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Autosomal dominant mutations of the RNA/DNA binding protein FUS are linked to familial amyotrophic
lateral sclerosis (FALS); however, it is not clear how FUS mutations cause neurodegeneration. Using transgenic
mice expressing a common FALS-associated FUS mutation (FUS-R521C mice), we found that mutant FUS
proteins formed a stable complex with WT FUS proteins and interfered with the normal interactions between
FUS and histone deacetylase 1 (HDAC1). Consequently, FUS-R521C mice exhibited evidence of DNA dam-
age as well as profound dendritic and synaptic phenotypes in brain and spinal cord. To provide insights into
these defects, we screened neural genes for nucleotide oxidation and identified brain-derived neurotrophic
factor (Bdnf) as a target of FUS-R521C-associated DNA damage and RNA splicing defects in mice. Compared
with WT FUS, mutant FUS-R521C proteins formed a more stable complex with Bdnf RNA in electrophoretic
mobility shift assays. Stabilization of the FUS/Bdnf RNA complex contributed to Bdnfsplicing defects and
impaired BDNF signaling through receptor TrkB. Exogenous BDNF only partially restored dendrite pheno-
type in FUS-R521C neurons, suggesting that BDNF-independent mechanisms may contribute to the defects
in these neurons. Indeed, RNA-seq analyses of FUS-R521C spinal cords revealed additional transcription and
splicing defects in genes that regulate dendritic growth and synaptic functions. Together, our results provide

insight into how gain-of-function FUS mutations affect critical neuronal functions.

Introduction

Autosomal dominant mutations in RNA/DNA binding protein
fused in sarcoma/translocated in liposarcoma (FUS/TLS) have
been causally linked to familial ALS (FALS). The main pathologi-
cal features in FALS with FUS mutations are FUS-positive protein
aggregates in neuronal cytoplasm and dendrites (1, 2). While the
majority of these aggregates are identified in the spinal motor neu-
rons, FUS-positive aggregates have also been found in neurons in
cerebral cortex and brainstem nuclei (3, 4), raising the possibility
that FUS mutations may have a broader impact on the functions
of other neuronal subtypes. Consistent with these observations, a
subset of FALS-FUS patients also exhibits cognitive impairments
during the developmental or degenerative processes.

Although the exact mechanism of FUS mutations remains
unclear, several previous studies have provided compelling evi-
dence that FUS can regulate DNA damage response, transcription,
and RNA processing. For instance, fibroblasts and lymphocytes
from fus-null mice show increased sensitivity to ionizing irradia-
tion and genomic instability, respectively (S5, 6). Consistent with
these results, our recent study shows that WT FUS proteins are
rapidly recruited to DNA damage foci in neurons, where it inter-
acts with histone deacetylase 1 (HDAC1), a critical component in
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DNA damage response and repair machinery (7, 8). Interestingly,
FUS proteins that harbor human FALS mutations show dimin-
ished interaction with HDAC1 and are defective in DNA damage
response and repair (7). Furthermore, FALS patients with FUS-
R521C or FUS-P525L mutation exhibit evidence of DNA damage
in cortical neurons and spinal motor neurons.

These results provide critical mechanistic insights to neuro-
degeneration caused by FUS mutations because DNA damage is
known to affect transcription by regulating the activity of RNA
polymerase Il and the ensuing RNA processing, including alterna-
tive splicing (9-11). Indeed, transcription of RNA in the eukaryotic
cells is a dynamic and tightly regulated process that involves mul-
tiple intricately connected steps, including splicing of pre-mRNA
and transport of mature mRNA to its final destinations (12, 13).
In the nervous system, these regulatory mechanisms are known
to generate a vast diversity of RNA transcripts that control cell
fate determination, axon guidance, dendritic growth, and synaptic
functions (14, 15). Perturbations to these critical mechanisms have
been implicated in neuromuscular diseases, neurodevelopmental
disorders, and neurodegenerative diseases (16).

The implications of FUS in RNA splicing are further under-
scored by the identification of FUS as one of the approximately
50 non-snRNP proteins in the pre-spliceosome (17). These results
raise the possibility that FUS may regulate the recognition of the
5’ splice junction, the formation and stability of complex A, and
the efficiency of splicing. Recent studies using cross-linking and
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Figure 1

Early onset motor behavioral deficits and postnatal lethality in FUS-R521C transgenic mice. (A) A schematic diagram showing our strat-
egy for generating transgenic mice that express human FUS-R521C mutant proteins using the Syrian hamster prion promoter. (B and C)
The majority of N1F1 FUS-R521C mice show growth retardation, spastic paraplegia, and severe muscle wasting. (D and E) In addition,
the FUS-R521C mice also exhibit prolonged hind limb clasping on tail-suspension test. (F) In a 2-minute period, FUS-R521C mice spend
approximately 100 seconds with hind limbs clasped together, whereas nontransgenic control mice exhibit similar clasping phenotype for
less than 10 seconds. 2-tailed Student’s t test, P < 0.001. (G and H) Due to the spastic paraplegia, FUS-R521C mice show reduced distance
between hind paws during tandem walk tests. 2-tailed Student’s ¢ test, P < 0.001. (I) The gait and motor coordination defects in FUS-R521C
mice are further verified using computerized catwalk measurements. (J) In addition to the gait abnormalities, FUS-R521C N1F1 mice show
poor performance and motor learning on rotarod tests.

immunoprecipitation (CLIP) identify many potential RNA tar-  degeneration (20, 21), we found that the FUS-R521C mice exhib-
gets for FUS in HEK293 cells and brain tissue, most of which are  ited DNA damage repair defects in the 5" noncoding exons of the
intronic sequences (18, 19). Remarkably, FALS-related mutation  brain-derived neurotrophic factor (Bdnf) gene, which contained
FUS-R521G exhibits a drastic shift in binding preference from the  transcriptional start sites and required splicing of long intronic
intronic sequences to sequences in the 3' UTR (18), suggesting that  sequences to generate mature Bdnf mRNA. Consistent with this
mutations in FUS can potentially alter its interaction with RNA  idea, we found retentions of 5’ splice junctions in the Bdnf mRNA
targets. Together, these results suggest that, in addition to DNA  in FUS-R521C mice and defects in transporting Bdnf mRNA to dis-
damage response and repair, FALS-associated FUS mutations may  tal dendrites due to the abnormal increase in the binding of FUS-
have broader effects on transcription and RNA processing. R521C to splice junction and the 3" UTR sequences of Bdnf pre-

Here, we report that transgenic mice expressing FUS-R521C, mRNA. Finally, genome-wide survey using RNA-seq transcriptome
a common mutation in FALS-FUS patients, showed severe den-  analyses revealed defects in the transcription and RNA processing
dritic and synaptic defects in spinal motor neurons and cortical — of additional genes that are critical for dendritic growth and syn-
neurons. In agreement with results from human patients (7), aptic functions. Together, our results unraveled previously unrec-
FUS-R521C transgenic mice exhibited evidence of DNA dam-  ognized gain-of-function properties of FUS-R521C mutation in
age in cortical neurons and spinal motor neurons. By screeninga DNA damage repair and the transcription of genes required for
number of neural genes implicated in DNA damage during neuro-  dendritic growth and synaptic functions.
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Figure 2

0

40

FUS-R521C interacts with the WT FUS and perturbs its distribution. (A and B) Western blots showing the level of FUS-R521C proteins is similar
to that of the endogenous FUS proteins in 2 independent transgenic mice (P37). However, immunoprecipitation shows that FUS-R521C can be
detected in a complex with the endogenous WT FUS. The relative levels of endogenous FUS and FUS-R521C in control (NTG) and FUS-R521C
brain and spinal cord are quantified in B. Student’s ¢ test, n = 3 for each group. *P < 0.017; ***P < 0.008. (C and D) Coimmunoprecipitation assays
using lysates from transfected HEK293T cells demonstrate that FUS-R521C has a higher propensity to form protein complexes with FUS-R521C
proteins than with WT FUS proteins. (E) Pulse-chase experiments in HEK293T cells showing FUS-R521C proteins are twice as stable as WT FUS
proteins. (F and G) IHC using FLAG antibody shows FUS-R521C proteins are predominantly found in the nuclei of spinal motor neurons, but can
also be detected in the cytoplasm. (H and I) FUS proteins are found predominantly in the nuclei of spinal motor neurons and in punctate synaptic
structures in the spinal cord. The punctate FUS staining in synapses is diminished in FUS-R521C mice (P37). Scale bar: 25 um.

