear fractionation was performed as described in (Vance, et al., 2009). Briefly, the
transfected cells were rinsed with phosphate-buffered saline (PBS), resuspended in PBS,
pelleted at 1,000 RCF, and resuspended in lysis buffer (50 mM K-HEPES, pH 7.5, 10 mM
KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, Sigma P-8340 protease inhibitor cocktail
at 1:1,000 dilution and 0.2 mM PMSF). After incubation at room temperature for 2 min and
on ice for 10 min, Triton-X100 was added to the suspensions to the final concentration of
0.5%. The suspension was incubated on ice for additional 10 min, and pelleted at 13,000
RCF for 1 minute. The supernatant and the pellet was separately collected, boiled with SDS
loading buffer and used as the cytosolic and nuclear fraction, respectively. SOD1 and
histone H4 was used as the cytosolic and nuclear marker, respectively.

Western blotting
The cell culture extracts were prepared two days after transfection. The primary antibodies
used in Western blotting were anti-actin (Santa Cruz, sc-1616), anti-GFP (Santa Cruz,
sc-8334), anti-GST (Santa Cruz, sc-459), anti-FUS (Santa Cruz, sc-47711), anti-SOD1
(Santa Cruz, sc-11407), anti-PABP1 (Santa Cruz, sc-32318) and anti-acetyl-histone H4
(Upstate 17-630). The protein bands were visualized using ECL reagents (Pierce).

Fluorescence microscopy
The cells were cultured and transfected on sterile gelatin-coated coverslips and subjected to
fluorescence microscopy analysis as previously described (Gal, et al., 2009). Briefly, the
cells were washed with PBS 48 hours after transfection and fixed in 4% paraformaldehyde
in PBS at 37°C for 15 min. The cells with GFP fluorescence were incubated with 4’,6-
diamidino-2-phenylindole (DAPI, Invitrogen) in PBS/ 0.1% Triton-X100, then mounted on
glass slides with Vectashield mounting medium (Vector Laboratories). The cells for
immunofluorescence staining were fixed as above, permeabilized with PBS/0.25% Triton-
X100, blocked with 10% BSA in PBS, and incubated with primary antibodies diluted in 3%
BSA/PBS. The primary antibodies were anti-FLAG (Sigma F3165), anti-beta-galactosidase
(Promega Z3781), anti-PABP (Santa Cruz sc-32318), anti-TIA-1 (Santa Cruz sc-28237) and
anti-GE-1 (Santa Cruz sc-8418). The slides were subsequently washed with PBS and
incubated with DAPI and Alexa Fluor 488 anti-mouse (Invitrogen A21202), Alexa Fluor
594 anti-mouse (Invitrogen A21203) or Alexa Fluor 594 anti-rabbit (Invitrogen A11012)
secondary antibodies at 1:400 dilution in 3% BSA/PBS. The coverslips were then washed
with PBS and mounted using Vectashield mounting medium. Fluorescence microscopy was
carried out using a Leica SP5 inverted confocal microscope with a 63x or 100x objective.

Image analysis was performed using the ImageJ program. The quantitative analysis of the
fluorescence intensities in the nucleus and cytoplasm was performed using confocal
microscopic images of randomly selected cells. For each individual cell, the boundary of the
nucleus was identified by tracing the acquired DAPI-channel image. The boundary of the
cell was similarly traced using the GFP or LacZ immunofluorescence image. Cytoplasm was
the area between the nuclear and cellular boundaries as defined above. An ImageJ macro
then calculated the average intensity of GFP or LacZ immunofluorescence from pixels
within the nucleus (N) and within the cytoplasm (C) using these traced areas. The ratio of
these average intensities (N/C) was calculated from at least 20 randomly selected cells in
each group. The statistical analysis was performed using Student's t-test.
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Identification of PABP1 as a FUS interaction partner
The GST-FUS (WT and R521G) constructs were transfected into HEK293 cells. Two days
post-transfection, cell lysates were prepared in RIPA buffer (Millipore) and subjected to
pulldown with Glutathione Sepharose 4B (GE Healthcare 17-0756-01) as previously
published (Zhang, et al., 2007). The eluted proteins were resolved by SDS-PAGE, and
individual gel slices of interest were subjected to trypsin digestion. The extracted peptide
mixtures were analyzed by LC-MS/MS using a QSTAR XL (Applied Biosystems) as
previously described (Fukada, et al., 2004). The LC-MS/MS results were processed with a
local Mascot server (Matrix Science) for protein identification.

