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An Aggregate-Inducing Peripherin Isoform Generated
through Intron Retention Is Upregulated in Amyotrophic
Lateral Sclerosis and Associated with Disease Pathology
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The neuronal intermediate filament protein peripherin is a component of ubiquitinated inclusions and of axonal spheroids in amyotro-
phic lateral sclerosis (ALS). Overexpression of peripherin causes motor neuron degeneration in transgenic mice and variations within the
peripherin gene have been identified in ALS cases. We have shown previously the abnormal expression of a neurotoxic peripherin splice
variant in transgenic mice expressing mutant superoxide dismutase-1. These findings indicated that abnormalities of peripherin splicing
may occur in ALS. In the current study, peripherin splice variants were identified by reverse transcription-PCR of human neuronal RNA
and comparisons in expression made between control and ALS spinal cord using Western blot analysis and immunocytochemistry. Using
this approach we have identified a novel peripherin transcript retaining introns 3 and 4 that results in a 28 kDa splice isoform, designated
Per 28. Using an antibody specific to Per 28, we show that this isoform is expressed at low stoichiometric levels from the peripherin gene,
however causes peripherin aggregation when its expression is upregulated. Importantly we show an upregulation of Per 28 expression in
ALS compared with controls, at both the mRNA and protein levels, and that Per 28 is associated with disease pathology, specifically round
inclusions. These findings are the first to establish that peripherin splicing abnormalities occur in ALS, generating aggregation-prone
splice isoforms.
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Introduction
Amyotrophic lateral sclerosis (ALS) is an adult-onset neurode-
generative disease affecting motor neurons of the motor cortex,
brainstem, and spinal cord. �10 –15% of cases are inherited [fa-
milial (fALS)] with the remainder occurring sporadically [spo-
radic (sALS)]. Mutations in the gene encoding superoxide
dismutase-1 (SOD1) are causative of �20% of fALS cases, corre-
sponding to 1–2% of all ALS cases (Rosen et al., 1993). Sporadic
and familial ALS are clinically and pathologically indistinguish-
able, sharing a number of intraneuronal inclusion bodies that are
characteristic of the disease (for review, see Hays, 2006). These
include ubiquitinated inclusions that comprise skein-like inclu-
sions, round inclusions and Lewy body-like inclusions (Ince et

al., 1998a; Hays, 2006). Hyaline conglomerate inclusions are also
ubiquitinated, but appear to be more closely linked with fALS
cases carrying mutations in SOD1 (Ince et al., 1998b; Hays et al.,
2006). Peripherin, a neuronal intermediate filament protein, is
associated with ubiquitinated inclusions, specifically round in-
clusions and Lewy body-like inclusions, hyaline conglomerate
inclusions, as well as with axonal spheroids, large swellings that
occur in proximal axons of diseased motor neurons (Corbo and
Hays, 1992; Migheli et al., 1993; He and Hays, 2004; Xiao et al.,
2006). Together with the association of peripherin with intran-
euronal inclusions, there is also a generalized increased in periph-
erin immunoreactivity in both the perikarya and axons of motor
neurons affected by the disease (Robertson et al., 2002; Robertson
et al., 2003; Xiao et al., 2006). Overexpression of peripherin in-
duces motor neuron degeneration in transgenic mice and varia-
tions within the peripherin gene have been identified in a few ALS
cases. This combined evidence supports a role for peripherin in
the pathogenesis of ALS.

We have shown previously the deregulated expression of pe-
ripherin splice variants in transgenic mouse models of ALS (Rob-
ertson et al., 2003). In particular, we showed the abnormal ex-
pression of a neurotoxic splice variant of peripherin, Per 61, in
motor neurons of mutant SOD1 transgenic mice (Robertson et
al., 2003). This splice variant was generated by the retention of
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intron 4 and its upregulated expression in-
duced peripherin aggregate formation and
motor neuronal death (Landon et al.,
1989, 2000; Robertson et al., 2003). These
findings indicated that abnormalities of
peripherin splicing may be relevant to the
disease mechanisms in ALS.