Results

FUS-R521C forms stable complex with, and perturbs the localization of,
WT FUS proteins. To investigate the mechanisms of FUS muta-
tions, we generated transgenic mice that expressed FLAG-tagged
FUS-R521C mutant proteins using the Syrian hamster prion pro-
moter (Figure 1A and ref. 22). The N1F1 transgenic mice exhib-
ited neurological phenotypes, characterized by motor behavioral
abnormalities, including severe spastic paraplegia, abnormal gaits,
reduced muscle mass, and motor coordination problems (Figure
1, B-F). Most N1F1 transgenic mice died within 4 to 6 weeks after
symptom onset (Supplemental Figure 1; supplemental material
available online with this article; d0i:10.1172/JCI72723DS1). For
those that did survive, they exhibited motor symptoms, ranging
from gait problems revealed by CatWalk apparatus to poor perfor-
mances on rotarod tests (Figure 1, G-J). To propagate FUS-R521C
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transgenic line, 3- to 6-month-old surviving N1 mice were mated
with C57BL/6 mice to generate N2 progenies that developed simi-
lar disease onset and survival curves (Supplemental Figure 1).
Western blots analyses showed that the level of FUS-R521C
proteins in the brain and spinal cord of N1F1 FUS-R521C mice
(1 month old) was similar to that of the endogenous FUS pro-
teins (Figure 2A). Interestingly, however, the levels of endogenous
FUS proteins in FUS-R521C transgenic mice seemed increased
compared with controls, raising the possibility that FUS-R521C
mutant proteins may stabilize the WT FUS proteins via protein
complex formation (Figure 2B and ref. 23). Consistent with this
idea, immunoprecipitation using FLAG antibody detected the
endogenous FUS proteins in complex with FUS-R521C mutant
proteins (Figure 2A). To further characterize the potential inter-
actions between WT FUS and mutant FUS-R521C proteins, we
Volume 124 983
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coexpressed FLAG-tagged WT FUS and GFP-tagged WT FUS, or
FLAG-tagged WT FUS and GFP-tagged FUS-R521C in HEK293T
cells. Using coimmunoprecipitation with anti-FLAG antibod-
ies, we showed that GFP-tagged FUS-R521C proteins, but not
GFP-tagged WT FUS proteins, could be detected in complexes
with FLAG-tagged WT FUS (Figure 2C). Interestingly, coimmu-
noprecipitation using proteins from HEK293T cells expressing
FLAG-tagged FUS-R521C or GFP-tagged WT FUS or FUS-R521C
proteins showed that much more abundant FLAG-tagged FUS-
R521C proteins were in complex with GFP-tagged FUS-R521C
(Figure 2D). These results demonstrated that FUS-R521C pro-
teins had a higher propensity to form complexes with FUS-R521C
than with WT FUS proteins. To directly determine whether
mutant FUS-R521C proteins were indeed more stable, we treated
HEK293T cells expressing WT FUS or FUS-R521C with cyclohexi-
mide (CHX) to block protein synthesis and determined the rela-
tive abundance of WT FUS and FUS-R521C proteins. Our results
showed that the half-life (t1/,) for WT FUS in HEK293T cells was
11.66 hours, whereas t;, for FUS-R521C was 21.07 hours, almost
twice as stable as shown in WT FUS (Figure 2E). Together, these
results supported the idea that FUS-R521C proteins were inher-
ently more stable and had a high propensity to form protein com-
plexes with WT FUS proteins.

To further determine how mutant FUS-R521C proteins
might affect the endogenous FUS proteins, we performed
immunohistochemistry (IHC) in nontransgenic littermate (here-
after referred to as NTG or control) and FUS-R521C transgenic
brain and spinal cord tissues using FLAG and FUS antibodies.
Whereas the FLAG IHC in control spinal cord showed no signals,
the FLAG-tagged FUS-R521C proteins were detected predomi-
nantly in the nuclei of spinal motor neurons, with a relatively
low abundance in the neuronal cytoplasm (Figure 2, F and G).
Interestingly, in control spinal cord, the endogenous FUS pro-
teins were detected in neuronal nuclei and in punctate structures
that resembled synapse (Figure 2H and ref. 24), which were dras-
tically reduced in the FUS-R521C tissues (Figure 2I), suggesting
that FUS-R521C proteins may have affected the distribution
of endogenous FUS at the nerve terminals. Similar reduction
of FUS* punctate was also observed in the sensorimotor cortex
(data not shown). In addition to motor neurons, we found that
the endogenous FUS in control spinal cord could be detected in
astrocytes and oligodendroglia, but not in microglia. Similar to
the endogenous FUS, FLAG-tagged FUS-R521C could also be
detected in astrocytes and oligodendroglia, but not in microglia
of FUS-R521C mice (Supplemental Figure 2).

FUS-R521C mice show evidence of DNA damage in cortical and spi-
nal motor neurons. The presence of a more stable protein complex
between FUS-R521C and endogenous WT FUS proteins suggested
that mutations in FUS might alter its ability to interact with other
cofactors. Indeed, our recent results indicate that FUS-R521C
mutant proteins show a diminished interaction with HDAC1, an
important chromatin remodeling agent critical for DNA damage
response and repair (7). To determine whether the presence of FUS-
R521C could also interfere with FUS interaction with HDACI in
vivo, we characterized the interaction of FUS and HDACI using
protein lysates from cortex and spinal cord of FUS-R521C mice.
Coimmunoprecipitation using anti-FUS or anti-HDAC1 antibod-
ies and Western blotting using the reciprocal antibodies showed
that the interaction between HDAC1 and the endogenous FUS in
the FUS-R521C mice was diminished compared with the robust
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interaction detected in the control littermates (Figure 3A). These
results suggested that FUS-R521C mutant proteins not only failed
to interact with HDAC1, they could also interfere with the interac-
tion between WT FUS and HDACI.

To determine whether FUS-R521C mice also exhibited DNA
damage phenotypes similar to those observed in human patients,
we evaluated levels of DNA damage in the nervous system of
FUS-R521C mice by immunoblotting for YH2AX in the cortex
and spinal cord. Whereas control littermates showed no detect-
able YH2AX, FUS-R521C mice exhibited notably increased YH2AX
levels in both the cortex and spinal cord (Figure 3B), indicating
increased DNA damage. These results were confirmed with IHC
in sections from the cortex and spinal cord of FUS-R521C and
control mice (Figure 3, C and D). Using confocal microscopy, we
showed that the majority of YH2AX signals were present in choline
acetyltransferase-positive (ChAT") spinal motor neurons (Figure
3C). However, there were few fragmented YH2AX signals in the
anterior horn of FUS-R521C spinal cord that could be present in
either dead neurons or in glial nuclei (Figure 3C). In addition to
YH2AX, we also determined the expression of ATF3, which could
be activated upon DNA damage (25). In line with the elevated
YH2AX signal, we also found increased ATF3 levels in mutant tis-
sues by Western blot (Figure 3B). Thus, these supported the pres-
ence of DNA damage in cortical and spinal motor neurons of FUS-
R521C transgenic mice. To directly assess the presence of DNA
damage in FUS-R521C mice, we performed comet assays using
neurons isolated from FUS-R521C mice and littermate controls.
We found that more than 50% of the neurons from FUS-R521C
mice demonstrated comet tails, compared with approximately 20%
of neurons from control mice (Figure 3E). Together, these findings
were similar to the results in patients with FUS-R521C mutation
and supported that FUS-R521C transgenic mice could be a valid
model that further elucidates the mechanisms of neurodegenera-
tion in FALS caused by FUS mutations.

Dendritic and synaptic defects in spinal motor neurons of FUS-R521C
mice. To determine how FUS-R521C proteins might affect the
survival of spinal motor neurons, we used ChAT immunostaining
to quantify the number of spinal motor neurons in FUS-R521C
mice from perinatal stages to disease end-stage (Figure 4, A and B).
At P3, motor neurons in FUS-R521C mice showed no detectable
reduction. However, at P16, FUS-R521C mice showed a modest
20% reduction in ChAT" motor neurons, and by end-stage, typical-
ly between the ages of 1 and 3 months, FUS-R521C mice showed
approximately 55% loss of motor neurons (Supplemental Figure 3,
A and B), and the majority of the neuromuscular junctions (NM]J)
in the diaphragm of the FUS-R521C mice showed partial or com-
plete loss of innervation (Supplemental Figure 3, C-E). These
motor neuron loss results were distinctly different from those in
SOD1%%34 mice, in which less than 10% of spinal motor neurons
survive by disease end-stage (26, 27). Unlike the SOD1%%34 mice,
we could not detect cleaved caspase 3- or TUNEL-positive neu-
rons in the FUS-R521C spinal cord (data not shown). Instead, we
found a prominent increase of microgliosis and a modest astrogli-
osis in the anterior horn of FUS-R521C mice (Supplemental Fig-
ure 3, F-T), which may contribute to motor neuron loss through
increased phagocytic activity.

