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Mutations in the human copper/zinc superoxide dismutase 1 (hSOD1) gene cause familial amyotrophic lateral scle-
rosis (ALS). It remains unknown whether large animal models of ALS mimic more pathological events seen in ALS 
patients via novel mechanisms. Here, we report the generation of transgenic pigs expressing mutant G93A hSOD1 
and showing hind limb motor defects, which are germline transmissible, and motor neuron degeneration in dose- and 
age-dependent manners. Importantly, in the early disease stage, mutant hSOD1 did not form cytoplasmic inclusions, 
but showed nuclear accumulation and ubiquitinated nuclear aggregates, as seen in some ALS patient brains, but not 
in transgenic ALS mouse models. Our findings revealed that SOD1 binds PCBP1, a nuclear poly(rC) binding protein, 
in pig brain, but not in mouse brain, suggesting that the SOD1-PCBP1 interaction accounts for nuclear SOD1 accu-
mulation and that species-specific targets are key to ALS pathology in large mammals and in humans.
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Introduction

Amyotrophic lateral sclerosis (ALS) is an adult-onset 
progressive neurodegenerative disease that involves se-
lective death of motor neurons (MNs). Patients with ALS 
develop progressive loss of upper and lower motor neu-

rons, muscle atrophy, and eventually paralysis, and they 
usually die within 3-5 years after symptoms begin [1, 2]. 

Most forms of ALS are sporadic (sALS), and ~10% are 
familial ALS (fALS). The first mutated ALS gene dis-
covered was the superoxide dismutase 1 (SOD1) gene, 
which encodes a metalloenzyme that converts the highly 
toxic superoxide anion to molecular oxygen and hydro-
gen peroxide [3]. Now over 150 pathogenic mutations in 
SOD1 have been found in ALS patients [4]. Identifica-
tion of these mutations has led to a number of animal 
models expressing ALS-associated SOD1 mutants, pro-
viding strong evidence for a gain-of-toxic function of 
mutant SOD1 [3-6].

Mutant SOD1 transgenic rodent models are by far the 
most widely used animal models of ALS and have given 
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us important insights into the pathogenesis of ALS and 
potential therapies. A variety of pathogenic mechanisms, 
including abnormal protein aggregation and cytoplas-
mic inclusion formation, excitotoxicity, mitochondrial 
dysfunction, axon abnormalities, and oxidative stress, 
have been implicated in the motor neuron degeneration 
of ALS [7-10]. However, most SOD1 transgenic mouse 
models overexpress mutant SOD1, and their relatively 
short life spans may preclude development of the full 
range of ALS neuropathology seen in patient brains. For 
example, SOD1 (G93A) mice that express 18 copies of 
the transgene show fourfold higher SOD1 enzymatic 
activity than their non-transgenic littermates [3]. These 
transgenic SOD1 mouse models carry a greatly elevated 
protein load compared with human ALS tissues, and 
these animals exhibit some phenotypic features, such as 
intracytoplasmic vacuoles derived from the mitochondria 
and the endoplasmic reticulum, which are rarely found in 
human ALS tissues [11-13]. In terms of the mechanisms 
of neuronal death in ALS, most evidence from mouse 
models suggests that apoptosis may play a crucial role 
in the death of motor neurons [14-16]; however, conclu-
sive evidence of apoptosis has been difficult to detect 
in humans [17-20]. In addition, intranuclear inclusions 
were seen in the brains of ALS patient with SOD1 muta-
tions [21-23], which have nevertheless not been found 
in transgenic mutant SOD1 mouse models. These patho-
logical differences could be due to species differences in 
anatomy, genomics, and physiology between small ani-
mals and humans and may also explain why some thera-
pies uncovered using SOD1 mouse models have been 
hard to translate to the treatment of ALS patients, thus it 
is important to explore whether large animal models can 
mimic the more pathological changes seen in ALS pa-
tients.

The pig has several unique features that make it a 
promising alternative animal model [24, 25], with a rich 
history of use in human biomedical research including 
neuroscience, because of its considerable anatomical and 
genetic similarities to humans. Moreover, the recent de-
velopment of somatic cell nuclear transfer (SCNT) tech-
nology has made it possible to efficiently generate ge-
netically modified large animals. The successful cloning 
and production of genetically modified pigs by nuclear 
transfer of transgenic or gene-targeted somatic cells have 
been reported [26], including transgenic Huntington’s 
disease pigs generated in our previous studies [27]. In 
the current study, we used the SCNT method to generate 
transgenic pigs that express autosomal-dominant fALS 
mutants of SOD1 (G93A). The transgenic pigs develop 
age-dependent movement disorders, which recapitulate 
the features of an early disease symptom seen in human 

ALS, as well as neuropathology. Moreover, transgenic 
mutant SOD1 pigs show intranuclear inclusions and an 
association of SOD1 with the nuclear protein, PCBP1, 
which are not seen in the mouse brains. Our findings 
suggest that species-specific targets of misfolded proteins 
may account for the ALS neuropathology that is unique 
to large mammals and humans, underscoring the impor-
tance of transgenic large animals in unraveling disease 
pathogenesis and identifying therapeutic targets.

Results

Generation of human SOD1 (hSOD1) (G93A) transgenic 
pigs

SOD1 is a protein widely expressed in mammal tis-
sues. We used the cytomegalovirus (CMV) promoter 
to ubiquitously express transgenic hSOD1 in pig and 
introduced the G93A mutation, which has been used 
principally to create genetic animal models of ALS, into 
the human SOD1 transgene using a site mutagenesis 
technique. SV40 early mRNA polyadenylation signal 
was used as the transcription termination for transgene, 
and the neomycin resistance gene was included as the 
selection marker for screening stably transfected cell 
lines (Supplementary information, Figure S1A). Primary 
pig fetal fibroblasts isolated from 35-day-old Tibetan 
miniature pig fetus were transfected with linearized 
hSOD1 transgene and selected with 800 µg/ml G418 for 
about 2 weeks. We identified the transgenic cell lines 
that expressed the SOD1 transgene as donors for SCNT 
(Supplementary information, Figure S1B) and trans-
ferred a total of 1635 SCNT embryos into 11 surrogates 
that exhibited natural estrus. Eight surrogates developed 
to term and gave birth to 37 female Tibetan miniature 
piglets after 120-130 days of gestation. Of these, 15 pig-
lets including wild-type ones died at birth or 1 week after 
birth and appeared to have small and weak bodies. As a 
result, 22 healthy piglets survived until ablactation (Figure 
1A and Supplementary information, Figure S1C). Most 
live piglets appeared normal at birth, and there was no 
obvious difference in appearance between the cloned and 
naturally bred piglets.