In this regard, we set out to find the
human equivalent of Per 61. However, in
mouse, intron 4 is 96 bp in length, whereas
in human it is 91 bp. As such, the complete
retention of intron 4 in human would lead
to a frameshift and generation of a
C-terminally truncated protein of 32 kDa. Therefore the splicing
event that generates Per 61 in mouse cannot occur in human.
Nevertheless, the existence of a human peripherin expressed se-
quence tag (EST) sequence retaining part of intron 4 indicated
that read through into this intron could occur. In our attempt to
amplify transcripts retaining intron 4, we inadvertently identified
a transcript retaining introns 3 and 4. This transcript encodes a
C-terminally truncated protein of 28 kDa derived from transla-
tion of the 5� end of peripherin up to a stop codon 30 bp into
intron 3. This peripherin splice variant, designated Per 28, is the
first to be identified in human and is completely distinct from Per
61 in mouse. We have shown that there is upregulated expression
of Per 28 at both the mRNA and protein levels in ALS, and that
this may be associated with inclusion body formation. Collec-
tively our findings establish that splicing abnormalities of periph-
erin occur in ALS generating an aggregation-prone splice variant,
Per 28.

Materials and Methods
RNA and semiquantitative RT-PCR. Human RNA samples for reverse
transcription (RT)-PCR were obtained commercially either from Clon-
tech (Palo Alto, CA) or Ambion (Austin, TX) and treated with DNase
before RT-PCR to remove any genomic DNA contamination of the RNA
sample. Control RT-PCR experiments with omission of the reverse tran-
scriptase were performed in parallel with all experiments to further en-
sure results obtained were not caused by genomic contamination. Pre-
mium total RNA from human dorsal root ganglia was from Clontech
(catalog number CR2496). Control total RNA samples from human
lumbar spinal cord was pooled from 49 male/female Caucasians age 15 to
66 (catalog number 64113-1; Clontech), and from a normal 65-year-old
male Caucasian (catalog number B6840; Ambion). Total RNA from ALS
human lumbar spinal cord (catalog number B6162; Ambion) was from
two 70-year-old male Caucasians. The cDNAs were synthesized from 1
�g of total RNA with oligo-(dT)20 using the SuperScript III First-Strand
Synthesis System for RT-PCR from Invitrogen (Burlington, Ontario,
Canada) following the manufacturer’s protocol. The ratio of mRNA
transcripts was estimated using semiquantitative RT-PCR normalized
using primers specific for �-actin (Ambion) and choline acetyltrans-
ferase (ChAT) (for primer sequences, see Table 1). For amplifying the
normal peripherin gene transcript PRPH, primers were located in exons
3 and 6 (Table 1). For PCR, 1 �l of template cDNA solution was placed in
25 �l of reaction solution containing 1x PCR buffer (20 mM Tris-HCl, pH
8.4, 50 mM KCl), 200 �M dNTP, 2 mM MgCl2,5% DMSO, 2 �M each
primer, and 2 U Platinum TaqDNA Polymerase (Invitrogen). The am-
plification conditions for the peripherin splice variant consisted of initial
denaturation at 95°C for 5 min, followed by 40 cycles of 95°C for 30 s,
62°C for 30 s, and 72°C for 30 s in a GeneAmp PCR system 9700 (Applied
Biosystems, Streetsville, Ontario, Canada). Cycle numbers for the RT-
PCR amplifications of �-actin, ChAT, and PRPH were 25, 35, and 30
cycles, respectively.