In light of the role of FUS in regulating dendritic spine mor-
phology (24), we asked whether mutant FUS-R521C proteins
might interfere with the maintenance of dendritic arborization
and synaptic structures. To test this, we performed Golgi staining
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Figure 3

FUS-R521C transgenic mice exhibit an impairment of FUS/HDAC1 interaction and an increase in DNA damage. (A) Immunoprecipitation and
Western blotting with the indicated antibodies of protein lysates from the control cortex and spinal cord show WT FUS in complex with HDAC.
However, protein lysates from FUS-R521C mutants show no evidence of protein complexes between FUS and HDAC1 or between FUS-
R521C and HDACH. Asterisk indicates nonspecific proteins that crossreact with FUS antibody. (B) Western blot analysis shows increased
yYH2AX, ATF3, and phosphorylated p53 levels in protein lysates from cortex and spinal cord of FUS-R521C transgenic mice. NTG, control
nontransgenic mice; TG: transgenic mice. (C) DAB staining and immunofluorescent images of yH2AX (arrows) in cortex and spinal cord in
control and FUS-R521C mice. The confocal images (bottom) show that most yH2AX+ staining is detected in spinal motor neurons (arrows),
but smaller foci of yH2AX can also be detected in dying neurons or glial nuclei (arrowhead). Scale bars: 50 um (yH2AX IHC panel); 5 um
(ChAT/yH2AX IF). (D) The number of yH2AX-positive cells per high-power field in FUS-R521C transgenic mice is increased compared with
NTG mice. n = 3 mice, 7-9 sections per mouse (mean + SEM, ***P < 0.001, Student’s t test). (E) Representative images of comet assays
of cortical neurons isolated from NTG and FUS-R521C mice. Quantification shows the percentage of cells with a comet tail (mean + SEM,
unpaired Student’s t test). Scale bar: 50 um.

The Journal of Clinical Investigation  http://www.jci.org ~ Volume 124 ~ Number3  March 2014 985



research article

ChAT

Control FUS-R521C

Lumbar spinal cord

'
2000

o
E
&
o
=
(5]
=
[
=2
@
=
G 101 M
. —e— Control
5 —— FUS-R521C
©
o«
E 64
£
'-6 4=
g,
[S
3
Zz [
L) T T T 1
50 100 150 200 250
Distance from cell body (mm)
H
10000~
- —e— Control
E soood — FUS-R521C
o
&5 6000+
@
= 40004
g
=3
E 20004
6]
c T T L) T 1
V] 50 100 150 200 250
Distance from cell body (mm)
S 107
- — Control
2 08 — FUS-R521C
@
=
o
£ o6
@
=
T 044
=
E
3 02
0.0 T T T
0 500 1000 1500
Length of PSD (nm)
986

Synaptic markers FUS Merge

Control

FUS-R521C

Control

i 'Syﬁapldbhﬁ'ﬁs‘]ﬁ"

FUS-R521C

' 'Synaptophysin

P =0.00521 Control FUS-R521C
| —|
-

o N B o ® O N B D
2,500x mag

No. ChAT* bouton/motor neuron

f=1}
[}
Control FUS-R521C £
P=0.042 x
30 — 3
o)
25 -
geo
o 15
o1
& R 2000 P < 0.0001
= 6
o 10 e o P < 0.0001
&% E . 5 ' '
5 £ 1500 . =
=
3 34
Control FUS-R521C o 3
— 1000 o
[=] o
= ]
-— - 2
o
£ 500 @
— [=}
=
o 0
Control  FUS-R521C Control  FUS-R521C
B0m
=
g i Control
60
3 I FUS-R521C
[+]
% 40
=
=3
oy
o 20
[=]
o
k-3
500 1000 1500 2000 2500

Length (nm)

The Journal of Clinical Investigation  http://www.jci.org ~ Volume 124 ~ Number3  March 2014



Figure 4

Dendritic and synaptic defects in FUS-R521C spinal motor neurons.
(A and B) ChAT immunostaining shows a modest reduction of motor
neurons in cervical spinal cord of FUS-R521C mice (P37—-P44). Scale
bar: 100 um. (C and D) Golgi staining shows reduced dendritic arbo-
rization in FUS-R521C motor neurons. Scale bar: 200 um. (E and F)
Neurolucida tracing of dendrites in control and FUS-R521C motor
neurons. Scale bar: 100 um. (G and H) Sholl analyses show reduced
dendritic intersections (from 50 to 250 um) and reduced cumulative
area of dendrites in FUS-R521C neurons. P < 0.0001, 2-way repeated
measures ANOVA. (I-M) Extensive colocalization of FUS with ChAT+
boutons and SIPT is reduced in FUS-R521C spinal cord. Student’s
t test. Scale bar: 10 um. (N-Q) EM images of control cervical spinal
cord show synapses adjacent to 2 motor neurons (pink and green),
many showing rosette-like pattern (arrows in P). In contrast, synapse
density and size (arrows in Q) are reduced in areas adjacent to FUS-
R521C motor neuron (pink). Scale bars: 5 um (0); 2 um (Q). N, nucleus
of spinal motor neurons. (R) Reduced PSD length and the density of
synapse in FUS-R521C cervical spinal cord. P < 0.0001, 2-way repeat-
ed measures ANOVA. (S) Reduced cumulative frequency and PSD
size distribution in FUS-R521C neurons.

in the spinal cord of 2- to 3-month-old, age-matched control and
FUS-R521C mice. In contrast to the elaborate dendrites in con-
trol spinal motor neurons, FUS-R521C motor neurons exhibited
much more primitive dendritic branching (Figure 4, C and D).
Neurolucida tracing showed that the dendritic arbors in control
motor neurons had 6 to 8 intersections per radial distance within
100 um from the cell body, followed by a gradual reduction in the
number of dendritic arbors from 100 to 250 um (Figure 4, E and
G). Compared with the control, the number of dendritic arbors in
the FUS-R521C motor neurons showed no change within the first
50 um from the cell body, but a significant reduction was noted
from 50 to 250 um, resulting in reduced cumulative dendritic area
(Figure 4, F-H). Similar dendrite phenotype in FUS-R521C motor
neurons could be detected in FUS-R521C mice as early as P18
(Supplemental Figure 3, J and K). Since loss of motor neuron in
the anterior horn of FUS-R521C mice was only about 20% at P16
(Supplemental Figure 3B), these results suggested that the den-
dritic defects in FUS-R521C motor neurons most likely preceded
neuron loss and could contribute to spinal motor neuron degen-
eration in FUS-R521C mice.

To determine whether the dendritic phenotype in FUS-R521C
spinal motor neurons affected synaptic connectivity, we used
ChAT and synaptophysin immunostaining to characterize the
density of synapses surrounding motor neurons (28). Consistent
with the results in Figure 2, FUS proteins were present primarily
in neuronal nuclei, but also showed extensive colocalization with
ChAT" boutons and synaptophysin-immunoreactive presynaptic
terminals (SIPT) (Figure 4, I and K). Remarkably, the density of
ChAT" boutons and SIPT showed significant reductions in the
anterior horn of FUS-R521C spinal cord (Figure 4, ], L, and M). To
further characterize the synaptic defects, we used electron micros-
copy (EM) to ascertain the morphology and density of synapses
within a 100 um radius of the cell body of spinal motor neurons.
Consistent with the results from confocal microscopy (Figure 4,
I-L), the cell bodies of control motor neurons were surrounded
by synaptic terminals that were arranged as rosette-like structures
(ref. 28 and Figure 4, N and P). In contrast, the size of postsynap-
tic density (PSD) and the number of synapses per unit area were
reduced in FUS-R521C motor neurons (Figure 4, O and Q-S).
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Dendpritic and synaptic defects in the sensorimotor cortex of FUS-R521C
mice. To investigate whether cortical neurons also exhibited simi-
lar defects, we examined the sensorimotor cortex in adult control
and FUS-R521C mice using Nissl stain and layer-specific neuronal
markers CTIP2 and FoxP1 and found no reduction in neuronal
density in FUS-R521C mice (Supplemental Figure 4, A and B).
Interestingly, Neurolucida tracings showed that the pyramidal
neurons in layers IV-V of the sensorimotor cortex in FUS-R521C
mice exhibited reduced dendritic complexity (Figure 5, A-D).
Whereas the maximal length of the apical dendrites showed no
detectable difference between control and FUS-R521C neurons,
the number of dendritic branches (between 50 and 150 um from
the cell body) and the cumulative dendritic area were significantly
reduced in FUS-R521C neurons (Figure 5, E and F). Similar defects
were also observed in the basal dendrites (Supplemental Figure 4,
Cand D). Furthermore, the total spine and mature spine densities
on the apical and secondary dendrites of FUS-R521C neurons in
sensorimotor cortex also showed significant reductions (Figure 5,
G-K). Finally, EM analyses showed that the synaptic density, the
length of the PSD, and the cumulative size frequency of PSD were
all reduced in the sensorimotor cortex of FUS-R521C mice (Figure
5,L-P, and Supplemental Figure 4E).