PCR analysis of DNA samples obtained from the 
ear tissues of each piglet showed that the live piglets, 
except TG-4, were positive for the SOD1 transgene. 
Real-time PCR of transgene copy numbers revealed that 
transgenic pigs carried various numbers (1-20) of the 
transgene (Supplementary information, Table S1). Us-
ing immunohistochemistry staining with an antibody 
specific to hSOD1, we could confirm the expression of 
transgenic hSOD1 in the lumbar spinal cords of a still-
born transgenic pig, but not in a wild-type one (Figure 
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Figure 1 Generation of hSOD1 (G93A) transgenic pigs. (A) A photograph of four newborn transgenic pigs (TG-16, 17, 18, 
and 19) was taken on the first day after birth. (B) Immunohistochemical staining of lumbar spinal cord of a stillborn transgenic 
pig (#504-1) with anti-human SOD1 antibody showing the expression of hSOD1 protein in the lumbar spinal cord of trans-
genic pig. Scale bars, 200 µm. (C) Western blots of ear biopsy lysates from WT and 22 transgenic pigs using antibodies that 
detect either hSOD1 only (upper panel) or both endogenous pig SOD1 and transgenic hSOD1 (lower panel, pan SOD1). 
Endogenous pig SOD1 immunoreactivity shows equal protein loading in each lane. hSOD1-transfected HeLa cell lysates 
served as the positive control. Note that hSOD1 in transgenic pig tissues shows a dimerized form (~40 kDa) and oligomeric 
forms with high molecular weight. (D) Western blot analysis showing hSOD1 ubiquitously expressed in the brain regions and 
peripheral tissues. In a stillborn transgenic pig (TG #504-1), transgenic hSOD1 is expressed at levels lower than endogenous 
pig SOD1. Liv., liver; Kid,, kidney; B, whole brain; Cereb., cerebellum; S.C., spinal cord; Mus., muscle; hSOD1, transfected 
hSOD1. 
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1B). Western blot analysis of the ear tissue lysates of live 
pigs confirmed the expression of hSOD1 in 21 transgenic 
piglets (Figure 1C). The blots were probed with an anti-
body specific to transgenic hSOD1 and a pan-antibody 
that recognizes both endogenous pig SOD1 and trans-
genic hSOD1. With the antibody to hSOD1, we found 
that several pigs’ tissues contained a dimerized band (44 
kDa), which is about double the monomeric hSOD1 (22 
kDa), and a smear that represents high-molecular-weight 
forms of oligomerized SOD1 (Figure 1C). Western blot 
analysis also revealed that transgenic SOD1 is expressed 
in various peripheral tissues and brain regions, consistent 
with the ubiquitous expression of mutant SOD1 in ALS 
patients (Figure 1D). Importantly, western blotting with 
the pan-antibody also revealed that the levels of trans-
genic hSOD1 are lower than or equivalent to that of en-
dogenous pig SOD1 (Figure 1C and 1D), indicating that 
the transgene is not overexpressed in our transgenic pig 
models. 

Limb movement defect in transgenic SOD1 pigs
Perhaps because transgenic hSOD1 is not overexpressed, 

transgenic SOD1 pigs grew normally and did not show 
obvious body weight differences from wild-type pigs 
(Supplementary information, Table S2). At present, the 
oldest transgenic SOD1 pig has been living for about 2 
years. We saw no early death due to transgenic gene ex-
pression in these transgenic pigs. 

Since ALS is characterized by progressive loss of 
upper and lower motor neurons, which results in limb 
movement impairment and paralysis, we examined the 
hind limb capacity of SOD1 transgenic pigs for move-
ment by treadmill test. At the age of 3 months, some 
transgenic pigs showed a running defect on a treadmill. 
The major manifestation was hind limb weakness, which 
prevented the pig from running on the treadmill, and this 
weakness became more severe with age. As shown in 
Figure 2A and Supplementary information, Movies S1-
S4, the hSOD1 transgenic pigs leaned against the back 
wall of the treadmill on the rear end or sit on their hind 
legs, indicating an inability to run. With a gradual ac-
celeration of running speed (from 1.0 km/h to 6.0 km/h 
over 60 s) to measure the maximal speed at which a pig 
was able to run, we could quantify the pig’s limb move-
ment capacity. By comparing different wild-type (WT) 
and transgenic pigs, we found that most transgenic pigs, 
except TG-1 and TG-10, had a significant reduction in 
their maximal speeds (Figure 2B). We also used a con-
stant speed (3.0 km/h) to examine the length of time dur-
ing which a pig could not run (or time of running deficit) 
over a 60-s test period. This test also showed significant-
ly increased times of running defects for most transgenic 

pigs (Figure 2C and Supplementary information, Movies 
S1-S2). Also, transgenic pigs (TG-6 and TG-9) show 
age-dependent worsening in treadmill running, while 
other hSOD1 transgenic pigs had different degrees of 
running impairment (Figure 2D). These results indicate 
that the treadmill tests were reliable and repeatable for 
identifying the severity of motor deficits in hSOD1 trans-
genic pigs. 

We were able to collect ear tissues of four different 
transgenic pigs (TG-1, TG-6, TG-9, and TG-16) while 
monitoring their treadmill performance at different ages 
(newborn, 3, 7, and 19 months). Western blot analysis 
showed that oligomeric SOD1, which reflects the accu-
mulation of misfolded proteins, is most abundant in the 
TG-16 pig from 3 months and less abundant in TG-9 and 
TG-6 pigs (Figure 2E and 2F). The TG-1 pig expresses 
the least amount of transgenic SOD1 (Figure 2E and 
2F). Consistent with their different levels of transgenic 
hSOD1, the TG-16 pig showed a more severe running 
defect than TG-9 and TG-6 pigs, while the TG-1 pig 
displayed the best running ability (Figure 2D). The trans-
genic pigs with the higher level of misfolded proteins 
also exhibited the earliest running disability. However, 
the TG-6 pig with high expression levels of hSOD1 
showed a significant running defect from 19 months of 
age compared with its performance at younger ages (3-7 
months) (Figure 2D). All these findings indicate that high 
levels or accumulation of mutant SOD1 leads to neuro-
logical symptoms in transgenic SOD1 pigs, a phenotype 
that is consistent with disease progression in humans.