Results
The in vivo pathology of FUS mutants is recapitulated in cultured cells

We first tested whether the pathological cytoplasmic localization of FUS mutants were
replicated in primary motor neurons using the GFP-tagged wild-type and familial ALS
mutant FUS constructs. R518K, R521G and R521H were chosen since they are the more
prevailing mutations in the reports (Kwiatkowski, et al., 2009,Vance, et al., 2009). As shown
in Fig 1A, all three mutants were evident in the perikaryon and neurites in addition to the
nucleus, clearly suggesting cytoplasmic mislocalization. In contrast, WT FUS was localized
in the nucleus with nearly undetectable cytoplasmic signal.

We then tested whether the pathological cytoplasmic mislocalization and inclusion
formation of FUS mutants were also observed in several different cell lines including
NSC34, N2A, HEK293 and Drosophila S2 cells. As shown in Fig 1B, cytoplasmic
mislocalization of the mutants was also apparent in the N2A mouse neuroblastoma cells.
The nuclear-cytosolic fractionation of transfected N2A cells showed that higher amounts of
mutant FUS proteins were fractionated to the cytosol than the WT protein (Fig 1C). At the
same time, the endogenous FUS was detected almost exclusively in the nuclear fraction. In
addition, cytoplasmic inclusions were observed in some cells expressing mutant FUS (Fig
1B). The cytoplasmic mislocalization of mutant FUS was also observed in the motor
neuron-like NSC34 cells, HEK293 cells and Drosophila S2 cells (Supplementary Fig S1).
Inclusions of mutant FUS were also observed in some NSC34 and S2 cells, but were more
prominent in HEK293 cells. Our results show that the pathological features of the familial
ALS mutants of FUS could be replicated in the cell culture systems tested, including
primary motor neurons.

Sequence analysis of FUS
FUS is a multi-domain RNA-binding protein (Bertolotti, et al., 1996,Lagier-Tourenne and
Cleveland, 2009). It contains an N-terminal domain rich in Gln, Gly, Ser and Tyr residues,
followed by a Gly-rich region, an RNA Recognition Motif (RRM) domain, two Gly-rich
regions separated by a RanBP2-type zinc finger, and a C-terminal domain. The Gly-rich
regions contain several embedded Arg-Gly motifs with the sequence “RG”, “RGG” or
“RGGG” (referred to as the RGG motif in this study).

The sequence alignment of the C-terminal regions of FUS from multiple organisms,
Drosophila CaZ protein, and several human proteins closely related to FUS is shown in Fig
2A. The C-terminal 17-residue segment of FUS is clearly distinct from the preceding region
containing the RGG motifs. The C-terminal 17 residues are separated from the RGG motifs
by a Gly-Pro-Gly sequence, which has a high turn and loop propensity (Leszczynski and
Rose, 1986,Rose, et al., 1985). Thus, this C-terminal segment is likely to be a separate motif
from the structural perspective. Moreover, the majority of reported familial ALS mutations
of FUS are point mutations clustered within the C-terminus (Fig 2A) (Kwiatkowski, et al.,
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2009,Vance, et al., 2009). In addition, the C-terminus of EWS has been reported to function
as an NLS (Zakaryan and Gehring, 2006). We first hypothesized that, despite the lack of a
classic NLS in FUS, the C-terminal 17 residues may play a crucial role in the nuclear
localization of FUS by functioning as an NLS, or a nuclear retention sequence (NRS).

The effect of the deletion of the C-terminal 17 residues of FUS
To examine the role of the C-terminal 17 residues of FUS in the nuclear localization of the
protein, we generated a truncation mutant of FUS lacking the C-terminal 17 residues (FUS-
Δ17). Deletion of the 17 residues dramatically changed the subcellular localization of the
FUS protein. In primary motor neurons, the GFP-tagged FUS-Δ17 fusion protein was
apparent in the neurites, perikaryon, in addition to nucleus (Fig 2B). In N2A cells, GFP-
tagged FUS-Δ17 was localized either predominantly in the cytoplasm or evenly throughout
both nucleus and cytoplasm (Fig 2C). In addition, GFP-FUS-Δ17 inclusions were evident in
many transfected cells (Fig 2C). The fractionation of transfected N2A cells also showed that
FUS-Δ17 localized to the cytoplasm even more than the R521G mutant (Fig 2D). Similar
results were obtained in HEK293 cells (Fig 2E) and NSC34 cells (Supplemental Fig S2). To
eliminate the potentially fortuitous effect of the GFP tag itself, a 3xFLAG-tagged FUS-Δ17
fusion protein was also generated and tested. Anti-FLAG immunofluorescence studies
showed that the localization of 3xFLAG-FUS-Δ17 was also predominantly cytoplasmic with
inclusions in transfected HEK293 cells (Fig 2E). Taken together, the results suggest that the
C-terminal 17 residues of FUS play an essential role in the nuclear localization of the
protein.