DNA damage and RNA splicing defects in Bdnf'S" exons. To character-
ize the mechanism of dendritic and synaptic phenotype in FUS-
R521C neurons, we asked whether the increase in DNA damage
in FUS-R521C neurons could contribute to these phenotypes. To
this end, we used formamidopyrimidine-DNA glycosylase (FPG),
a base excision repair enzyme, to identify oxidized purine resi-
dues in a number of neural genes that have been shown to regu-
late neuronal functions during DNA damage response and repair
(21, 29). In this quantitative PCR-based (qPCR-based) assay, the
relative abundance of oxidized DNA residues is reflected by the
reduced yields in PCR products detected by locus-specific primers
(Figure 6A). By screening a list of candidate genes with well-doc-
umented roles in dendritic growth and synaptic functions in the
context of chromatin remodeling-dependent neurodegeneration
(20), we found that the genomic DNA from the FUS-R521C brain
showed a marked increase in oxidized purine residues in NR2A,
GluR2, and 5’ exons and 3'UTR of the Bdnf gene (Figure 6B). How-
ever, only the Bdnf gene showed consistent DNA damage in the
brain and spinal cord. Given the important role of BDNF in den-
dritic growth and synapse formation, we decided to focus on its
role in neurological phenotypes in FUS-R521C mice (30-32). Since
the 5’ exons of Bdnf contain transcriptional start sites and the tran-
scription of Bdnfinvolves splicing of the long intronic sequences
(Figure 6C and refs. 33, 34), we asked whether FUS might also reg-
ulate the subsequent splicing of 5’ exons of Bdnf pre-mRNA (17).
To test this, we performed qRT-PCR using RNA from control and
FUS-R521C brains and primers that covered the 5’ splice donor
sites from exons 1 to 6 (Figure 6C). Compared with control, RNA
from FUS-R521C brain showed significant retention of the splice
junctions for almost all 5" exons, especially exons 2, 4, and 6 (Fig-
ure 6D). Interestingly, qRT-PCR using primers that detected the 3’
junction of intron 7 and exon 8 of Bdnf also detected a higher level
of RNA transcripts that retained the 3" splice acceptor site.

To determine if FUS-R521C mutant proteins might bind to
the 5’ splice junctions of Bdnf pre-mRNA and interfere with its
splicing, we performed CLIP using FUS antibodies to isolate the
FUS-RNA complex, followed by qRT-PCR to determine how FUS-
R521C and WT FUS proteins differed in their ability to interact
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Dendritic and synaptic defects in neurons of the sensorimotor cortex in FUS-R521C mice. (A and B) Golgi staining shows reduced dendritic
arborization in layers IV-V neurons in FUS-R521C sensorimotor cortex. Scale bar: 100 um. (C and D) Neurolucida tracing of the apical and
basal dendrites in control and FUS-R521C cortical neurons. Scale bar: 50 um. (E and F) Reduced dendritic intersections in apical dendrite and
cumulative areas of dendrites in FUS-R521C cortical neurons. P < 0.0001, 2-way repeated measures ANOVA. (G—K) Reduced mature dendritic
spine density in dendrites of FUS-R521C cortical neurons. Scale bar: 10 um. Statistical analyses use 2-tailed Student’s ¢ test, P = 0.001 for total
spine and P = 0.008 for mature spine. (L—M) EM shows reduced synapse in the sensorimotor cortex of FUS-R521C mice. 2-tailed Student’s t test,
P < 0.0001. Scale bar: 1 um. (N and O) FUS-R521C cortex shows reduction in the length of the PSD and the number of synapse. P < 0.0001,
2-way repeated measures ANOVA. (P) Reduced cumulative frequency and size of PSD in FUS-R521C cortex. Statistics for PSD length use
2-tailed Student’s t test, P < 0.0001, and for cumulative frequency use 2-tailed Mann-Whitney test, P = 0.0042.

with Bdnf pre-mRNA. Intriguingly, CLIP-qRT-PCR showed thatin  Similar trends were observed in exons 4 and 6, though the differ-
control brains, there was a modest binding of FUS to the 5" splice  ences were not statistically significant.

junction of exons 2, 4, and 6, but not exons 1, 3, and 5 (Figure FUS-RS521C forms more stable complexes with Bdnf RNA. To further
6E). In contrast, FUS proteins in the FUS-R521C brains exhibited ~ characterize the interactions between FUS and Bdnf pre-mRNA, we
a marked increase in binding to the 5’ splice junction for exon 2.  used EMSA to examine the interactions between recombinant WT
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FUS proteins (GST-FUS-WT) or FUS-R521C proteins (GST-FUS-
R521C) and a series of oligoribonucleotides (RNA oligos) that
covered the 5’ splice junction from exons 1 to 7 (Figure 6C). This
approach showed that GST-FUS-WT could indeed form a complex
with RNA oligos from the 5’ splice junctions of exons 2, 4, and
6, but not with those from 1, 3, 5, or 7 (Figure 7A). Interestingly,
GST-FUS-R521C proteins also interacted with the same RNA oli-
gos, but the GST-FUS-R521C-RNA complexes tended to migrate
at higher molecular mass ranges (Figure 7A). Since FUS has been
implicated in the transport of RNA granules in dendrites (35), we
asked whether FUS might interact with the 3' UTR of Bdnf mRNA,
which is required for transport along dendrites (30). Survey of the
Bdnflong 3" UTR sequences identified 4 regions that contained
potential the FUS-binding motif, GGUG (Bdnf3'UTR#1 to #4, Fig-
ure 6C and ref. 36). Interestingly, only RNA oligo Bdnf 3" UTR#2
interacted with FUS. Similar to the results in Figure 6A, GST-FUS-
R521C proteins also formed high molecular RNA-protein com-
plexes with Bdnf3' UTR#2 (Figure 7B).

To test whether FUS-R521C proteins might form a more stable
protein-RNA complex than WT proteins, we performed compe-
tition assays by increasing the concentrations of nonradioactive
RNA oligos to displace GST-FUS-WT or GST-FUS-R521C from
its complex with radioactively labeled Bdnf 3'UTR#2 (Figure 7C).
Our results indicated that nonradioactive RNA oligo could dis-
place GST-FUS-WT from the protein-RNA complex with an ICsy
of 0.73 uM. In contrast, the GST-FUS-R521C-RNA complex was
more stable with an ICso 0of 2.19 uM (Figure 7, C and D). Even with
a 10 uM nonradioactive probe (400-fold higher in concentration),
more than 20% of the radioactive GST-FUS-R521C-RNA complex
still remained bound.

Reduced Bdnf mRNA impairs TrkB signaling in FUS-R521C mice. To
determine how FUS-R521C affected the overall Bdnf mRNA lev-
els in neurons, we used in situ hybridization probes that detected
either the Bdnf coding region (Bdnf CDS) or 3’ UTR (Bdnf3' UTR
[L]) and showed that Bdnf mRNA was quite abundant in the cyto-
plasm and dendprites of control spinal motor neurons and corti-
cal neurons (Figure 8A). In contrast, Bdnf mRNA was significantly
reduced in the cell body and dendrites of neurons in the sensorimo-
tor cortex and in spinal motor neurons (Figure 8A). Similar results
were observed in cultured cortical neurons from FUS-R521C mice
(Supplemental Figure 5). To determine the level of BDNF proteins,
we performed immunoprecipitation followed by Western blot and
showed that the amount of pro-BDNF and mature BDNF proteins
in the brain and spinal cord tissue was significantly lower in FUS-
R521C mice (Figure 8, B and C, and ref. 37). Consistent with these
results, activated TrkB receptors in FUS-R521C mice, detected
using a phospho-TrkB (p-TrkB) antibody (38), were reduced to 30%
and 12% of the levels in control brain and spinal cord, respectively,
whereas total TrkB proteins remained unchanged (Figure 8, B and
D). Interestingly, the reduction of BDNF protein levels and TrkB
activation in FUS-R521C mice was not detected on P2, but became
progressively worsened at P16 and P60 (Supplemental Figure 6).
In contrast, activation of another neurotrophic receptor c-Ret
appeared unaffected in the spinal cord of FUS-R521C mice at the
same postnatal stages (Supplemental Figure 6).

Given BDNF’s role in promoting dendritic growth and synap-
tic functions (31, 32), we asked whether exogenous BDNF might
restore TrkB signaling in FUS-R521C-expressing neurons. To test
this, we cultured E17.5 cortical neurons from control and FUS-
R521C embryos for 14 DIV, treated them with or without BDNF (10
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ng/ml), and then collected them for Western blot analyses. Similar
to the results in Figure 8, A-D, FUS-R521C cortical neurons showed
much lower levels of p-TrkB than WT neurons in the absence of
BDNF (Figure 8, E and F). Following treatment with BDNF, howev-
er, both WT and FUS-R521C neurons showed comparable levels of
p-TrkB. To further determine whether exogenous BDNF could ame-
liorate the dendrite phenotype in FUS-R521C-expressing neurons,
we transfected WT cortical neurons at 7 DIV with GFP, GFP-FUS-
WT, or GFP-FUS-R521C plasmids and characterized the effects of
FUS on the dendritic growth. Whereas the control GFP neurons
showed a progressive increase in dendritic branches and total length
from day 1 to 7 after transfection (Figure 8, G and H), neurons
expressing GFP-FUS-WT proteins showed very limited growth of
dendrites, consistent with the report that overexpression of WT FUS
proteins could also cause neurodegeneration (39). Remarkably, neu-
rons expressing FUS-R521C proteins showed retraction in dendritic
growth, with a marked reduction in branch points and total length
(Figure 8, G and H, and Supplemental Figure 7). Interestingly, add-
ing exogenous BDNF (10 ng/ml) partially ameliorated the negative
effects of WT FUS and FUS-R521C proteins on dendritic growth in
cortical neurons (Figure 8, G and I). Using automated microscopy,
we showed that cortical neurons expressing WT or mutant FUS pro-
teins had a very modest effect on neuronal survival (Supplemental
Figure 8), supporting the idea that the effects of FUS-R521C pro-
teins on dendritic growth were likely not due to cell death.