Breeding transgenic SOD1 pigs yielded two F1 lines 
of pigs from TG-7 and TG-11 founders. PCR genotyp-
ing verified the germline transmission of the transgenes 
in some F1 pigs (Figure 3A). These F1 pigs are cur-
rently at 9 months of age. Western blot analysis of ear 
tissues using anti-SOD1 also showed the expression of 
transgenic SOD1 in these F1 pigs that are positive for 
their genotyping (Figure 3B). However, these F1 pigs 
appeared to express either low or high levels of mutant 
SOD1, suggesting that they carry different copy numbers 
of the transgene due to differential segregation of chro-
mosomes, which harbor different copies of the transgene, 
from the founder to the offspring. Indeed, real-time PCR 
suggested that F1 pigs (7-2, 7-3, 7-4, 7-6) expressing the 
low level of mutant SOD1 carry one copy while those 
(7-1, 7-5, 7-7) expressing the high level carry about eight 
copies of the transgene (Supplementary information, 
Table 1). We then used the treadmill to test limb move-
ment of F1 pigs that were trained at 3 months of age (3 
months old) and examined once every month for four 
times. Some F1 pigs (7-2 and 7-6) were not included in 
the statistical analysis because of their insufficient train-
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Figure 2 Limb movement defects in hSOD1 transgenic pigs. (A) Representative photos of wild-type (WT) and hSOD1 trans-
genic (TG-11) pigs at 16 months of age on treadmill (also see Supplementary information, Movies S1-S4). (B, C) The ac-
celerating (B) and constant (C) speed treadmill running tests revealed obvious motor defects of hSOD1 transgenic pigs in 
the maximum speed and duration in treadmill running tests. Accelerating speed treadmill running data are the means of nine 
tests from 11 to 19 months for each living pig. Constant speed treadmill running data are the means of three tests from 17 
to 19 months for each living pig. Values are reported as mean ± SEM. *P < 0.01, **P < 0.001, by one-way ANOVA with Bon-
ferroni’s post hoc test. (D) Maximal speed of transgenic pigs in treadmill running test also demonstrates progressive motor 
defects with age (months) for hSOD1 transgenic pigs. (E) Representative SOD1 immunoblots of hSOD1 levels in ear biopsy 
homogenates of hSOD1 transgenic pigs showing the age-dependent accumulation of misfolded hSOD1 and different levels 
of transgenic hSOD1 in pigs. (F) hSOD1 levels (oligomeric and monomeric) in western blots are normalized by β-actin levels 
and shown as ratio to β-actin (means ± SEM, *P < 0.01, **P < 0.001 by Student’s paired t-test), which indicate that transgenic 
hSOD1 of TG-16 pig increases and accumulates rapidly over 3 months.
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Figure 3 Germline transmission of mutant SOD1 and motor deficit in transgenic F1 pigs. (A) Genotyping analysis results 
of F1 pigs born by TG-7 and TG-11 transgenic pigs. P is the PCR result from hSOD1 plasmid, which served as a positive 
control. N is negative control. (B) Western blot analysis of the expression of mutant SOD1 in transgenic F1 pig ear tissues. 
Antibodies to human SOD1 (upper panel) and both pig and human SOD1 (pan-SOD1, lower panel) were used to probe 
western blots. (C) Treadmill tests showing the impairment of hind limb movement of F1 transgenic hSOD pigs. F1 transgenic 
pigs with higher transgene expression (7-1, 7-7, 11-3 are male; 7-5 is female) showed more severe motor defects than those 
expressing lower levels of mutant SOD1. Data (mean ± SEM, n = 4) of WT and F1 of TG-7 or TG-11 are the average value 
from pigs at the age of 5-8 months. **P < 0.001 vs WT by one-way ANOVA with Bonferroni’s post hoc test.

ing and tests or early death. Although the expression lev-
els of transgenic SOD1 in ear tissues do not necessarily 
correlate with the expression levels of transgenic SOD1 
in the brain and spinal cord tissues, more F1 pigs from 
the TG-7 founder (7-1, 7-5, 7-7) showed higher levels 

of transgenic mutant SOD1 than those from the TG-11 
founder (11-1, 11-2). We examined the motor function 
of these F1 pigs using the treadmill assay. When running 
in an accelerating speed mode on treadmill, transgenic 
pigs showed obviously decreased maximal speed com-
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pared with age-matched WT. Importantly, F1 pigs (7-1, 
7-5, 7-7, 11-3) with higher transgene expression levels 
showed more severe motor defects than lower expressing 
ones such as 7-3, 7-4, 11-1 and 11-2 transgenic pigs (Fig-
ure 3C). Thus, we have established transgenic SOD1 pigs 
in which transgenic SOD1 gene is germline transmissible 
and causes motor deficit. 

Limb muscle atrophy in transgenic SOD1 pigs
Since motor neuron degeneration can lead to denerva-

tion of muscle and muscle atrophy in ALS, we next iso-
lated muscle sample from the gastrocnemius and soleus 
muscle from TG and WT pigs for examination. Hema-
toxylin and eosin staining revealed differences in gas-
trocnemius muscle mass between wild-type and SOD1 
transgenic pigs. The TG-16 pig at 8 months of age and 
TG-11 pig at 22 months of age showed a reduction in 
cross-sectional area of the muscle fibers compared with 
age-matched WT pigs (Figure 4A and Supplementary 
information, Figure S2). Skeletal muscle molecular bio-
markers, NCAM and Nogo-A, are known to be increased 
in the denervated muscle in ALS [28-30]. These marker 
proteins were also increased in the muscle sections from 
our TG-16 pig compared with WT pig (Figure 4A). Mor-
phometric analysis showed that Nogo-A levels correlated 
with the mean area of fast-twitch type II fibers, and many 
of them are small and present an angulated morphol-
ogy (Figure 4B). These data were identical to an earlier 
observation that fast-twitch muscle fibers were preferen-
tially affected by ALS-induced denervation [31]. 

We hypothesized that the muscle atrophy might be 
due to abnormal myofibrillar protein degradation in-
duced by the ubiquitin-proteasome pathway dysfunction. 
Western blotting of the hind limb gastrocnemius muscle 
showed enhanced expression levels of Nogo-A in fibers 
from 8-month-old TG-16 transgenic pig, but not age-
matched WT pigs (Figure 4C). This assay also revealed 
a pronounced decrease in actin (including β-actin and 
skeletal muscle actin) and the apparent degradation of 
myosin heavy chain (MyHC) into low-molecular-weight 
fragments in TG-16 transgenic pigs. Meanwhile, two 
muscle-specific E3 ubiquitin ligases, atrogin-1/MAFbx 
and MuRF1, were markedly upregulated in TG-16 atro-
phic muscle (Figure 4C). These findings reflect altered 
function of the ubiquitin-proteasome system, which in 
turn induces abnormal protein degradation in the skeletal 
muscle of transgenic pigs. 

To measure motor unit stimulation, we performed 
quantitative electromyography (EMG), which detects 
action potential parameters, in the bilateral tibialis ante-
rior muscle and the right sternocleidomastoid muscle of 
two transgenic pigs (TG-5 and TG-9) at 8 months of age 

and two age-matched wild-type pigs. In the two hSOD1 
transgenic pigs, we detected fibrillation potentials and 
positive sharp waves (Figure 4D), which are the most 
significant EMG features in the very early stage of ALS 
[32]. Statistical analysis clearly showed increases in po-
tential amplitude (Amp), duration (Dur), and polyphases 
of MUPs in hSOD1 transgenic pigs (Figure 4E), which 
reflects abnormal motor neuron inneveration of muscle. 

Neurodegenerative pathology in hSOD1 transgenic pigs
We sacrificed several pigs to investigate the neuro-

pathology caused by mutant hSOD1. The transgenic pigs 
demonstrated accumulation of hSOD1 in motor neurons 
in the ventral horn of lumbar spinal cords (Supplementary 
information, Figure S3A). 