Cloning of full-length Per 3,4 cDNA using 5�and 3� RACE. According to
the sequence of intron 4 of peripherin obtained from the University of
California at Santa Cruz (UCSC) Genome Browser (accession number,

NM_006262), we designed 5� and 3� gene-specific primers (GSPs): an
antisense primer (GSP1) for 5�-rapid amplification of cDNA ends
(RACE) PCR (5�-GAC AGG TCC GCG TAC TGA GAA GTG G-3�) and
a sense primer (GSP2) for 3�-RACE PCR (5�-GTC CAA GGT GCA AGA
GCC GGG AGG-3�). 5�-RACE-ready cDNA was synthesized by combin-
ing 1 �g of total RNA with BD SMART II A Oligonucleotide (BD Bio-
sciences, Mississauga, Ontario, Canada) and 5�-RACE coding sequence
(CDS) primer; 3�-RACE-ready cDNA was synthesized by combining 1
�g of total RNA with 3�-CDS primer. CDS primers were supplied by the
manufacturer. The detailed procedure is exactly as described in the BD
SMARTTM RACE cDNA Amplification Kit user manual (BD Bio-
sciences; catalog number 634914). Fifty microliters of RACE PCR solu-
tion consisted of 2.5 �l of 5�-RACE-ready cDNA or 3�-RACE-ready
cDNA, 34.5 �l of PCR-grade water, 5 �l of 10x Advantage 2 PCR buffer,
1 �l of 10 mM dNTP, 1 �l of 50x BD Advantage 2 Polymerase Mix, 5 �l of
10x Universal Primer Mix, and 1 �l of 10 �M GSP1 or GSP2. Thermal
cycling was followed using the touchdown PCR program: five cycles at
94°C for 30 s, 72°C for 3 min; five cycles at 94°C for 30 s, 70°C for 30 s,
72°C for 3 min; and 30 cycles at 94°C for 30 s, 68°C for 30 s, 72°C for 3
min. The 5�-RACE and 3�-RACE PCR products were analyzed by elec-
trophoresis on 1.2% (w/v) agarose/ethidium bromide gels and purified
using the MiniElute Gel Extraction kit (catalog number 28604; Qiagen,
Mississauga, Ontario, Canada). The isolated fragments were cloned di-
rectly into a topoisomerase (TOPO) cloning vector: pCR2.1-TOPO (cat-
alog number K4510-20; Invitrogen). The inserts were sequenced with
M13 forward and reverse primers on an ABI PRISM 3100 Genetic Ana-
lyzer (Applied Biosystems). The full-length cDNAs were generated by
blunt-end ligation of the 5� fragment and 3� fragment, then subcloned
into the BamH1/EcoRI sites of pcDNA3.1 (catalog number V795-20;
Invitrogen) and subjected to sequence analysis for final verification.

Cloning of full-length human peripherin gene PRPH. A probe specific to
the human peripherin gene was used to identify bacterial artificial chro-
mosome (BAC) clone number 977B10 from the RPCI-11 Human BAC
Clones available from the Canadian Institutes of Health Research Ge-
nome Resource Facility. The BAC DNA was extracted from a bacterial
culture inoculate using alkaline lysis and the full-length human periph-
erin gene was obtained from 977B10 BAC DNA by simultaneous diges-
tion with EcoRI and EcoRV. A band corresponding to �5000 bp was
purified using the MiniElute Gel Extraction Kit (Qiagen), subcloned into
the EcorR1/EcoRV site of pcDNA3.1(�), and subjected to sequence anal-
ysis for verification.

Transient transfection. A human adrenal carcinoma cell line, SW13
vimentin (�) [SW13vim(�)], was transfected using Lipofectamine 2000
(Invitrogen) following manufacturer instructions. Ectopic expression of
peripherin was detected using peripherin polyclonal antibody (AB1530;
Millipore, Temecula, CA).

Preparation of siRNA targeting Per 3,4. The selected small interfering
RNA (siRNA) sequences for Per 3,4 was from nucleotides 129 –137 for
RNAi-1 and 262–280 for RNAi-2, relative to the start of intron 3. The
sequences were designed using an siRNA design program (Dharmacon,
Lafayette, CO) and a BLAST search revealed no substantial homology of
the chosen sequences to other genes. The oligonucleotides were synthe-
sized by Integrated DNA Technologies (Coralville, IA) and diluted to 1
�g/�l. The forward and reverse primers were annealed and cloned into
linearized pSupressorNeo vector according to the manufacturer’s proto-
col (Imgenex, San Diego, CA).