RNA-seq transcriptome analyses reveal transcriptional and splicing defects
in FUS-R521C mice. Our results showing that exogenous BDNF
only partially rescued dendrite phenotype in FUS-R521C cortical
neurons suggested that FUS-R521C may control the transcrip-
tion and/or splicing of additional target genes critical for dendritic
growth and synaptic functions. To test this, we performed RNA-seq
analyses on paired-end Illumina libraries from the spinal cords of
3 P38 disease end-stage FUS-R521C mice and 3 age-matched con-
trols. A total of 37.33 + 3.77 x 106 reads per sample were obtained,
and more than 98% of the reads were uniquely mapped to the
mouse genome. We first analyzed the RNA-seq data using DESeq,
which interrogated high throughput sequencing data for differ-
ential expression (40). Compared with controls, 766 genes in the
FUS-R521C spinal cord showed significant differential expres-
sion (Figure 9A and Supplemental Table 1). Functional annota-
tions of all 766 genes using DAVID Bioinformatics 6.7 revealed
more than 10 Gene Ontology (GO) groups that were implicated in
pattern formation (paralogs of the Hox10, Hox11, and Hox13 that
regulate motor neuron specification and muscle innervation) (41,
42), extracellular matrix, neuron projection, sterol biosynthesis,
immune-mediated processes, ion channels, and synaptic functions
(Figure 9B and Supplemental Table 1). Further analyses showed
that genes with increased reads consisted of 3 major GO categories,
including pattern formation, extracellular matrix, and immune-
mediated responses, e.g., chemotaxis and phagocytosis (Figure
9A, inset, and Supplemental Table 1), whereas genes with reduced
reads were mainly related to synaptic functions, ion channel activ-
ity, neuron projection and sterol biosynthesis (Supplemental Table
1). Remarkably, many genes in the extracellular matrix assembly
category, including GO;0005581, GO:0005201, GO:0005578, and
G0O:0031012, were identified as the transcriptional targets of DNA
damage response gene Cockayne syndrome B (CSB) and HDAC1
(43). Together, these results provided further molecular insights
that potentially connect DNA damage and the profound dendritic/
synaptic defects in FUS-R521C mice.
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Figure 6

FUS-R521C mice show increased DNA damage and splicing defects in 5’ noncoding exons in the Bdnf gene. (A) Schematic diagrams of the
gPCR-based FPG assay to identify oxidized (or “damaged”) nucleotides in genomic DNA. (B) FPG assays reveal DNA damage in the 5’ noncod-
ing exons of the Bdnf gene in cortex and spinal cord in FUS-R521C mice. Statistics use Student’s t test, *P < 0.05; **P < 0.01. (C) A schematic
diagram of the mouse Bdnf gene, which includes seven 5’ noncoding exons and exon 8, which contains the entire coding sequence and 3" UTR.
PCR primers to detect the retention of 5’ splice junction are highlighted as black arrows (forward) and blue arrows (reverse). Red bars indicate
the synthetic oligoribonucleotides that contain the 5’ splice junctions in noncoding exons. (D) qRT-PCR assays detect the marked retention of 5’
splice junction sequences in the Bdnf mRNA in FUS-R521C brain. (E) Crosslinking immunoprecipitation (CLIP) gRT-PCR assays show that more
FUS proteins are bound to the 5’ splice junction sequences in exons 2, 4, and 6 in the Bdnf mRNA in the brain of FUS-R521C mice. Statistics
in D and E use Student’s t test.
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FUS-R521C proteins form more stable complexes with Bdnf RNA and reduce splicing efficiency. (A) EMSAs show both recombinant GST-WT
FUS (GST-FUS-WT) and GST-FUS-R521C proteins form complexes with radioactive RNA oligos that contain sequences from the 5’ splice
junction of Bdnf exons 2, 4, and 6. Compared with GST-FUS-WT, the RNA-protein complexes formed by GST-FUS-R521C tend to show slower
migration, suggesting a higher molecular weight complex or more stable complex formation. (B) Both GST-FUS-WT and GST-FUS-R521C pro-
teins also interact with RNA oligo-Bdnf-3' UTR#2, but not Bdnf-3' UTR#4. (C and D) Competition assays show that nonradioactive (“cold”) RNA
oligos can displace WT FUS from the RNA-protein complex at the ICso of 0.73 uM. In contrast, the GST-FUS-R521C-RNA complex was more
stable and required higher concentration of cold probe to dissociate RNA-protein complexes (ICso = 2.19 uM).

To characterize the splicing defects in FUS-R521C mice, we
used SpliceMap to generate the Relative Intron retention Index
(RII) from the control and FUS-R521C spinal cord RNA-seq
data sets (44). This analysis showed that 1,056 events were
retained at higher levels in the FUS-R521C samples, whereas
758 events were retained at higher levels in the WT (P < 0.05)
(Figure 9C). Furthermore, compared with the 192,168 introns
in Reference Sequence (RefSeq) data, the events identified in the
FUS-R521C samples showed almost identical size distribution,
with no preference toward small or large introns (Figure 9D). To
determine whether the alternative splicing pattern was affected
by FUS-R521C mutation, we calculated the relative junction
index (RJI) in the spinal cord RNA-seq data sets from WT and
FUS-R521C mice. These analyses identified 1,246 introns that
were retained at higher levels in FUS-R521C samples (P < 0.05),
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with 37 introns with RJI ratio greater than 2. In contrast, only
177 introns were retained at higher levels in the WT samples
(P <0.05), including 11 with RJI ratios greater than 2.

The GO analyses from DESeq showed increased reads in many
extracellular matrix genes, including several collagen and cadherin
genes (Supplemental Table 1). Due to the roles of these genes in
neurite outgrowth and synaptic specificity (45, 46), we reasoned
that FUS-R521C might also cause defects in the splicing and exon
selection in these genes. Indeed, Col721 RNA in the FUS-R521C
spinal cord showed a marked increase of reads in DESeq (4.35-
fold increase, adjusted P < 2.58 x 10-%%), and RNA-seq data from
the FUS-R521C spinal cord showed increased use of exons and
intron retention in Col7a1 RNA (Figure 9, E and F, red brackets
and arrows). The RNA-seq results on Col7a1 were confirmed by
qRT-PCR using primers that detected 5" or 3’ splice junctions.
Volume 124~ Number 3
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BDNF restores TrkB activation and partially ameliorates dendrite phenotype in cortical neurons expressing FUS-R521C. (A) In situ hybridization
shows reduced Bdnf mRNA in cortical and spinal motor neurons in FUS-R521C mice. Bdnf mRNA can be detected in the cell body and dendrites
of control neurons (arrowheads), but is significantly reduced in FUS-R521C neurons. Scale bar: 20 um. (B—D) Western blots and quantification
showing reduced pro-BDNF, mature BDNF, and TrkB phosphorylation in FUS-R521C brain and spinal cord, without affecting total TrkB protein lev-
els. (E and F) BDNF treatment (10 ng/ml) restores TrkB activation in cortical neurons from FUS-R521C embryos. *P < 0.01. (G) Cultured neurons
expressing WT FUS or FUS-R521C show reduced dendritic growth from DIV1 to DIV7, which can be partially ameliorated by exogenous BDNF
(10 ng/ml). Scale bar: 20 um. (H) Quantification of total dendrite length in control neurons and neurons expressing WT FUS or FUS-R521C from
DIV1 to DIV7.*P < 0.05; **P < 0.001. (I) BDNF treatment partially restores dendritic growth in neurons expressing FUS or FUS-R521C. Statistics
inC, D, F, H, and | use 2-tailed Student’s t test, n = 3.
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Similarly, RNA-seq also showed increased RII and RJI indices in
Col24al, Col4al, Col4a2, and Col4a$ genes (Supplemental Figure
9 and Supplemental Table 1, P < 0.05), which have been shown
to regulate target innervation via the Agrin and Slit-Robo mecha-
nisms (47, 48). In contrast, splicing of Col15al, Coll16al, and Mapt
(microtubule-associated protein or tau) was not affected (Supple-
mental Figure 9).