Using anti-ChAT immunohistochemistry, we found no 
significant difference in the numbers of ChAT-positive 
motor neurons between 4-month-old hSOD1 (G93A) 
transgenic pigs and age-matched wild-type controls. 
However, there was an obvious decrease in ChAT-
positive large motor neurons in the ventral horn of the 
lumbar spinal cords in 8-month-old hSOD1 transgenic 
pig (Supplementary information, Figure S3A). The 
number of ChAT- and NeuN-positive motor neurons 
was significantly decreased in 8-month-old TG-16 trans-
genic pig by about 50% of the WT number (Figure 5B 
and Supplementary information, Figure S3B). Also, we 
found obviously fewer neurons in the intermediate zone 
of lumbar spinal cord in transgenic pigs (Figure 5A and 
5B). In 8-month-old TG-16 transgenic pigs, anti-NeuN 
immunohistochemistry showed that numbers of spinal 
interneurons in laminae (L) VI and VII were reduced. 
Quantification of the interneurons (diameter < 25 µm) in 
laminae VI and VII showed a 30% reduction in TG-16 
transgenic pig (Figure 5B). NeuN-labeled motor neurons, 
which were readily identifiable as large size neurons (> 
25 µm) located in lateral laminae IX, were significantly 
reduced in TG-16 pig (Figure 5B). Immunostaining the 
specific interneuron markers parvalbumin (PV), calbi-
ndin (CB), and calretinin (CR) could detect the loss of 
PV- and CR-labeled interneurons in the lumbar spinal 
cords of transgenic pigs (Supplementary information, 
Figure S3A and S3B). There was also a marked increase 
in Iba-1 and GFAP staining, which reflects microglio-
sis and astrocytosis, respectively, in the lumbar spinal 
cord of 8-month-old TG-16 transgenic pig (Figure 5C). 
This finding suggests that a glial proliferation occurs in 
response to neuron degeneration in these regions. Fur-
thermore, electron microscopy provided evidence for 
demyelinating axons and degenerated neuronal cells in 
the ventral horn of lumbar spinal cord, which were not 
seen in the age-matched wild-type pig spinal cord (Figure 
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Figure 4 Skeletal muscle atrophy in hSOD1 transgenic pigs. (A) Hematoxylin and eosin (HE) stain of muscle from 8-month-
old TG-16 transgenic and WT pigs showing a significant reduction in the cross-sectional area of gastrocnemius muscle fibers 
in TG-16 muscle compared with WT muscle. Immunohistochemical studies also show enhanced NCAM and Nogo-A levels in 
the muscle of TG-16 pig, but not in WT pig. Scale bars, 100 µm. (B) Double immunostaining showing that Nogo-A is localized 
in the fast-twitch (type II) fibers that also contain MyHC-II staining signals. Scale bars, 100 µm. (C) Western blot analysis of 
expression levels of Nogo-A, NCAM, Myosin, β-actin, skeletal muscle actin (m-actin), Murf1, MAFbx, ubiquitin, and SOD1 in 
the gastrocnemius muscle homogenates from two wild-type (WT-1 and WT-2), TG-16, and TG-9 transgenic pigs. Note that 
TG-16 pig shows obvious muscle myofibrillar protein degradation, and upregulation of ubiquitin as well as muscle-specific E3 
ubiquitin ligases atrogin-1/MAFbx and MuRF1. (D) Electromyography of tibialis anterior muscles or sternocleidomastoid mus-
cles revealing frequent fibrillation potentials (arrows) in transgenic (TG) pigs, but not in WT controls. MUP parameters show 
increased potential duration, amplitude, and polyphasia. (E) Quantitative analysis of MUP parameter data in transgenic pigs 
and WT pigs. Two transgenic pigs show increases in duration, amplitude, and polyphasia of MUPs compared with WT pig. At 
least 20 MUPs were recorded and analyzed for each pig. Data are presented as means ± SEM. *P < 0.001 vs WT group by 
one-way ANOVA with Bonferroni’s post hoc test.
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Figure 5 Neuropathology in hSOD1 transgenic pigs. (A) Reduced NeuN immunoreactivity is present in the ventral horn of 
TG-16 pig at the age of 8 months compared with the age-matched WT pig. Blue broken arrow lines define different regions 
in the ventral horn (LIX) and intermediate zone (LVI and LVII) of the spinal cord. (B) Quantitative assessment of the number 
of ChAT- and NeuN-positive cells. More data are also provided in Supplementary information, Figure S3. Data are the means 
± SEM of three L4 slices; **P < 0.001, as assessed by a Student’s t-test. (C) Enhanced Iba-1 and GFAP immunoreactivity 
indicating activated microglia and reactive astrogliosis, respectively, in the spinal cord of TG-16, but not WT, pig. (D) Electron 
microcopy showing demyelinating axon (arrow in left panel) and degenerated neuronal cell (double arrows in right panel) in 
the spinal cord of TG-16 transgenic pig. Scale bars: 50 µm in C and 5 µm in D. 
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5D and Supplementary information, Figure S4A). Using 
an antibody to activated caspase-3 and TUNEL staining, 
we did not find clear evidence for the apoptotic neurons 
in hSOD1 transgenic pig brain and spinal cord (Supple-
mentary information, Figure S4B). Although we did not 
identify apoptotic events in hSOD1 transgenic pig brains, 
other potential pathological changes via non-apoptotic 
mechanisms, such as ER stress, remain to be investigat-
ed. 

Formation of neuronal intranuclear inclusions (NIIs) in 
transgenic pigs

Immunohistochemistry study showed prominent ex-
pression of mutant hSOD1 in the cytoplasm. However, 
we did not detect inclusions in the cytoplasm of these 
neurons. Instead, some motor neurons contained nuclear 
inclusions (arrows in Figure 6A). Double immuno-
fluorescent staining indicated that these nuclear SOD1 
inclusions were also labeled by anti-ubiquitin (Figure 
6B). These inclusions were not labeled by antibodies to 
α-synuclein, ataxin-3, neurofilaments, polyglutamine 
repeat, or TDP-43 (data not shown). Immunofluorescent 
staining verified that these nuclear inclusions were not 
present in wild-type pig spinal cord (Figure 6C). In TG-9 
pig at 17 months of age, hSOD1-positive intranuclear in-
clusions were seen in the neural cells of the spinal cord. 
Costaining with anti-ubiquitin antibody demonstrated 
that the inclusion bodies were exclusively localized in 
the nucleus of neuronal cells, and the inclusions were 
found in larger motor neurons in the ventral horn and 
smaller bipolar or multipolar neurons, which may be 
interneurons, in the intermediate zone and dorsal horns 
(Figure 6D). Moreover, these protein inclusions could 
be confirmed by western blot analysis using SOD1 and 
ubiquitin antibodies, which show oligomeric forms of 
hSOD1 and increased ubiquitination in TG-16 pig brain 
tissues (Figure 6F and 6G). When comparing with the 
endogenous pig SOD1 on the same western blots, it is 
noticeable that the expression levels of mutant hSOD1 
in the spinal cord and brain in TG-16 pig appear to be 
higher than that in ear tissues seen in Figure 1C. 