The effect of the C-terminal 17 residues on nuclear localization
We fused the C-terminal 17 residues (K510-Y526) to the C-terminus of enhanced GFP
(GFP-C17) and tested its effect on the localization of GFP. The GFP-C17 protein apparently
accumulated in the nucleus in contrast to the almost equal distribution of GFP control in the
cytoplasm and nucleus of HEK293 (Fig 3A). We also generated a mutation within the C-
terminal C17 residues corresponding to the R521G mutation in full-length FUS (GFP-C17-
R521G). The R521G mutation severely impaired the ability of the C-terminal 17 residues of
FUS to drive the nuclear accumulation of GFP (Fig 3A). The results were quantified by
measuring the nuclear/cytoplasmic fluorescence intensity ratios (N/C). As shown in Fig 3B,
the N/C ratio of GFP-C17 protein (2.94) was more than two-fold higher than that of the GFP
control protein (1.24). Compared to GFP-C17, the R521G mutation significantly reduced the
N/C ratio of the GFP-C17-R521G protein (1.49). Statistical analysis showed that the
differences in the above two pairs were statistically significant (p < 10-6). The results clearly
support that the C-terminal 17 residues can facilitate the nuclear accumulation of GFP while
the R521G mutation in the segment can impair nuclear accumulation.

A caveat of this set of experiments is that the molecular weight of GFP is under 30kDa and
it can enter the nucleus with passive diffusion (Peters, 2009,Sorg and Stamminger, 1999),
consistent with the observation that GFP was localized in both the nucleus and cytoplasm
(Fig 3A). To overcome this caveat, the bacterial beta-galactosidase (LacZ) with a molecular
weight of 116 kDa was chosen to further evaluate the effect of the C-terminal 17 residues.
When expressed in mammalian cells, LacZ is a cytoplasmic protein and can be imported
into the nucleus if it is tagged with an NLS (Sorg and Stamminger, 1999). We fused the C-
terminal 17 residues of FUS to the C-terminus of LacZ (LacZ-C17).We also generated a
positive control construct with the well known SV40 large T antigen NLS (PKKKRKV)
(Kalderon, et al., 1984) fused to the C-terminus of LacZ (LacZ-SV40).

The subcellular localization of the LacZ proteins examined by immunofluorescence
microscopy is shown in Fig 3C. The untagged LacZ was largely in the cytoplasm and the
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LacZ-SV40 protein was largely in the nucleus, serving as negative and positive controls,
respectively. Surprisingly, the C-terminal 17 residues of FUS were not nearly as effective as
the SV40 large T antigen NLS in targeting LacZ to the nucleus (Fig 3C). Careful
quantification (see Fig 3D) of the nuclear/cytosolic fluorescence intensity ratios showed that
the N/C ratio of the LacZ-C17 protein (0.49) was mildly but statistically (p < 0.0001)
increased compared to that of the untagged LacZ (0.36). The p values comparing LacZ-
SV40 to LacZ control or LacZ-C17 were less than 10-6 (Fig 3D). The results in Fig 2 and 3
collectively show that although the C-terminal 17 residues of FUS are essential for the
nuclear localization of the FUS protein, the segment is not an effective NLS.