Discussion

In this study, we provide evidence that transgenic mice expressing
a common FALS-associated FUS mutation, FUS-R521C, develop
early postnatal lethality with motor behavioral deficits due to pro-
found dendritic and synaptic phenotypes in the spinal motor neu-
rons and cortical neurons. Consistent with our recent findings in
FALS patients with the same mutation (7), FUS-R521C transgenic
mice also show a robust increase in DNA damage repair defects
in cortical and spinal motor neurons. By screening a number of
neural genes that have been implicated in neurodegeneration,
we show that increase of DNA damage can be identified in the
5" exons of the Bdnf gene. Furthermore, we provide evidence that
the aberrant property of FUS-R521C to form more stable protein-
protein and protein-RNA complexes could alter the equilibrium of
FUS-RNA interactions and lead to a severe impairment in BDNF-
TrkB signaling. Finally, to gain more insights into the mechanisms
of FUS-R521C phenotypes, we performed RNA-seq transcrip-
tome analyses in the spinal cord of FUS-R521C mice and further
revealed defects in the transcription and RNA splicing. Together,
these results collectively support a model in which mutant FUS-
R521C proteins acquire abnormal gain-of-function properties in
protein-protein and protein-RNA complex formation to domi-
nantly inhibit the normal physiological functions of FUS in DNA
damage response/repair and RNA splicing of neural genes critical
for dendritic growth and synaptic formation (Figure 10).

Several recent studies indicate that recombinant WT and
mutant FUS proteins tend to form filamentous aggregates (23,
49). However, it remains unclear how FUS mutations might per-
turb biological processes, such as RNA splicing and transport.
Our results indicate that mutant FUS-RS521C proteins indeed
have abnormal gain-of-function properties in protein-protein and
protein-RNA interactions that contribute to the severe defects in
dendritic growth and synaptic functions. For instance, in protein
lysates from the brains and spinal cords of FUS-R521C transgenic
mice and HEK293T cells coexpressing WT FUS and FUS-R521C,
FUS-R521C mutant proteins consistently showed a higher pro-
pensity to form protein complexes with WT FUS proteins (Figure
2). Since FUS mutations are transmitted in an autosomal domi-
nant fashion, it is conceivable that the constitutive, more stable
interaction between FUS-R521C and WT FUS may have dominant
negative effects that could interfere with normal functions of WT
FUS proteins. In addition, this abnormal gain-of-function prop-
erty in FUS-R521C may have a negative impact on the recruitment
of other FUS-interacting cofactors, such as chromatin remodeling
factor HDAC1, which is normally recruited to DNA damage foci
(Figures 3 and 10; ref. 7). Aside from the abnormal properties of
FUS-R521C in its interaction with FUS and HDAC]1, our results
show that FUS-R521C mutant proteins can also form more stable
protein-RNA interactions, which perturbs Bdnf pre-mRNA splic-
ing by interfering with the equilibrium, kinetics, and perhaps the
stoichiometry of interaction with RNA (Figures 6, 7, and 10; ref.
50). In agreement with our results, another FALS-related muta-
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tion, FUS-R521G, when expressed in HEK293 cells, causes a dras-
tic shift in binding preference from the intronic sequences to 3’
UTR sequences (18). Based on these results, it is possible that the
more stable interactions between mutant FUS-R521C proteins
and the 3" UTR of Bdnf mRNA may also interfere with its transport
to distal dendrites where local protein synthesis can further regu-
late dendritic growth and synaptic functions (Figure 8 and Supple-
mental Figure 5). Given the critical role of 3' UTR in Bdnf mRNA in
dendrite morphogenesis and energy homeostasis of hypothalamic
neurons (30, 51), it is plausible that the gain-of-function proper-
ties of FUS-R521C mutant proteins in binding with the 3" UTR
of Bdnf mRNA may also interfere with these important functions.

Several lines of evidence indicate that effects of FUS-R521C
on the splicing of Bdnf mRNA are probably not due to second-
ary effects of general pathology in the transgenic mice. First,
the defects in BDNF production in FUS-R521C mice appear to
develop in an age-dependent manner (Supplemental Figure 6),
and exogenous BDNF can effectively restore TrkB activation in
FUS-R521C neurons (Figure 8). Second, in contrast to the severe
reduction in p-TrkB levels, activation of neurotrophic factor
GDNEF receptor c-Ret shows no detectable reduction (Supplemen-
tal Figure 6). Finally, the BDNF levels and TrkB activation show
no detectable reduction in the spinal cord of SOD1%934 transgenic
mice at end-stage (Supplemental Figure 10). These results support
the idea that the molecular defects in FUS-R521C mice develop
progressively in postnatal life, perhaps due to the prolonged accu-
mulation of abnormal protein-protein and/or protein-RNA com-
plexes initiated by mutant FUS proteins.

Previous studies have shown that WT FUS proteins are required
for DNA damage repair (5, 6). In our recent study (11), we show
that the interaction between WT FUS and HDACI1 plays an essen-
tial role in DNA damage response and repair in neurons. Unlike
WT FUS, many FALS-associated FUS mutations show severe
deficiencies in this process (7). These results raise the intriguing
question as to whether FUS mutations may cause widespread
DNA damage or more selective defects in certain genetic loci? To
address this question, we use PCR-based FPG assays to screen for
evidence of DNA damage in a number of genes in which chroma-
tin remodeling defects have been associated with neurodegenera-
tion (20). Our results show that DNA damage is not widespread in
FUS-RS521C mice, but can be detected in 5" noncoding exons of the
Bdnf gene in both spinal cord and brain (Figure 6). While the exact
mechanism or mechanisms leading to DNA damage in selective
genetic loci in FUS-R521C mice remain unclear, these results sug-
gest that DNA damage in these mice may not be random and that
epigenetic modifications and the state of chromatin may influence
the specificity of DNA damage in selective genetic loci (20, 52).

The DNA damage repair mechanism encompasses molecu-
lar machinery that regulates chromatin remodeling, transcrip-
tional control, and RNA splicing (9-11). Perturbations to these
processes lead to serious consequences, including abnormal cell
growth, apoptosis, and neurodegeneration (53). Although our
results identify DNA damage and RNA splicing defects in Bdnfas
potential contributing factors to the dendritic and synaptic phe-
notypes in FUS-R521C mice, exogenous BDNF can only partially
rescue the dendritic defects in FUS-R521C-expressing neurons,
despite its ability to activate TrkB receptors in these neurons (Fig-
ure 8). These results argue that the additional functions of FUS
in transcription and RNA processing may further contribute to
the profound dendritic and synaptic defects in FUS-R521C mice.
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Figure 9

RNA-seq analyses reveal transcription and splicing defects in FUS-
R521C spinal cord. (A) DESeq analyses of RNA-seq data reveal 766
differentially expressed genes in FUS-R521C spinal cord. All mice were
euthanized at P38, with the FUS-R521C mice reaching disease end-
stage. (B) Fold change and enrichment scores of the GO terms from
DAVID Bioinformatics analyses of the differentially expressed genes in
FUS-R521C spinal cord. (C) Scattered plot generated by SpliceMap
demonstrates intron retention events and the log ratio of intron reten-
tion index (RIl) of FUS-R521C/WT (y axis) plotted against the log of the
intron length (bp) (x-axis). (D) Significantly retained introns in the spinal
cord of FUS-R521C mice and RefSeq introns are grouped by length
and plotted as a percentage of the total introns. (E and F) The mouse
Col7al gene encompasses 54 kb on chromosome 9 and contains 119
exons. In FUS-R521C spinal cord, Col7a’ mRNA shows evidence of
excessive inclusion of cassette exons (bracketed) and intron retention
(arrows). gRT-PCR using primers that detect the presence of 5’ and 3’
splice junctions in Col7a1 further confirmed the RNA-seq data. Quan-
tification of the gRT-PCR data is shown in F. Statistics uses 2-tailed
Student’s t test, n = 3.

Indeed, RNA-seq transcriptome analyses identify more target
genes that are differentially expressed and show evidence of splic-
ing defects in the FUS-R521C mice (Figure 9). Many are related to
extracellular matrix organization, ion channels, and synaptic func-
tions (Supplemental Table 1). The identification of these potential
FUS-RS521C target genes provides important insights into the den-
dritic and synaptic phenotypes in FUS-R521C mice and explain
why BDNF can only partially restore the dendritic phenotype in
neurons expressing FUS-R521C (Figure 8). The RNA-seq approach
also reveals many target genes in the extracellular matrix assem-
bly GO categories (GO:0005581, GO:0005201, GO:0005578, and
G0:0031012) that have also been shown to be transcriptional tar-
gets of DNA damage response genes CSB and HDAC1 (43) and
are frequently misregulated and misspliced in the motor neu-
rons of SALS patients (54). Although these results are correlative,
they raise the interesting possibility that the recruitment of FUS,
HDACI, and CSB may constitute a critical step in the repair of
damaged DNA in FALS caused by FUS mutations and in SALS.
While our results highlight the inherent pathogenic proper-
ties of FUS-R521C mutation in DNA damage response/repair
and RNA splicing, one potential caveat is that increased expres-
sion of WT FUS or mutant FUS-R521C proteins may interfere
with physiological functions of endogenous FUS. For instance,
expressing WT FUS in cultured cortical neurons causes dose-
dependent dendritic growth retardation and branching reduc-
tion (Figure 8, G-I, and Supplemental Figure 8C). Intriguingly,
transgenic mice expressing WT FUS have been reported to show
features of neurodegeneration in spinal motor neurons (55).
In contrast, a similar transgenic approach to expressing WT
FUS in rats results in no obvious neurological deficits, whereas
transgenic rats expressing FUS-R521C do show neuropatho-
logical features similar to those of our FUS-R521C transgenic
mice (56). The potential dose-dependent effects of WT FUS are
reminiscent of the recent findings that WT FUS proteins are
extremely likely to form protein-RNA complexes in hydrogel
assays in a concentration-dependent fashion (57). Hence, it is
conceivable that higher abundance of WT FUS proteins in neu-
rons could potentially interfere with the physiological functions
of endogenous FUS proteins. With the availability of the WT
FUS transgenic mice (55), it will be interesting to determine
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whether excessive WT FUS may also interfere with RNA splic-
ing in target genes that are similar or completely different from
those in FUS-R521C transgenic mice.