Double immunofluorescent staining also showed that 
the larger neurons containing nuclear ubiquitinated inclu-
sions were ChAT-positive (Figure 7A), and the smaller 
neurons are CR- and PV-positive (Figure 7B and 7C) 
interneurons. Ubiquitin-positive nuclear inclusions were 
also abundant in neurons of cortical layers (Figure 6E), 
but were not found in peripheral tissues, including liver, 
heart, muscle, and kidney (data not shown). By count-
ing the numbers of nuclear inclusion-containing neurons 
in the ventral horn, dorsal horn, and intermediate zone 
of the lumbar spinal cord, we also provide evidence for 

the presence of these nuclear inclusions in the large mo-
tor neurons in the ventral horn, and interneurons in the 
dorsal horn and intermediate zone (Figure 7D and 7E), 
which is consistent with the accumulation of mutant 
hSOD1 in these neurons in hSOD1 transgenic pigs.

hSOD1 interacts with PCBP1 in pig brains
The nuclear accumulation of hSOD1 and its formation 

of nuclear inclusions in transgenic pig brains are similar 
to the presence of ubiquitinated nuclear inclusions of 
SOD1 in the brain and spinal cord tissue of ALS patients 
[33, 34]. Such nuclear SOD1 inclusions, however, have 
never been found in transgenic SOD1 mouse brains. We 
hypothesized that species-specific targets may account 
for the nuclear SOD1 inclusions in larger mammals. To 
test this hypothesis, we compared SOD1-interacting pro-
teins between mouse and pig brains using GST pull-down 
assay. GST-hSOD1 was used to pull down proteins from 
mouse or pig cortex lysates. Silver staining revealed an 
additional band (arrow in Figure 8A), which was specifi-
cally present in the pull-down from the pig cortex tissue. 
This band was isolated for mass spectrometry and found 
to contain Poly(rC)-binding protein 1 (PCBP1), a nuclear 
RNA-binding protein [35-37]. We then performed GST 
pull-down with an antibody to PCBP1, which confirmed 
that pig PCBP1, but not mouse PCBP1, bound to hSOD1 
(Figure 8B). To further verify this differential binding, 
we used anti-SOD1 to immunoprecipitate mouse or pig 
brain cortex lysates and also found that PCBP1 in pig 
brain was markedly coprecipitated with SOD1 compared 
with mouse PCBP1 (Figure 8C). All these results indi-
cate that the interaction of hSOD1 with PCBP1 selec-
tively occurs in pig brain, but not in mouse brain.

Given the selective interaction of PCBP1 with hSOD1 
in pig brain, we wanted to examine whether the nuclear 
localization of PCBP1 is altered in hSOD1 transgenic 
pig brain. We performed PCBP1 immunocytochemi-
cal studies and found that PCBP1 is normally diffuse in 
the cytoplasm and nuclei of motor neurons in the spinal 
cord. However, in hSOD1 transgenic pig motor neurons, 
we saw more neurons containing nuclear PCBP1 inclu-
sions (Figure 8D). In immunofluorescent double stain-
ing, we also verified that hSOD1 nuclear inclusions in 
transgenic pig brain were labeled by anti-PCBP1 (Figure 
8E). Quantitative analysis of the numbers of motor neu-
rons containing PCBP1 nuclear inclusions also show that 
a significantly greater number of neurons display PCBP1 
inclusions in hSOD1 transgenic pig spinal cord (Figure 
8F). Taken together, these results support the increase in 
the number of nuclear inclusions and the interaction of 
hSOD1 with PCBP1 in hSOD1 transgenic pig brains.
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Figure 6 Nuclear accumulation and inclusions of hSOD1 in transgenic pig brain and spinal cord. (A) Immunocytochemical 
studies revealing that, in addition to its cytoplasmic distribution, hSOD1 forms intranuclear inclusions (arrows) in the spinal 
cord of TG-16 and TG-9 pigs. (B) Double immunofluorescence staining of the lumbar spinal cord of TG-16 pig revealing the 
colocalization of the nuclear hSOD1 inclusions with ubiquitin. (C) The nuclear inclusions are present in the spinal cord of 
transgenic hSOD1, but not WT, pig. We examined 677 neurons in three L4 spinal cord slices. (D, E) Immunofluorescent stain-
ing showing the presence of nuclear inclusions in the spinal cord (D) and cortex (E) of hSOD1 transgenic pig. Scale bars, A, 
B, D, and E, 50 µm; C, 100 µm. (F) Spinal cord (SC) and brain (B) cortex were isolated from TG-16 and TG-9 transgenic pigs 
and lysed in RIPA buffer (left panel) or 2% SDS buffer (right panel). Western blotting with antibodies to hSOD1 or pan SOD1 
shows that RIPA-treated lysates only display hSOD1 monomer bands, but 2% SDS-treated lysates yielded hSOD1 oligomers. 
TG-16 pig had more hSOD1 oligomers than TG-9 pig. (G) Anti-ubiquitin probing the blot showing an increase in protein ubiq-
uitination in the SC and brain cortex (B) from TG-16 pig. 
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Figure 7 Distribution of nuclear inclusions (NIIs) in the lumbar spinal cord of TG-16 transgenic pig. (A-C) NIIs are located 
in the (A) ChAT-, (B) CR-, and (C) Parvalbumin-positive neurons. (D) Quantitation of NIIs in the L4 spinal cord showing that 
more NIIs are distributed in the dorsal horn (DH) and intermediate zone (IZ) than ventral horn (VH). (E) Quantitation of the 
distribution of NIIs in ChAT-, CR-, and Parvalbumin-positive neurons, respectively. Data shown are means ± SEM of three L4 
slices. Scale bars, 20 µm.

Discussion

Using nuclear transfer, we have established cloned 
pigs that express mutant hSOD1 protein with the ALS-
associated SOD1 mutation G93A. Pathological and 
behavioral studies revealed that these transgenic pigs de-
velop a hind limb motor disorder in association with mo-
tor neuron death, which is accompanied by astrogliosis 
and microgliosis, as well as skeletal muscle atrophy. The 
hSOD1 transgenic pigs showed disease characteristics 
typical of human ALS and unique nuclear inclusions that 
have not been seen in other animal models of ALS. Fur-
thermore, we were able to establish F1 hSOD1 transgen-

ic pigs that show germline transmissible expression of 
mutant hSOD1 and motor deficits. Thus, our transgenic 
pigs would provide a useful model for investigating the 
pathogenesis of ALS and identifying potential therapeu-
tic targets. 