Table 1. Primer sequences

Name Sequence Location Length

F1 5�-GTGGACGATGCCACTCTGTC-3� Exon 3
R1 5�-GGTCCGCGTACTGAGAAGTG-3 Intron 4/ Exon 5 junction 701 and 339 bp
F2 5�-TCGACTTCTCCATGGCCGAG-3� Exon 1
R2 5�-CGAGTCCAGAGGCCAGGTTTC-3 Intron 3 683 bp
PRPH-Fwd 5�-GTGGACGATGCCACTCTGTC-3� Exon 3
PRPH-Rvs 5�-CTGGTACTCCCTCAGGTGC-3� Exon 6 534 bp
ChAT-Fwd 5�-CTCCAATTGGCCTGCTGACGTC Exon 7
ChAT-Rvs 5�-GGACTTGTCGTACCAGCGATTG-3� Exon 8 233 bp

Fwd, Forward; Rvs, reverse.
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Immunocytochemistry of cultured cells. SW13vim(�) cells grown on
glass coverslips were fixed in methanol for 5 min at �20°C and rehy-
drated in PBS. Immunocytochemistry was performed using an antibody
recognizing peripherin (AB1530) and used at 1:1000 diluted in PBS.
Antibody distribution was visualized by epifluorescence microscopy af-
ter incubation with secondary antibodies, with Alexa Fluor 594 diluted
1:350 in PBS (Invitrogen).

Immunoblotting. Cells were harvested in 62.5 mM Tris, pH 6.8, con-
taining 2% SDS and 10% glycerol, and assayed for total protein using the
bicinchoninic acid assay (Sigma, St. Louis, MO). Loadings of 10 –100 �g
of protein were analyzed on 10% (w/v) SDS-polyacrylamide gels and
then blotted to polyvinyldiflouride membrane. For immunoblotting,
membranes were incubated with antibodies recognizing peripherin
(MAB1527 or AB1530) diluted 1:5,000 in blocking solution (3% skim
milk powder in TBS-Tween). To detect the Per 28 splice variant, a rabbit
polyclonal antiserum was raised to a synthetic peptide corresponding to
the sequence derived from translation of the first 30 bp of intron 3 (VS-
GPGIRGGF) and used at a dilution of 1:3000. Antibody binding was
revealed with the ECL detection system (PerkinElmer, Waltham, MA).

Primary motor neuron cultures. The same protocol was used as de-
scribed previously for our studies on Per 61 (Robertson et al., 2003). In
brief, dissociated spinal cord cultures were prepared as described previ-
ously (Durham et al., 1997; Robertson et al., 2001, 2003). The Per 3,4
cDNA in pcDNA 3.1 at 100 ng/ul was microinjected into motor neuron
nuclei along with the fluorescent marker dextran-FITC (15 mg/ml; In-
vitrogen). Viability was assessed daily by counting the number of motor
neurons containing the marker. The number of viable motor neurons
counted on each day was normalized to the number present on day 1 after
microinjection. Experiments were performed in triplicate. For immuno-
cytochemistry, cultures were fixed in 4% paraformaldehyde in PBS for 15
min, and then in blocking solution [as for the SW13vim(�) cells] for 30
min. Double labeling was performed using the Per 28 antibody (diluted
1:1000) and monoclonal peripherin antibody (MAB1527, diluted
1:1000) followed by secondary antibody detection, Alexa Fluor 594 or
488, respectively.