One remarkable feature in the spinal cord of FUS-R521C trans-
genic mice is the upregulation of genes that are functionally relat-
ed to immune response, complement activation, and chemotaxis
(Figure 9B and Supplemental Table 1). These findings confirm the
pronounced microgliosis in the FUS-R521 spinal cord (Supple-
mental Figure 3). Since neither WT FUS nor FUS-R521C proteins
can be detected in the microglia (Supplemental Figure 2), these
results support the idea that non-cell autonomous mechanisms
involving activation of microglia may contribute to the neuro-
degeneration in ALS (58, 59). Alternatively, the defects in DNA
damage repair and RNA splicing caused by mutant FUS-R521C
may occur in glia cells, which promote astroglial activation and/
or degeneration of oligodendroglia, further contributing to the
degeneration of spinal motor neurons in FUS-R521C mice. Final-
ly, our RNA-seq results in the spinal cord of FUS-R521C mutants
show perturbations in the expression or splicing of several key
components in the extracellular matrix, including members of the
collagen and cadherin gene families, which regulate the specific-
ity of axonal projection and target innervation (45, 46). Similar
targets have also been identified in the fus morpholino-treated
Xenopus morphants (60), suggesting that FUS-R521C phenotype
may recapitulate certain transcriptional and RNA splicing defects
in FUS loss-of-function mutants.

Methods
Mice. The FUS-R521C transgenic mice were generated using Syrian hamster
prion promoter driving the expression of FLAG-tagged human FUS-R521C
cDNA (gift from Stanley Prusiner, Institute of Neurodegenerative Disease,
UCSEF) (22). Two independent male founders (no. 3313 and no. 3303) were
obtained from the pronuclear injections in B6SJL oocytes. The N1F1 prog-
enies, generated by mating both founders with C57BL/6 female mice, showed
comparable expression levels of FLAG-tagged FUS-R521C proteins in brain
and spinal cord (Figure 2, A and B, n = 3) and developed similar neurological
abnormalities. Since the progenies from line no. 3313 had a higher propen-
sity of developing disease and dying from their diseases, the N1F1 progenies
from this line were used exclusively in this study. The mating scheme to gener-
ate N1F1 and to expand the N2F2 and N2F3 generations of the FUS-R521C
transgenic mice is described in Supplemental Figure 2A. The transmission
of the FUS-R521C transgene followed Mendelian inheritance for both N2F2
(n=16) and N2F3 (n = 51). The disease onset and survival of the N2F2 and
N2F3 FUS-R521C mice were nearly identical, supporting the successful
propagation of the genotype and phenotype in these progenies (Supplemen-
tal Figure 1, C and D). The SOD1%%*4 transgenic mice were obtained from the
Jackson Laboratory. Animal husbandry followed guidelines established by the
UCSF and San Francisco VA Medical Center IACUC and the NIH.

Histology, IHC, and in situ hybridization. Histopathology analyses were
performed in mice that reached the disease end-stage at between 1 and 3
months of age. In each set of experiments, the nontransgenic littermates
were used as control (referred to as control throughout the manuscript).
Mice were euthanized and perfused with 4% paraformaldehyde (PFA).
Brain and spinal cord tissues were dissected and post-fixed with 4% PFA
overnight, followed by incubation with 30% sucrose solution and embed-
ding in OCT. Immunostaining was performed in 40 wm free-floating sec-
tions. FISH for Bdnf mRNA was performed in sections from control and
FUS-R521C mice using cRNA probes that recognized either the coding
sequence (CDS) or the 3’ UTR of the Bdnf gene (gifts from Baoji Xu, The
Scripps Research Institute, Jupiter, Florida, USA) (30).
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from Bdnf exon-intron boundaries. Whereas the equilibrium of WT FUS-RNA interactions appears to be more dynamic, FUS-R521C tends to
form more stable protein-RNA complexes that are more difficult to dissociate.

Primary antibodies included cleaved caspase 3 (1:200, no. 9664; Cell
Signaling), ChAT (1:300, AB144p; Millipore), Ctip2 (1:1,000, AB18465;
Abcam), FLAG-M2 (1:1,000, F3165; Sigma-Aldrich), FUS (polyclonal
rabbit antibody, 1:1,000, HPA008784; Sigma-Aldrich; and monoclonal
antibody (4H11), 1:200, sc-47711; Santa Cruz Biotechnology Inc.), Olig2
(1:200, AB9610; Millipore), GFAP (1:5,000, Z0334; DAKO), H2AX (1:100,
NB 100-79967; Novus Biologicals), YH2AX (1:200, 05-636; Millipore),
HDAC1 (A-7) (1:200, SC-74563; Santa Cruz Biotechnology Inc.), Iba-1
(1:50,000, #019-19741; Wako), MAP2 (1:500, AB11267; Abcam), and syn-
aptophysin (1:1,000, #5768; Sigma-Aldrich). Staining for ChAT required
antigen retrieval treatment, which included incubating tissue sections
in 10 mM sodium citrate (pH 6.0) at 95°C for 15 to 20 minutes. The
immunostaining was developed using either DAB technique or appropri-
ate species-specific secondary antibodies conjugated with Alexa Fluor 488,
Alex Fluor 568, or Alexa Fluor 636. Bright field and immunofluorescent
images were captured using an Olympus BX53 microscope and a Leica
LMS510 confocal microscope (510 Microimaging; Carl Zeiss), respective-
ly. Quantification for SIPT per area was performed according to previ-
ously published protocol (61).

To determine the effects of FUS-R521C in the synthesis of BDNF, neu-
rons were prepared from both control and FUS-R521C embryos and cul-
tured for 14 days. The FISH images in cultured neurons were captured
using a Zeiss LSM510 confocal microscope (x63 oil objective, zoom = 1)
with AIM version 4.2 software. Confocal images were imported to NIH
Image] version 1.440 software, and the Bdnf mRNA signals were quanti-
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fied in the soma and dendrites for each neuron. The same images were
imported to Neurolucida software for tracing along the dendrites. A virtual
Zeiss x63 lens was added to the software and calibrated to the image scale
bar. Each neuron tracing underwent Sholl analysis at 5-um radii from the
cell body to determine the distribution of Bdnf mRNA throughout the den-
drites. Quantifications of Bdnf mRNA signals were presented in graphs at
matched radii using GraphPad Prism version 5.0c.

EM. Mice were perfused with 4% PFA and tissue collected from the C1-
C3/L1-L3 spinal cord and sensorimotor cortex. Collected tissue was fixed
overnight in 4% PFA, sectioned using a Leica vibratome in cold PBS at 500
um thick, and fixed in 0.0625% glutaraldehyde/0.01% PFA/0.1 M sodium
cacodylate buffer (pH 7.4). Following the fixation, the tissue was processed
through 2% osmium tetroxide and 4% uranyl acetate, then dehydrated and
embedded in Eponate 12 resin (Ted Pella Inc.). Ultra-thin sections were cut
at 1-um thick, collected on copper grids, and imaged in a Phillips Tecnail0
transmission electron microscope using FEI software.

For spinal motor neurons, we surveyed 59 high-magnification fields
from 27 neurons in 3 controls and 62 fields from 26 neurons in 3 FUS-
R521C mice. These images gave rise to 76 terminals and 274 individual
postsynaptic densities in controls and 67 terminals and 187 postsynaptic
densities in FUS-R521C mice. For pyramidal neurons in layers 4 and 5 of
the sensorimotor cortex, we surveyed 54 high-magnification fields from 3
controls and 58 fields from 3 FUS-R521C mice. These images gave rise to
47 terminals and 286 individual postsynaptic densities in controls and 57
terminals and 355 postsynaptic densities in FUS-R521C mice.
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Cortical neuron cultures. Primary cortical neurons were prepared from
E17.5 WT CD-1 or FUS-R521C transgenic mice and cultured on poly-
lysine-coated coverslips at a density of 5 x 105 cells/well. At DIV 7, neu-
rons were transfected using Lipofectamine 2000 with plasmids that
carry the cDNA construct for GFP, WT FUS, FUS-R521C, or FUS-P525L
with Tandem tomato (tdTomato) cDNA. For in situ hybridization, neu-
rons were fixed in 4% PFA at 7 days after transfection. For analyses of
dendritic arborization, neurons were fixed with 4% PFA at 1, 4, or 7 days
after transfection. Dendritic branches and length were quantified using
Neurolucida Explorer version 4.71.1 software at 5-um interval radii
(MicroBrightField Inc.).