The effect of the C-terminal 32 residues of FUS on the localization of LacZ
In light of the above results, we speculated that a larger segment of the C-terminus of FUS
could function as a more competent NLS. Based on the most recently discovered R495X
nonsense mutation (lacking residues R495-Y526) in familial ALS patients (personal
communication with Dr. Lawrence Hayward), we tested whether the C-terminal 32 residues
can function as an NLS. Fig 4A shows the representative confocal images and Fig 4B shows
the quantitative analysis of the N/C ratios of different LacZ constructs examined. The C-
terminal 32 residues of FUS were fused to the C-terminus of LacZ (LacZ-C32). When
expressed in HEK293 cells, the LacZ-C32 protein was dramatically relocalized to the
nucleus (p < 10-6). Introduction of the R518K, R521G and R521H ALS single point
mutations in the C32 segment all resulted in significant reduction of the nuclear localization
of LacZ-C32 (p < 10-6). Of note, the R521G mutation caused the most significant reduction
of nuclear localization of LacZ-C32 among the three point mutations tested. As the C-
terminal 17 residues could not work as an effective NLS, we further tested whether the first
15-residue segment of the C-terminal 32 residues alone might have acted as an NLS. We
fused the 15-residue RGG motif (R495-G509) to the C-terminus of LacZ (LacZ-RGG15).
LacZ-RGG15 was largely confined in the cytoplasm, which was indistinguishable from the
untagged LacZ (Fig 4A), suggesting that the RGG15 motif alone is not an NLS. Taken
together, our results suggest that the C-terminal 32 residues of FUS can act as a potent
nuclear localization sequence.

The cytoplasmic inclusions of mutant FUS co-localize with stress granules
To better understand the differential functions of WT and mutant FUS, we used a mass
spectrometry-based proteomic approach to identify FUS interacting partners. We generated
mammalian expression constructs for GST-tagged WT and R521G FUS and carried out
GST pulldown experiment as described previously (Zhang, et al., 2007). The poly-A binding
protein 1 (PABP1) was identified as one of the interacting partners of WT and R521G FUS.
The sequences identified by tandem MS/MS are in red in Fig 5A, and a MASCOT score of
398 also support a high-confidence identification. Furthermore, the interaction between
PABP1 and FUS was validated by GST pulldown followed by PABP1 Western blot. As
shown in Fig 5B, the endogenous PABP1 was co-precipitated with WT and R521G FUS
(lanes 1 and 2) but not with the GST control (lane 3).

The PABP1 protein has been reported to be a component of stress granules (Kedersha, et al.,
2007,Kedersha, et al., 1999), the cytoplasmic structures in which a population of silenced
mRNAs are held in translationally inactive 48S ribosomal complexes (Anderson and
Kedersha, 2008). PABP1 also plays a role in regulatory processes of mRNA metabolism,
translational initiation regulation and translationally-coupled mRNA turnover (Mangus, et
al., 2003). We hypothesize that the cytoplasmic inclusions containing mislocalized mutant
FUS might facilitate stress granule formation and perturb translational regulation, which
could contribute to the pathogenesis of ALS.
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To test this hypothesis, we examined the subcellular localization of PABP1 in HEK293 cells
transfected with GFP vector, GFP-WT-FUS, GFP-R521G-FUS or GFP-FUS-Δ32, and in the
untransfected control cells. In the untransfected cells and the cells transfected with GFP
vector control or GFP-WT-FUS, anti-PABP1 immunofluorescence microscopy revealed a
dispersed punctate pattern throughout the cytoplasm, which was characteristic PABP-1
distribution as described in literature (Kedersha, et al., 1999) (Fig 5C). In contrast, in cells
expressing GFP-R521G-FUS or GFP-FUS-Δ32, PABP-1 formed large cytoplasmic foci that
appeared co-localized with the mutant FUS inclusions. These foci represented highly
clustered PABP-1 positive puncta and resembled stress granules (Kedersha, et al.,
2007,Kedersha, et al., 1999). No such cytoplasmic foci/stress granules were observed in
cells expressing WT-FUS.

We further examined the co-localization of FUS and another stress granule marker TIA-1
(Anderson and Kedersha, 2008,Kedersha, et al., 2002). Similarly, while the TIA-1 positive
puncta were evenly distributed throughout the cytoplasm in HEK293 cells transfected with
GFP-WT-FUS, TIA-1 positive granules were clearly observed and co-localized with the
GFP-R521G-FUS inclusions (Supplementary Fig S3).

To eliminate the possibility that the mutant FUS inclusions were incidentally co-localized
with stress granules, a negative control experiment was performed to test whether the mutant
FUS inclusions were co-localized with the processing bodies marker GE-1 (Anderson and
Kedersha, 2008). As shown in Fig 5D, the processing bodies were evident in cells regardless
whether FUS (WT or mutant) was over-expressed. When FUS-R521G point mutant and
FUS-Δ32 truncation mutant formed the cytoplasmic inclusions, the processing bodies were
adjacent to but not co-localized with the inclusions. The results suggest that the co-
localization of mutant FUS inclusions and stress granule markers was not non-specific.
Taken together, these results suggest that the cytoplasmic mislocalization and inclusion
formation of ALS mutant FUS may induce stress granule formation, and subsequently
perturb RNA metabolism and translation regulation.