Human spinal cord tissue. Triton X-100 (TX-100) extractions were
prepared from �100 mg of lumbar spinal cord tissue taken from four
sporadic ALS cases and four controls. The control cases comprised one
with no indication of neurological disease and three with neurological
disease (two multisystems atrophy and one corticobasal degeneration).
Briefly, samples were homogenized in 1 ml high salt buffer (HSB; 50 mM

Tris, pH7.5, 750 mM NaCl, 5 mM EDTA) containing protease inhibitor
mixture (Sigma) and centrifuged at high speed in an Eppendorf (Missis-
sauga, Ontario, Canada) microcentrifuge at 4°C for 10 min. The resulting
pellet was rehomogenized in HSB containing 1% TX-100 and centri-
fuged as before. This extraction was repeated twice. The final pellet was
then homogenized in HSB containing 1M sucrose and centrifuged as
before to remove myelin. Equal protein amounts from the different sam-
ples were resolved by 10% SDS-PAGE and probed by immunoblotting
with Per 28-specific antisera or polyclonal peripherin antibody
(AB1530). For immunocytochemistry, paraffin embedded sections (6
�m) of lumbar spinal cord were rehydrated through a series of washes in
graded ethanol and finally in water. Sections were pretreated with 10 mM

sodium citrate, pH 6.0, for epitope retrieval and incubated with Per 28
splice variant-specific antisera diluted 1:1000 in DakoCytomation (Mis-
sissauga, Ontario, Canada) Antibody Diluent overnight at 4°C. Antibody
labeling was revealed using the DakoCytomation EnvisonTM System
according to the manufacturer’s instructions using 3,3�-diaminobenzidine
as chromagen. Labeled sections were visualized using a Leica (Richmond
Hill, Ontario, Canada) DM 6000 microscope and digital images obtained
with a MicroPublisher 3.3 RTV color camera and Openlab imaging software
(Improvision, Lexington, MA).

Results
Identification of a peripherin transcript retaining introns 3
and 4
We identified two EST sequences corresponding to splice vari-
ants of human peripherin that retain part of intron 4 or intron 3
(BE786797 and BI832203, respectively) using the UCSC Genome

Browser. Primers for RT-PCR were designed according to the
retained sequence of intron 4 because we had found that periph-
erin splicing events involving retention of intron 4 occurred in
mutant SOD1 transgenic mice (Robertson et al., 2003). Premium
total RNA extracted from human dorsal root ganglia (Clontech)
was chosen as the source for RT-PCR to identify peripherin splice
variants because peripherin is highly expressed in this tissue
(Wong and Oblinger, 1990). Because our aim was to identify
splicing events involving intron retention, a number of steps were
taken to avoid possible confounding results caused by genomic
contamination. First, all of the RNA samples were treated with
DNase before RT-PCR. Second, control experiments were per-
formed in which reverse transcriptase was omitted showing that
there was no PCR amplification of genomic DNA. Third, the first
strand synthesis was performed using oligo-(dT)20 to amplify
mRNA only. Fourth, parallel RT-PCR experiments were per-
formed using off-target primers located in exon 1 and intron 3
(Fig. 1B). The product generated from these reactions had in-
trons 1 and 2 spliced out (Fig. 1D, arrow), confirming that our
samples were not contaminated with genomic DNA. Using a for-
ward primer located in exon 3 of peripherin and a reverse primer
in intron 4 (Fig. 1A, Table 1), one major product of 701 bp was
generated by RT-PCR, which was shown by sequencing to corre-
spond to a transcript retaining introns 3 and 4 (Fig. 1C). Two
minor products were also detected, one of 339 bp corresponded
to a transcript retaining intron 4 only, the other (Fig. 1C, asterisk)
could not be identified. These transcripts were in low abundance
as only the constitutively spliced peripherin isoform (in which all
introns are spliced out) was detected when RT-PCR was per-
formed using primers located in the 5� and 3� untranslated re-
gions (data not shown). Therefore 5� and 3� RACE using gene-
specific primers in intron 4 (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material) was used to obtain
the full-length transcript retaining introns 3 and 4, which was
called Per 3,4 cDNA.