It is well known that only mutant SOD1 forms aggre-
gates, but overexpression of wild-type human SOD1 can 
also cause pathology in some transgenic mouse models 
[38]. Thus, it would be important to have a control pig 
model that expresses transgenic wild-type human SOD1 
to rule out the non-specific effects of overexpressed 
transgenic proteins. Due to the cost in generating trans-
genic pigs and difficulty in controlling the expression of 
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Figure 8 SOD1 interacts with PCBP1 in the pig brain. (A) GST-hSOD1 was used to pull down proteins from mouse and pig 
brain cortex tissue lysates. The pull-downs were analyzed by SDS PAGE. Silver staining revealed a band (arrow) specific to 
the pull-down from the pig brain tissue. Mass spectrometry identified the presence of PCBP1 in the band. (B) Western blot 
analysis with anti-PCBP1 verified that GST-hSOD1 binds more PCBP1 in the pig brain cortex lysates. The ratio of PCBP1 in 
pull-down to the input is presented (right panel). (C) Immunoprecipitation of SOD1 from mouse and pig brain cortex showing 
that more PCBP1 was coprecipitated with SOD1 in the pig brain tissue than in the mouse brain tissue. The ratios of precipi-
tated proteins to input are also shown (right panel). (D) Immunostaining of the spinal cord of WT and hSOD1 transgenic pigs. 
While PCBP1 is diffuse in WT motor neurons, it is distributed in nuclear inclusions (arrows) in transgenic hSOD1 pig motor 
neurons. (E) Double immunofluorescent staining showing that both transgenic hSOD1 and endogenous PCBP1 are localized 
in the nuclear inclusions in the spinal cord. (F) Quantitation of the numbers of motor neurons containing PCBP1 nuclear in-
clusions in the spinal cord of WT and TG-16 transgenic pigs. Data are the mean ± SEM of 3 L4 slices per group. ***P <0.001 
compared with WT. Scale bar, 20 µm.
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transgene, our studies did not include this control trans-
genic pig model. Despite this limitation, several lines 
of evidence support the idea that expression of mutant 
SOD1 caused the phenotypes of our hSOD1 transgenic 
pigs. First, western blotting results show that the expres-
sion levels of transgenic hSOD1 are lower than or equiv-
alent to that of the endogenous pig SOD1, suggesting that 
transgenic hSOD1 is not overexpressed. Second, multiple 
transgenic pig founders show the similar limb move-
ment impairment, and the levels of transgenic hSOD1 
in general correlate with the severity of this phenotype. 
The phenotypes of our transgenic pigs are apparently 
correlated with the levels of misfolded SOD1. Higher ex-
pression or rapid accumulation of mutant SOD1 in motor 
neurons of the spinal cord usually induces a more severe 
disease phenotype, which was confirmed by the more se-
vere phenotype and neurodegeneration in the TG-16 pig 
with more abundant misfolded hSOD1. This dose- and 
age-dependent phenomenon indicates that the accumula-
tion of misfolded proteins with age is important for the 
development of ALS. 

While the neurodegeneration, muscle atrophy, and 
limb movement deficits in our hSOD1 transgenic pigs 
resemble the pathological features seen in ALS patients 
and other animal models, we did obtain some novel 
findings from this large animal model. First, we found 
that transgenic pigs developed obvious limb movement 
deficits without showing cytoplasmic inclusions. The 
neuropathology of ALS is characterized by the presence 
of various forms of inclusion bodies in degenerating neu-
rons and surrounding reactive astrocytes [39]. “Skein-
like inclusions” (SLIs) [40, 41] and Bunina bodies (BBs), 
which are cystatin C-containing inclusions in the cell 
bodies [42, 43], are typical inclusions found in motor 
neurons in ALS. Tar DNA-binding protein 43 (TDP-43) 
is also localized in cytoplasmic ubiquitinated inclusions 
in sALS patient brains. We did not find these inclusions 
in our hSOD1 transgenic pig brains and spinal cords. 
Ubiquitin-positive SLIs are known to be characteristic 
features of adult-onset ALS [44], and there is no relation 
between ALS with BBs [45]. Also, TDP-43 is absent in 
the inclusions in fALS caused by SOD1 mutations [46]. 
Because our hSOD1 transgenic pigs do not overexpress 
mutant hSOD1 and have only been alive for less than 
2 years, they are more likely to be at the early disease 
stage. The findings from these transgenic pigs indicate 
that early ALS symptoms associated with SOD1 muta-
tions can occur in the absence of cytoplasmic SOD1 ag-
gregates.

Importantly, we found the nuclear accumulation of 
mutant SOD1 in hSOD1 transgenic pig brain and spinal 
cord. Nuclear inclusions are more prominent in motor 

neurons in the spinal cord of hSOD1 transgenic pigs. In 
fact, ubiquitin-positive inclusions have been reported in 
some cases of human ALS with SOD1 mutations, but 
have not ever been found in transgenic SOD1 mouse 
models [21, 22]. Ubiquitinated nuclear inclusions are the 
common pathological hallmark of most polyglutamine 
diseases, such as Huntington’s disease and spinocerebel-
lar ataxia [47]. Colocalization of ubiquitin with trans-
genic hSOD1 in nuclear inclusions is evidence for the 
pathological accumulation of transgenic hSOD1 in the 
pig brain, suggesting that the nuclear SOD1 inclusions, 
like other misfolded protein inclusions, share the same 
biochemical processes involving the ubiquitin-protea-
some system.

Although we do not yet know whether ubiquitinated 
inclusions have direct toxicity in transgenic pig neurons, 
the nuclear inclusions should result from the accumula-
tion of transgenic mutant hSOD1. The presence of these 
inclusions in motor neurons is consistent with motor neu-
ronal degeneration and associated with limb movement 
defects. Although transgenic SOD1 mouse models do not 
show such nuclear SOD1 inclusions, fractionation of the 
nucleus of transgenic SOD1 mouse brain demonstrates 
the presence of wild-type and transgenic SOD1 in the 
nucleus at relatively low levels [48]. Because SOD1 is 
a small protein, it can passively diffuse into the nucleus 
or be shuttled freely between the nucleus and cytoplasm 
[49]. These facts raise the important issue of whether 
pig brains contain proteins that can interact with mutant 
hSOD1 to keep it in the nucleus or modulate hSOD1 
activity for its nuclear accumulation. Using GST pull-
down and mass spectrometry, we identified PCBP1 as a 
partner for binding to hSOD1 in the pig brain, but not in 
mouse brain. PCBP1 is a nuclear protein and, along with 
PCBP-2 and hnRNPK, corresponds to the major cellu-
lar poly(rC)-binding protein and has widely diversified 
functions in mRNA binding and stabilization, transla-
tional activation or silencing [35, 37, 50], as well as iron 
chaperone function [36]. Since most sALS cases harbor 
cytoplasmic inclusions containing TDP-43, nuclear 
proteins that are involved in binding DNA and RNA, 
nuclear dysfunction and abnormal processing of DNA 
and RNA are thought to play a role in ALS pathogenesis 
[51]. Although we did not find TDP-43 inclusions in our 
transgenic pig models, the nuclear localization of mu-
tant hSOD1 suggests that fALS may also have impaired 
nuclear function, at least in the early stage of disease. 