Discussion
Since the initial report of FUS/TLS mutations in type 6 familial ALS (Kwiatkowski, et al.,
2009,Vance, et al., 2009), the FUS pathology has also been found in sporadic ALS cases
(Belzil, et al., 2009,Corrado, et al., 2009) and frontotemporal lobar degeneration (Neumann,
et al., 2009,Seelaar, et al., 2009). In addition, cytoplasmic mislocalization and inclusion
formation of mutant FUS protein have been shown in familial ALS tissues (Belzil, et al.,
2009,Corrado, et al., 2009,Kwiatkowski, et al., 2009,Vance, et al., 2009). We first
demonstrated that the molecular pathology of FUS mutants can be recapitulated in cell
culture models. When mutant FUS was expressed in primary motor neurons and four cell
lines, increased cytoplasmic localization of mutant FUS was observed in all five cell
cultures and varying degrees of inclusion formation was seen in the four cell lines (Fig 1 and
S1). The lack of apparent cytoplasmic inclusions in primary motor neurons is likely due to
the relatively low expression level of exogenous FUS as compared to the cell lines. Using
the cell culture model, we strived in this study to understand how WT FUS is localized to
the nucleus, how ALS mutations interfere with this process, and how mutant FUS inclusions
may disrupt other cellular processes.

Sequence analysis of the C-terminal region of FUS from multiple organisms suggested that
the C-terminal 17 residues may function as an NLS (Fig 2A). Deletion of the 17 residues
resulted in significant relocalization of the truncated protein to the cytoplasm and formation
of cytoplasmic inclusions (Fig 2 and S2). Appending the 17 residues of FUS to the C-
terminus of GFP caused significant nuclear accumulation of GFP-C17 (Fig 3A and 3B), but
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appending the 17 residues to a larger protein LacZ only caused a minimal nuclear
relocalization of LacZ-C17 (Fig 3C and 3D). The results show that, although the C-terminal
17 residues are essential to the nuclear localization of FUS, this segment alone is not
sufficient to target a large protein like LacZ into the nucleus. The C-terminal 17 residues
may be part of an NLS that requires additional sequences, thus behaves as a very weak NLS
on its own. Alternatively, this segment may facilitate the nuclear retention of FUS by
functioning as an NRS as described (Kim, et al., 2007,Nakielny and Dreyfuss, 1996).

To determine whether a longer sequence of the C-terminus of FUS can function as an
effective NLS, we chose to test the C-terminal 32 residues that are absent in the R495X
mutant recently found in familial ALS patients. The results in Fig 4 strongly suggest that
neither the 15-residue RGG motif nor the C-terminal 17-residue segment alone is sufficient
to ensure nuclear localization. Rather, the entire 32-residue C-terminal motif is a highly
effective NLS. Mutations (point mutations or deletion) in the NLS can significantly reduce
the nuclear localization of the protein. Since this NLS within FUS evaded the prediction
algorithms of classic NLS that is mediated by importin α or β, it is likely it functions via a
non-classic mechanism, possibly involve the nuclear importer protein called karyopherin-β2
(Bonifaci, et al., 1997,Lee, et al., 2006,Pollard, et al., 1996).

Our finding that the C-terminal 17 residues of FUS facilitated the nuclear accumulation of
GFP but not that of LacZ is reminiscent of an earlier report on the NLS of the FET family
member EWS (Zakaryan and Gehring, 2006). The study showed that the C-terminal motif of
18 residues of EWS redirected the YFP protein to the nucleus, but acted rather inconsistently
on a larger GST-YFP double-tag protein (Zakaryan and Gehring, 2006). The FUS and EWS
proteins are closely related and our sequence alignment shows that EWS also contains an
RGG repeat motif preceding the C-terminal 18 residues (Fig 2A). We expect that the RGG
motif along with the C-terminal 18 residues together in EWS would also function as a
consistently effective NLS. The sequence similarity between FUS and EWS enhances the
notion that the entire C-terminal segment including the RGG motif is essential for ensuring
nuclear localization of the proteins.