Expression of Per 3,4 in transfected cells
Expression of the Per 3,4 cDNA was compared with the normal
full-length human peripherin gene in transfected SW13vim(�)
cells, a human cell line lacking an endogenous intermediate fila-

Figure 1. Identification of a peripherin transcript retaining introns 3 and 4. A, Schematic
showing locations of forward primer F1 in exon 3 and reverse primer R1 in intron 4/exon 5 used
for RT-PCR amplification of transcripts retaining intron 4. B, Off-target primer locations F1 in
exon 1 and R2 in intron 3 used to control for genomic contamination. C, A major RT-PCR product
of 701 bp was amplified from human dorsal root ganglion RNA using the primer pair indicated
in A corresponding to a transcript retaining introns 3 and 4; a minor transcript of 339 bp encom-
passing intron 4 was also identified, as well as product of 550 bp, which could not be identified.
D, The primer pair in B amplified a product of 683 bp corresponding to a transcript in which
introns 1 and 2 were spliced out, providing additional confirmation that the samples were not
contaminated with genomic DNA. All RT-PCR products were confirmed by sequencing.
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ment network (Sarria et al., 1990). The
constitutive expression product from the
peripherin gene, in which all intronic se-
quences are spliced out, has a molecular
weight of �58 kDa (Per 58) according to
SDS-PAGE (Fig. 2A). For Per 3,4, the re-
tention of intron 3 introduces a premature
stop codon 30 bp downstream from the
start of the intron, predicting a peripherin
species of 28 kDa with a unique 10 amino
acid sequence at the C-terminus. Immu-
noblots of cell lysates from transfected cells
probed with commercially available pe-
ripherin antibody (AB1530; Millipore)
showed the expected expression of Per 58
from the peripherin gene (Fig. 2A, lane 1).
In lysates from cells expressing the Per 3,4
cDNA, a species of �28 kDa was apparent,
which corresponded to the molecular
weight predicted from the cDNA sequence
and was designated Per 28 (Fig. 2A, lane 2,
large arrow). The identity of this species
was confirmed using a specific antibody
raised to the unique 10 amino acid se-
quence derived from translation of the ini-
tial 30 bp of intron 3 (Fig. 2B). There was
also expression of Per 58 from the Per 3,4
cDNA, as well as expression of four other minor species of �48,
�45, �32, and �25 kDa (Fig. 2A, lane 2, small arrows). Expres-
sion of Per 58 from the Per 3,4 cDNA indicates that the Per 3,4
transcript undergoes splicing to remove introns 3 and 4 in trans-
fected SW13vim(�) cells. The processing events that generated
the four additional peripherin species are unknown, but unlikely
to involve post-translational modifications because they are ab-
sent in similar loadings of lysates from cells expressing the pe-
ripherin gene (Fig. 2A, compare lanes 1, 2).

As protein loadings were increased, we found that all of the
species expressed from Per 3,4 cDNA were also expressed at low
levels from the peripherin gene (Fig. 2A, lane 7, arrows). This
included Per 28, verified using the specific antisera (Fig. 2B, lane
1). However, Per 28 was expressed at a relatively higher level from
the Per 3,4 cDNA than from the wild-type peripherin gene. These
findings indicated that the additional peripherin species are in
fact normal expression products from the peripherin gene, but
are expressed at lower levels and at different relative stoichiomet-
ric levels compared with expression from the Per 3,4 cDNA.

Changes in peripherin isoform expression causes aggregation
In SW13vim(�) cells expressing the human peripherin gene pe-
ripherin displayed the normal filamentous networks that we de-
scribed previously for the mouse gene (Fig. 3A) (Beaulieu et al.,
1999b). In contrast, expression of the Per 3,4 cDNA led to the
generation of large aggregates (Fig. 3B, arrows). As the same pe-
ripherin species are expressed from the peripherin gene as from
the Per 3,4 cDNA, this indicated that a change in the relative
ratios of peripherin isoform expression induces peripherin aggre-
gate formation. To verify this, we designed an interfering RNA
targeting intron 3, which when coexpressed with the Per 3,4
cDNA would lead to a downregulation of Per 28. Of two siRNAs
designed, siRNA2, but not siRNA1, downregulated expression of
transcripts retaining intron 3 (Fig. 4A, compare lanes 2, 3) and
correspondingly reduced expression of Per 28 while maintaining
expression of Per 58 (Fig. 4B, compare lanes 1, 2, Per 28 indicated