The presence of nuclear inclusions in hSOD1 trans-
genic pigs and the interaction of SOD1 with PCBP1 are 
interesting findings in our studies. While nuclear inclu-
sions have been found in some adult ALS patient brains, 
whether they are also present in ALS patients at young 
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ages requires further studies to verify. The interaction 
of hSOD1 with PCBP1 explains why hSOD1 transgenic 
pigs exhibit the nuclear accumulation of mutant hSOD1. 
Species-specific partners or targets may be important for 
neurodegenerative diseases in large mammals as well 
as humans. The difference in the nuclear inclusions be-
tween transgenic SOD1 rodent and pig models suggests 
that species differences may modulate the distribution 
and aggregation of mutant SOD1. Because mutant SOD1 
binds more PCBP1, this effect could impair the function 
of PCBP1, and with other toxic gain of function, contrib-
utes to ALS neuropathology. The nuclear accumulation 
of mutant hSOD1 could also affect nuclear function, 
and such nuclear dysfunction can lead to ALS-related 
neurological symptoms in the absence of cytoplasmic 
inclusions during the early stages of disease. This also 
has important implications for identifying an effective 
therapeutic target, as preventing early neuropathologi-
cal events is the best way to treat ALS and other protein 
misfolding-related diseases. 

Materials and Methods

Animals
Animal use followed the NIH Guide for the Care and Use of 

Laboratory Animals. The animal use protocol was approved by the 
Institutional Animal Care and Use Committees at Guangzhou In-
stitute of Biomedicine and Health, Chinese Academy of Sciences. 

Production of hSOD1 (G93A) transgenic pigs
The cDNA of human SOD1 carrying a G→C mutation at the 

position of 281 bp, which substitutes glutamine with alanine 
(G93A), was ligated to the Sal I/Not I sites of the plasmid pEGFP-
N1 (Clontech, Palo Alto, CA, USA) to generate a vector [pCMV-
hSOD1(G93A)]. The final construct was confirmed by sequence 
analysis. Primary pig fetal fibroblasts were isolated from a 35-
day fetus of a female Tibet miniature pig. The fetal fibroblasts 
were cultured in Dulbecco’s modified Eagle’s medium (DMEM, 
HyClone, Logan, UT, USA) supplemented with 15% fetal bovine 
serum (FBS, HyClone, Logan, UT, USA) and 1% (v:v) penicillin/
streptomycin (10 000 U/ml penicillin, 10 000 µg/ml streptomycin; 
GIBCO-BRL, Grand Island, NY, USA) at 39 °C in an incubator 
with 5% CO2. pCMV-hSOD1(G93A) was linearized with ApaLI 
and transfected into the fibroblasts by electroporation (Gene Pulser 
Xcell, Bio-Rad, Hercules, CA, USA). The cells were split 1:10 
into fresh culture medium after transfection. After 48 h, 800 µg/ml 
G418 (Merck, Darmstadt, Germany) was added to the medium to 
select transfected cell colonies, and the plates were incubated in 
media containing G418 for ~10 days. The surviving cell colonies 
were selected and propagated in a fresh 48-well plate. Colonies 
that proliferated well were then expanded and screened for the 
expression of hSOD1. The positive colonies were frozen in small 
aliquots. Prior to SCNT, hSOD1-expressing transfected cells were 
thawed and cultured until they reached sub-confluence.

The ovaries of pigs were collected from long white pigs at a 
local slaughterhouse and transported to the laboratory in 0.9% 

NaCl at 30 °C-35 °C. The cumulus-oocyte complexes (COCs) 
were aspirated from the antral follicles and washed three times in 
maturation medium, which contained tissue culture medium 199 
(TCM-199, 31100-035; Gibco-BRL, Grand Island, NY, USA) 
supplemented with 0.1% (w/v) polyvinyl alcohol (P8136; Sigma, 
St. Louis, MO, USA), 3.05 mM D-glucose (G7528; Sigma), 0.91 
mM sodium pyruvate (P4562; Sigma), 0.57 mM L-cysteine (C7352; 
Sigma), 0.5 µg/ml of luteinizing hormone (L5269; Sigma), 0.5 
µg/ml of follicle-stimulating hormone (F2293; Sigma), 10 ng/ml 
of epidermal growth factor (E4127; Sigma), 10% (v:v) of porcine 
follicular fluid, 75 µg/ml of penicillin G, and 50 µg/ml of strepto-
mycin. The oocytes were matured for 40 h at 39 °C in an incubator 
containing 5% CO2. Fifty to sixty COCs were transferred to 500 µl 
of maturation medium that had been covered with mineral oil in a 
4-well multi-dish (Nunc, Roskilde, Denmark) and pre-equilibrated 
at 39 °C in an atmosphere of 5% CO2 overnight. After 42-44 h of 
culture, oocytes were separated from cumulus cells by vigorous 
vortex for 4 min in TL-Hepes supplemented with 0.1% polyvinyl 
alcohol (P8136; Sigma) and 0.1% hyaluronidase (H3506; Sigma). 
Denuded mature oocytes were enucleated by removal of the polar 
body and the associated metaphase plate using a 30-µm diameter 
beveled glass pipette in HEPES-buffered TCM-199 supplemented 
with 0.3% BSA (A8022; Sigma) and 7.5 µg/ml cytochalasin B 
(C6762; Sigma). A single donor cell was injected into the perivi-
telline space of the oocyte in contact with the oocyte membrane.

Injected oocyte-fibroblast pairs were placed between two 0.2 mm 
diameter platinum electrodes kept 1 mm apart in fusion and acti-
vation medium in a position vertical to the electrodes. Fusion and 
activation were induced simultaneously with two successive DC 
pulses of 1.1 kV/cm for 30 ms using an Electro Cell Manipulator 
200 (Genetronics, San Diego, CA, USA). After fusion and activa-
tion, embryos were kept in micromanipulation medium without 
CB for an additional 30 min before the fusion rate was evaluated. 
Reconstructed embryos (50-100) were transferred to 500 µl of cul-
ture medium covered with mineral oil in a 4-well multi-dish and 
cultured for 18-22 h at 39 °C in an atmosphere of 5% CO2. The 
embryos were then surgically transferred into the oviduct of a sur-
rogate female on the first day of standing estrus. Pregnancy status 
was monitored using an ultrasound scanner between days 30-35 
post-transplantation. Some embryos were cultured for 6 days to 
test the blastocyst formation rate, as well as developmental ability. 
Transgenic piglets were identified by PCR analysis of ear DNA 
with the following primers: SOD-F: 5′-ATGCGGTTTTGGCAG-
TACAT-3′; SOD-R: 5′-TATTGGGCGATCCCAATTAC-3′.

Histology, immunohistochemistry, and immunofluorescence 
staining

The tissues (lumbar spinal cord, brain cortex, gastrocnemius, 
soleus, and tibialis anterior muscles) were fixed in situ with 4% 
buffered paraformaldehyde for 48 h. The entire tissue was then 
dissected, embedded in paraffin wax, and exhaustively cross-
sectioned at 3 µM to a slide. Sections were deparaffinized in 
xylene and rehydrated in a graded series of alcohol, followed by 
dH2O, stained with cresyl violet or with hematoxylin and eosin, 
differentiated, and coverslipped. For immunohistochemistry and 
immunofluorescence staining, antigen retrieval was performed 
in a 1 M citrate buffer (pH = 6.0) bath for 20 min. Tissues were 
immunostained with primary antibodies and visualized using an 
ammonium bicarbonate (ABC) Kit in combination with diami-



www.cell-research.com | Cell Research

Huaqiang Yang et al.
479

npg

nobenzidine (Vector Laboratories, Burlingame, CA, USA). Some 
immunostained sections were counterstained with hematoxylin 
to display nuclei. Double-labeled immunofluorescence staining 
was used to examine the colocalization of ubiquitin with hSOD1, 
PV, CB or ChAT and hSOD1 with PCBP1. Tissue sections were 
incubated first with specific primary antibodies, and then with sec-
ondary antibodies labeled with fluorescent dyes. DAPI was used to 
label nuclear DNA.