Interestingly, to the best of our knowledge, no ALS mutations have been identified in the
15-residue RGG motif whereas the C-terminal 17-residue segment is populated with the
ALS mutations. We postulate that, although the 15-residue RGG motif is important for the
nuclear localization of FUS, it might be more tolerant to missense mutations than the C-
terminal 17 residues because additional RGG repeats exist in the FUS sequence.

It is noted that the three point mutations, R518K, R521G and R521H, had differential
degrees of impairment of the nuclear localization of LacZ-C32 (Fig 4). The R521G mutation
caused the most drastic reduction of the N/C ratio of LacZ-C32. Since Arg, Lys and His are
all positively charged under the physiological pH, the substitution of Arg with Gly is
obviously a more significant change compared to the substitution of Arg with Lys or His.
This provides a likely rationale for the observation that R521G impaired the nuclear
localization most severely among the three mutations. Moreover, the average duration of
survival of the 17 familial ALS patients carrying the R521G mutation was between 24.0 to
28.3 months. The average survival duration of the 3 patients carrying the R521H mutation
was 54.1 months (Kwiatkowski, et al., 2009). This suggests that R521G can potentially
generate more severe phenotypes. In addition, the FUS-Δ32 truncation mutant lacking the
NLS is reported to be associated with a severe early-onset clinical phenotype (personal
communication with Dr. Lawrence Hayward). This correlates with the higher degree of
cytoplasmic miclocalization of FUS-Δ32 mutant. Given the scarcely available clinical data
from mutant FUS-mediated familial ALS patients, the above correlation could be premature.
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More mechanistic studies and clinical data are needed to better understand the relationship
between the mutations and their clinical manifestation in human patients.

The FUS protein has been reported to relocalize to stress granules upon heat shock and
oxidative stress (Andersson, et al., 2008). Stress granules are cytoplasmic structures
containing translationally silent mRNAs in inactive 48S ribosomal complexes (Anderson
and Kedersha, 2008). We independently identified poly A-binding protein 1 (PABP1),
which is a stress granule marker, as a FUS interacting partner using proteomic approaches
(Fig 5A) and validated it (Fig 5B). Confocal microscopic analysis showed that the PABP1
positive stress granules were co-localized with the cytoplasmic inclusions of mutant FUS
whereas PABP-1 was dispersed throughout the cytoplasm in cells expressing WT FUS (Fig
5C). Similar results were obtained when we used another stress granule marker TIA-1 (Fig
S3). In addition, the mutant FUS inclusions were adjacent to, but not co-localized with
processing bodies, suggesting that the co-localization of stress granules with the mutant FUS
inclusions was not incidental. The results suggest that, in the absence of additional insults,
mutant FUS alone can induce stress granules. Stress granules and processing bodies are
often adjacent to each other and functionally related (Anderson and Kedersha,
2008,Kedersha, et al., 2005). Thus, the observation of the adjacent processing bodies
suggests that stress granules induced by the mutant FUS are likely to be functionally
relevant.

Similarities between the pathologies caused by TDP-43 and FUS mutants are noted.
Although the two proteins are not closely related, they share similar sequence elements such
as the RRM domain and glycine-rich regions, which are common to RNA/DNA binding
proteins (Lagier-Tourenne and Cleveland, 2009). Similar to FUS, TDP-43 has been reported
to play roles in RNA transcription, splicing and transport (Buratti and Baralle,
2008,Volkening, et al., 2009). Both proteins are normally mostly nuclear in neurons, and
their molecular features in ALS encompass their mislocalization to the cytoplasm and the
formation of protein inclusions (Arai, et al., 2006,Kwiatkowski, et al., 2009,Kwong, et al.,
2007,Neumann, et al., 2006,Sreedharan, et al., 2008,Vance, et al., 2009). TDP-43 has been
recently reported to localize to cytoplasmic foci called stress granules (Andersson, et al.,
2008,Colombrita, et al., 2009,Moisse, et al., 2009,Volkening, et al., 2009), which is similar
to mutant FUS in this study (Fig 5). Stress granules represent a potentially protective
mechanism in response to a variety of insults. When stress granules are formed, with the
exception of certain essential transcripts, the majority of mRNAs are held silent in
translationally inactive 48S ribosomal complexes (Anderson and Kedersha, 2008). Our
results demonstrate that mutant FUS alone, without the induction of heat shock or oxidative
stress, can induce stress granules (Fig 5 and S3). The above evidence support the emerging
hypothesis that altered RNA metabolism and processing may play a central role in many
familial, and possibly sporadic, forms of ALS (Lagier-Tourenne and Cleveland,
2009,Strong, 2010). Future studies will determine what role stress granule formation and
impaired translational control might play in the pathogenesis of ALS.