Golgi staining, neurolucida tracing, and quantification of dendrites and den-
dritic spines. The Golgi-Cox impregnation stains were performed using
the FD Rapid GolgiStain Kit according to the manufacturer’s instruc-
tions (MTR Scientific Inc.). Tracing of dendritic branching and total
dendrite length was performed in Golgi-stained spinal motor neurons
and pyramidal neurons from layers 4 to 5 of the sensorimotor cortex
using the Olympus BX51 microscope, x60 oil objective, guided by Neu-
rolucida software (version 8.26.1, MicroBrightField Inc.). Dendrites and
dendritic spines were identified and underwent 3D reconstruction using
Neurolucida to determine their density and position under microscope.
This allowed the users a complete and impartial assessment of the den-
dritic spine density using Neurolucida Explorer. For spinal motor neu-
rons, we analyzed the dendrites from 27 neurons from 3 age-matched
controls and 26 neurons from 3 FUS-R521C mice. Identical numbers
of neurons were analyzed for the dendrite phenotype in the pyramidal
neurons in layers 4 and S of the sensorimotor cortex. Sholl analysis was
performed on tracings in Neurolucida Explorer version 4.71.1 software
at 5-um interval radii. Graphs representing mean =+ SEM and statistics
were generated using GraphPad Prism version 5.0c. To characterize the
spine phenotype in the pyramidal neurons in the sensorimotor cor-
tex, we used Neurolucida to quantify the total numbers of spines and
mature spines (mushroom-shaped morphology) starting at a distance
greater than 30 um away from the soma along the apical dendrite and
its secondary branches over a distance greater than 100 um.

Western blots and immunoprecipitation. Total protein lysates were prepared
by adding 1% NP-40 lysis buffer to brain and spinal cord tissues. For
immunoprecipitation, equal amounts of proteins were precleared with
protein A/G agarose and incubated with primary antibody overnight. The
protein A/G agarose beads were added to protein antibody mixtures to
perform pull-down. Western blots were carried out with different primary
antibodies to detect FUS (1;1,000, HPA008784; Sigma-Aldrich), FLAG
(1:1,000, F7425; Sigma-Aldrich), actin (1:5,000, CP01; Calbiochem), BDNF
(1:1,000, SAB1402127; Sigma-Aldrich), c-Ret (1:1,000, sc-13104; Santa
Cruz Biotechnology Inc.), phospho-c-Ret (p-Tyr1062, 1:1,000, sc-20252;
Santa Cruz Biotechnology Inc.), phospho-TrkB (1:500, gift from Moses
Chao, New York University, New York, New York, USA), or TrkB (1:500,
#4606; Cell Signaling).

qRT-PCR and CLIP-qRT-PCR. Total RNA prepared from brains and spinal
cords of controls and FUS-R521C mice were used to detect the retention
of intronic sequences in Bdnf mRNA using qRT-PCR, with the PCR primers
designed to recognize the 5 splice junctions on the noncoding exons of the
Bdnf gene and exon-intron boundaries in the Col741 gene (Supplemental
Table 2). One-step RT-PCR was performed with 100 ng RNAs, using the
Brilliant IT SYBR Green QRT-PCR Master Mix Kit (Agilent Technologies)
according to the manufacturer’s instructions.

CLIP-qRT-PCR was performed as described in the previously published
protocols, with mild modifications (62). Briefly, 100 mg brain tissue in PBS
was fixed with 1% formaldehyde for 10 minutes. After 5 minutes quench
with 0.25 M glycine, samples were washed with ice-cold PBS 3 times, fol-
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lowed by treatment with RIPA buffer (50 mM Tris-Cl, pH 7.5, 1% NP-40,
0.5% sodium deoxycholate, 0.05% SDS, 1 mM EDTA, 150 mM NaCl, and
protease inhibitors). After 3 rounds of 20-second sonication (Fisher Sonic
Dismembrator, model 300; Fisher Scientific), cell debris was removed by
centrifugation. Proteins (1 mg) were precleared with protein agarose A/B
and incubated with FUS primary antibody (Sigma-Aldrich) overnight. We
chose this antibody because of it ability to recognize both WT FUS and
mutant FUS-R521C proteins, thus providing a clear advantage to per-
forming a side-by-side comparison of the binding of WT and mutant FUS
proteins to endogenous Bdnf RNA. Antibodies were captured with agarose
beads and then extensively washed with stringent washing buffer (50 mM
Tris-Cl, pH 7.5, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 1 mM EDTA, 1M NaCl, 1M urea, 0.2 mM phenylmethylsulfonyl
fluoride [PMSF)]). The beads were resuspended in 100 ml of 50 mM Tris-Cl,
pH 7.0, 5 mM EDTA, 10 mM DTT, 1% SDS. Cross-linking was reversed at
70°C for 45 minutes. RNA was extracted using TrizoL, treated with DNase,
and then subjected to qRT-PCR.

FPG assays. The FPG DNA damage assay was performed as previously
described (21, 63). Briefly, the genomic DNA was isolated with the Qiagen
DNeasy Blood & Tissue Kit (no. 69504) with minor modifications, includ-
ing all the buffers being purged with nitrogen for 10 minutes and supple-
mented with phenyl-tert-butyl nitrone (PBN); overnight digestion was car-
ried out at 37°C to prevent in vitro oxidation during the DNA isolation
process. Then 1.0 pg of total DNA from each samples was incubated with
formamidopyrimidine glycosylase (FPG; New English Biolabs), a bacterial
N-glycosylase and AP-lyase, to excise 8-oxoguanine and create DNA breaks.
qPCR followed for examining the extent of DNA damage. Primers used in
this study are listed in Supplemental Table 2.

EMSA. EMSA was performed according to a published protocol with
some modifications (36). RNA oligos were end-labeled using adenosine
S'-triphosphate ([y-32P]) and polynucleotide kinase (M0201S; New England
Biolabs) (Supplemental Table 2). The labeled oligos were purified using
Microspin G-25 column (27-5325-01; GE Healthcare). The 32P-labeled
RNAs were incubated with purified protein in 20 ul of RNA-binding buffer
containing 50 mM KCI, 20 mM Hepes, pH 7.5, 15% glycerol, and 100 mg/ml
tRNA for 30 minutes on ice. For competition experiments, nonradioactive
probes were used at 10-, 25-, 100-, 200-, and 400-fold molar excess. Bind-
ing reactions were loaded onto 5% native polyacrylamide gels in 0.5 x TBE
buffer (0.089 M Tris borate, pH 8, 0.01 mM EDTA) and run at 100 volts
for 3 hours at 4°C.

RNA-seq methods. Preparation of mRNA, double-stranded cDNA prepara-
tion, and ligation of barcode-containing adaptors were performed using the
TruSeq SBS Kit V3 - HS according to the manufacturer’s protocol (Illumina).
Validation of DNA fragment size was performed using an Agilent Technolo-
gies 2100 Bioanalyzer, and DNA concentration was determined by quantita-
tive PCR, following the manufacturer’s protocol (Kapa Biosystems). The DNA
library was sequenced on an Illumina GAIIX using a 100-nt paired-end read
strategy following the manufacturer’s protocol. The sequences were trimmed
to 85 nt and mapped to the mouse genome using CASAVA (Illumina) for
assessment of sequence quality. The barcoded reads were separated, allowing
for 2 mismatches in the barcode tag, and analyzed for their base composition.
After preprocessing, the first 9 bases and the last 6 bases were removed from
the beginning of all the reads. For de novo identification of junctions, the pre-
processed reads were put into SpliceMap 3.3.6 and aligned to the mouse refer-
ence genome (44). Due to the size of the processed reads (85 nt), 3 mismatches
were allowed in SpliceMap. For comparisons of the differences between con-
trol and FUS-R521C mice, 3 replicates were combined for each genotype.

Functional GO analyses. To characterize the extent of differentially
expressed genes in RNA-seq, we used DESeq, an R package designed to ana-
lyze high-throughput sequencing assays for differential expression. Based
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on the DESeq analyses, the genes that show differential expression by RNA-
seq, were uploaded onto DAVID bioinformatics resources 6.7. The func-
tional annotation chart and clustering analysis modules were employed to
determine gene-term enrichment scores.

Unedited gels. See complete unedited gels in the supplemental material.

Statistics. Results are mean = SEM unless otherwise stated. The statistics
of Sholl analyses in Figures 3 and 4 used 2-way repeated measures ANOVA
and 2-tailed Student’s ¢ test for dendritic length and number of branch
points. Statistics used 2-tailed Student’s t test, except for the cumulative
frequency histogram of synaptic density in Figure 4P, which used 2-tailed
Mann-Whitney test. P values of less than 0.05 were considered significant.
Tests were performed with InStat of GraphPad Software.

Study approval. All animal procedures were conducted in strict compli-
ance with the NIH Guide for the Care and Use of Laboratory Animals (8th edi-
tion. Revised 2011) as adopted by the NIH and were approved by UCSF and
the San Francisco VA Medical Center.
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