Morphometric analysis and statistics
Quantitative analyses of motor neurons were counted on serial 

lumbar 4 (L4) sections immunoperoxidase-stained for ChAT and 
NeuN. Motor neurons were defined as large ChAT-IR neurons (di-
ameter ≥ 25 µm) located in the motor columns (Rexed’s laminae 
IX). For anti-NeuN staining, large NeuN-IR neurons (≥ 25 µm) in 
the laminae IX were considered as motor neurons. Neurons with 
smaller diameter (< 25 µm) in the other laminae were termed in-
terneurons. For quantitating the number and distribution of NIIs 
in lumbar spinal cord, sections were immunostained using an 
ubiquitin antibody as described above, and the number of NIIs was 
counted in half of the lumbar spinal cord. At least three cross-sec-
tions were counted for each spinal cord. Furthermore, we counted 
the numbers of costained neuron cells in sections double labeled 
with ubiquitin/PV, ubiquitin/CR, and ubiquitin/ChAT, respectively. 

Electron microscopy (EM)
For EM examination of pig spinal cord morphology, postmor-

tem pig lumbar spinal cords that were removed within 2-3 h after 
death were fixed for 72 h in 4% paraformaldehyde/2.5% glutarade-
hyde/0.1 M PB. The sections were then fixed in 1% buffered osmi-
um tetroxide, dehydrated with ethanol, and embedded in Eponate 
12 resin (Ted Pella Inc., Redding, CA, USA). Ultrathin sections 
were cut on a Leica UC6rt ultramicrotome (Leica Microsystems, 
Bannockburn, IL, USA) at 70-80 nm, placed on Formvar-coated 
grids, and counter-stained with 4% aqueous uranyl acetate and 
2% lead citrate. Sections were examined using a Hitachi H-7500 
transmission electron microscope (Hitachi High Technologies 
of America, Inc., Pleasanton, CA, USA) equipped with a Gatan 
BioScan CCD camera.

Behavioral tasks
The movement capabilities of transgenic pigs were tested by 

treadmill running. A suitable cage was placed onto the treadmill 
to fix the pig and make it run on the conveyer belt. Two methods 
were used to test and quantify the running ability of pigs on the 
treadmill. The first was the accelerating speed mode, in which the 
speed of the treadmill accelerated from 1.0 to 6.0 km/h gradually 
when the pig ran on the treadmill. Each speed was maintained for 
10 s until 6.0 km/h. The maximal speed at which the pig could 
not run appropriately or fluently (such as sit, lie down, lean on 
the back wall of the cage) was recorded. The second method 
was called the fixed speed mode, in which the speed of treadmill 
was kept at 3.0 km/h for 1 min when the pig ran on it. The bet-
ter running time was recorded as the efficient running time. The 
treadmill running test was performed once a month after the pigs 
were grown. Non-transgenic littermates or age- and body weight-
matched wild-type pigs were used as controls.

EMG

Transgenic and wild-type pigs were measured by quantitative 
EMG, three muscles were tested: the bilateral tibialis anterior 
muscles and the right sternocleidomastoid muscle. All of the EMG 
examinations were performed by one person, who is an experi-
enced electromyographer. The EMG test was performed on the 
Keypoint® EMG equipment (Medtronic Dantec, Copenhagen, 
Denmark) provided with specific software for data acquisition and 
processing at the same time and immediately after needle EMG on 
the same test session. Spontaneous activity (fibrillation potentials 
and positive sharp-waves were observed) at rest was recorded at 
several insertions outside the end-plate regions in muscles, and 
denervation activity at more than two sites examined in the muscle 
was considered abnormal. Motor unit potentials (MUPs) recorded 
at weak effort were quantified offline with measurements of dura-
tions, amplitudes, and multiphase waves (≥ 4) of at least 20 MUPs. 
We used two transgenic pigs and two age-matched WT pigs for 
EMG analysis. Every pig has three muscle samples tested (left and 
right tibialis anterior muscles as well as right sternocleidomastoid 
muscles). MUP data were recorded, and many wave photos were 
recorded in the monitor screen. Each wave is a MUP. We selected 
20 waves of each muscle from each pig for measuring its duration, 
amplitude, and polyphasia and obtained a mean value of these 
waves. The recruitment order was measured during maximal vol-
untary contraction (MVC) of tested muscle. The phase and ampli-
tude of electrical activity during MVC in muscles were recorded. 
The following test settings were used: the sensitivity is 50 µV/day 
and the scanning speed is 5 ms/day for spontaneous activity, 0.2 
mV/day, and 10 ms/day for MUPs, 0.5 mV/day, 100 ms/day for 
MVC; filters 20 Hz to 10 kHz.

GST pull-down assay and mass spectrometric analysis
GST fusion protein containing hSOD1 was generated and pu-

rified by glutathione resin with 1× PBS equilibration buffer and 
10 mM reduced glutathione elution buffer. Cerebral cortex lysates 
of pig or mouse (0.1 g/ml) in NP-40 buffer (50 mM Tris pH7.4, 50 
mM NaCl, 0.1% Triton X-100, 1% NP40) were homogenized us-
ing a Teflon homogenizer for 30 strokes, sonicated for 10 s on ice, 
and centrifuged at 1 000× g at 4 °C for 3 min. The supernatants (5 
µg/µl protein) in a 1.5-ml tube were incubated with GST or GST-
hSOD1 (100 µg) and 50 µl glutathione beads at 4 °C for 3 h. The 
precipitates were subjected to SDS PAGE or western blotting. The 
gel containing interesting bands was decolored by 25 mM ABC, 
50% acrylonitrile (ACN), and dehydrated by 100% ACN. Dehy-
drated gel was deoxidized at 56 °C for 1 h with 10 mM DTT, 50 
mM ABC buffer and incubated with 55 mM Indole-3-acetic acid 
for neutralizing the remainder of the DTT at room temperature in 
the dark. The gel containing interesting proteins was digested by 
10 ng/ml trypsin at 37 °C overnight, extracted by 50% ACN and 
5% Trifluoroacetic acid (TFA) two times, and then freeze-dried. 
The freeze-drying gel materials were dissolved by 0.1% TFA and 
analyzed by AB SCIEX TripleTOF® 5600 system for mass spec-
trometry analysis.

Statistical analysis
Statistical analysis was performed with SPSS software (SPSS, 

Inc., Chicago, IL, USA). Mean values were analyzed for signifi-
cance using a Student’s t-test or ANOVA as described in the text. 
The difference in the mean values between the two groups was 
considered significant for a P-value < 0.05.
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Detailed methods are described in the Supplementary informa-
tion, Data S1.
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