This study identifies the C-terminus of FUS as a functional NLS, suggesting that the primary
reason for the cytoplasmic mislocalization of most reported familial ALS FUS mutants is a
damaged or missing NLS. Mutant FUS was also demonstrated to induce stress granules.
However, more studies are required to determine whether the ALS mutants of FUS cause the
disease due to a loss-of-function or toxic gain-of-function mechanism. Both hypotheses
appear to be possible at this time. Although the R521G mutant retained the ability of binding
with RNAs containing GGUG motif (Kwiatkowski, et al., 2009,Lerga, et al., 2001), reduced
nuclear localization can possibly impair the essential processes that FUS normally
participates in inside the nucleus, providing a possible “loss-of-function” mechanism. At the
same time, the cytoplasmic accumulation of mutant FUS leads to the aberrant clustering of
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TIA-1 and PABP1 positive granules. The alterations in the stress granules can potentially
lead to aberrant RNA processing and perturb or likely inhibit RNA translation, providing a
possible “gain-of-function” mechanism. A recent study of TDP-43 suggested that both gain
and loss of function may contribute to the toxicity of the ALS-related TDP-43 mutants in the
cell culture and zebrafish models (Kabashi, et al., 2010). Several TDP-43 animal models
have been reported recently (Hanson, et al., 2010,Kabashi, et al., 2010,Li, et al.,
2010,Wegorzewska, et al., 2009,Wils, et al., 2010) whereas FUS animal models are yet to be
developed. More studies are needed to delineate the loss or gain of function for the FUS
mutants and determine how the mutations in FUS cause familial ALS.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cytoplasmic mislocalization of the familial ALS mutant FUS in primary motor
neurons and N2A cells
(A). Confocal microscopic images of mouse embryonic primary motor neurons transfected
with GFP-tagged WT or mutant FUS. Partial localization in the cytoplasm was observed for
the ALS mutants R521G, R521H and R518K, but WT FUS was mostly localized in the
nucleus. (B). Confocal microscopic images of N2A cells transfected with GFP-tagged WT
or mutant FUS. Similarly, cytoplasmic localization of mutant FUS was observed. In
addition, inclusions were also observed in cells expressing mutant FUS. (C). Western blot of
the cytoplasmic and nuclear fractions of cells expressing WT or mutant FUS. Increased
levels of mutant FUS were found in the cytoplasmic fraction as compared to WT FUS. The
quantification of the relative abundance of the cytoplasmic FUS normalized against the
nuclear FUS was shown as C/N values at the bottom of the figure. A nuclear protein histone
4 (H4) and a cytoplasmic protein superoxide dismutase 1 (SOD1) were used to demonstrate
the purity of the fractions. Western blot of the endogenous FUS in N2A cells showed that

Gal et al. Page 16

Neurobiol Aging. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the endogenous WT FUS was largely in the nuclear fraction while a weak band was also
found in the cytoplasmic fraction. All scale bars are 10 μm.
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Figure 2. The C-terminal 17 residues are essential to the nuclear localization of FUS
(A). The sequence alignment of the C-terminal regions of FUS from multiple organisms,
Drosophila CaZ and several human proteins closely related to FUS. X: identical residues; X:
strong conservation; X: weaker conservation/similarity. ▼ indicates the positions of known
familial ALS mutations. The RG-rich domain, RGG15 motif, C-terminal 17-residue
sequence (C17) and C-terminal 32-residue segment (C-32) are marked. (B). Confocal
microscopic images of mouse embryonic primary motor neurons transfected with GFP-
tagged WT or C17 deletion mutant FUS. FUS-Δ17 was observed in the perikaryon, neurites
and nucleus while WT FUS was mostly localized in the nucleus. (C). Similar cytoplasmic
localization of FUS-Δ17 was also observed in N2A cells. In addition, inclusions were also
observed in cells expressing mutant FUS. (D). Western blot of the cytoplasmic and nuclear
fractions of cells expressing WT FUS, R521G or Δ17 mutants. Increased levels of mutant
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FUS were found in the cytoplasmic fraction as compared to WT FUS. The quantification of
the relative abundance of the cytoplasmic FUS normalized against the nuclear FUS was
shown as C/N values at the bottom of the figure. H4 and SOD1 were used as nuclear and
cytoplasmic markers, respectively. (E). Similar cytoplasmic localization and inclusions of
FUS-Δ17 were also observed in HEK293 cells using GFP-tagged FUS or
immunofluorescence staining of FLAG-tagged FUS. All scale bars are 10 μm.

Gal et al. Page 19

Neurobiol Aging. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. The effect of the C-terminal 17 residues on the nuclear localization of GFP and LacZ
(A). Confocal images of HEK293 cells transfected with GFP vector control, GFP-C17, or
GFP-C17-R521G. Tagging the C-terminal 17 residues of FUS to GFP caused significant
accumulation of GFP-C17 in the nucleus. The ALS mutation R521G within the C-17
segment caused nearly even distribution of GFP-C17-R521 in the entire cell. (B). The
average ratios of nuclear and cytoplasmic fluorescence intensities (N/C) were quantified
from at least 20 randomly selected cells, see Materials and Methods. (C). Confocal images
of HEK293 cells transfected with LacZ alone (no tag), LacZ-SV40, or LacZ-C17. Tagging
LacZ with the NLS of the large T antigen of SV40 caused significant relocalization of LacZ-
SV40 to the nucleus. In contrast, LacZ-C17 largely remained in the cytoplasm with
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relatively weak fluorescence in the nucleus. (D). Quantification of the nuclear and
cytoplasmic fluorescence intensities as the N/C ratios. The C-terminal 17 residues caused a
mild but statistically significant increase of the N/C ratio of LacZ-C17 as compared to LacZ
with no tag. SEM were calculated as error bars and Student's t-test was performed to obtain
p values in (B) and (D). *, p < 0.0001; **, p < 10-6. All scale bars are 10 μm.
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Figure 4. The C-terminal 32 residues are an effective nuclear localization sequence (NLS)
(A). Confocal images of HEK293 cells transfected with LacZ (no tag), LacZ-C32, LacZ-
C32-R521G, LacZ-C32-R518K, LacZ-C32-R521H, or LacZ-RGG15. LacZ-C32 was highly
concentrated in the nucleus. The ALS mutations (R521G, R518K or R521H) in the C-32
sequence all increased the cytoplasmic localization of the fusion protein. The R521G
mutation caused approximately even distribution of LacZ-C32-R521G between the
cytoplasm and nucleus while the cytoplasmic fluorescence intensity of LacZ-C32-R518K or
LacZC32-R521H was weaker. (B). Quantification of the nuclear and cytoplasmic
fluorescence intensities as the N/C ratios. The C-terminal 32 residues were highly effective
in increasing the N/C ratio. All three ALS mutations caused significant decrease in the N/C
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ratios, among which R521G caused the largest decrease. Tagging the RGG15 motif to LacZ
did not induce significant change in the N/C ratio compared to the LacZ with no tag. Errors
bars represent SEM and p values were calculated using Student's t-test. **, p < 10-6. All
scale bars are 10 μm.
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Figure 5. The familial ALS mutant FUS co-localized with stress granules
(A). Identification of polyadenylate-binding protein 1 (PABP-1) in the GST-FUS pull-down
sample by LC-MS/MS. The identified tryptic peptides within PABP-1 by tandem mass
spectrometry (MS/MS) are shown in red. The MASCOT score of 398 suggests a high-
confidence identification. (B). GST vector control, GST-WT-FUS or GST-R521G-FUS was
transfected to HEK293 cells. The GST pull-down samples were subjected to PABP-1
Western blot. PABP-1 was co-precipitated with GST-FUS but not with the GST vector
control. (C). Confocal images of GFP, PABP-1 immunofluorescence and DAPI were
obtained from HEK293 cells transfected with GFP vector control, GFP-WT-FUS, GFP-
R521G-FUS, or GFP-FUS-Δ32. PABP-1 showed dispersed puncta throughout the cytoplasm
in cells transfected with GFP vector or WT FUS. In the cells expressing the R521G or C32
deletion mutant FUS, PABP-1 formed large cytoplasmic foci that resembled stress granules.
The stress granules were co-localized with the mutant FUS inclusions. (D). Confocal images
of GFP, GE-1 immunofluorescence and DAPI were obtained from HEK293 cells transfected
with GFP vector control, GFP-WT-FUS, GFP-R521G-FUS, or GFP-FUS-Δ32. The
processing bodies marker GE-1 was adjacent to, but not co-localized with the cytoplasmic
inclusions of mutant FUS.
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