with large arrow). This change in the relative expression levels of
peripherin isoforms caused Per 3,4 to form filaments instead of
aggregates (Fig. 4, compare C, D), indicating that alterations in
the relative expression levels of peripherin isoforms determines
whether peripherin forms filaments or aggregates.

Expression of Per 3,4 forms inclusion bodies in primary
motor neurons
We had shown previously that expression of the mouse splice
variant Per 61 formed punctate aggregates and was neurotoxic to
motor neurons in culture (Robertson et al., 2003). We therefore
tested the effects of Per 3,4 expression on motor neuron viability
using intranuclear microinjection of the Per 3,4 plasmid or plas-
mid alone, as described previously (Fig. 5A) (Robertson et al.,
2003). Expression of Per 3,4 in motor neurons led to the forma-
tion of singular inclusion bodies in the perikarya, very different
from the punctate aggregates we previously observed for Per 61
(Fig. 5B) (Robertson et al., 2003), but more reminiscent of pe-
ripherin pathology observed in ALS (Xiao et al., 2006). The via-
bility assay indicated that although Per 3,4 was associated with

Figure 2. Expression of Per 3,4 cDNA in transfected cells. A, Immunoblot of increasing loadings (10, 20, 50, and 100 �g) of cell
lysates derived from SW13vim(�) cells transfected with the peripherin gene (PG; lanes 1, 3, 5, and 7) or the Per 3,4 cDNA (P34;
lanes 2, 4, 6, and 8), probed with peripherin polyclonal antiserum, AB1530. Samples were harvested after 48 h expression. The 28
kDa species predicted from the Per 3,4 cDNA sequence is indicated by the large arrow in lane 2 (Per 28). This species was
undetectable in similar loadings of PG transfected cells (lane 1). Note also the additional peripherin species of �48, 45, 32.5, and
25 kDa, indicated by small arrows (lane 2). All of these species were apparent in the Per 3,4 transfected cell lysates at 10 �g
loadings. The only species apparent in 10 �g loadings of the peripherin gene transfected cell lysates was of 58 kDa, corresponding
to the constitutively spliced peripherin species, Per 58 (lane 1). This was also expressed from the Per 3,4 cDNA, indicating that Per
3,4 is itself alternatively spliced in SW13vim(�) cells. However, as protein loadings were increased, the additional peripherin
species observed in lane 2 also became apparent in the peripherin gene transfected cell lysates (indicated by arrows in lane 7). B,
Validation of Per 28 kDa species as product derived from transcript retaining intron 3. Total protein lysates from SW13vim(�)
cells expressing PG or P34 probed by immunoblotting with the Per 28-specific antibody revealed a single band of 28 kDa
(indicated by arrow). This band could be competed out when the peptide used to generate Per 28 antibody was included in the
antibody incubations, confirming the specificity of the antibody for Per 28 (lane 3, P34 �P).

Figure 3. A, B, Immunofluorescence labeling of SW13vim(�) cells transfected with the
normal peripherin gene (A) compared with the Per 3,4 cDNA (B), labeled with polyclonal pe-
ripherin antibody (AB1530). Note the normal filamentous distribution of peripherin in A and the
large amorphous aggregates (indicated by arrows) in B. Scale bar, 10 �m.
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some neurotoxicity, the effect was not as dramatic as that ob-
served previously for Per 61 (Fig. 5A) (Robertson et al., 2003).

Per 3,4 transcript expression is upregulated in ALS
Because upregulated expression of Per 28 induced peripherin
to aggregate and form structures resembling peripherin-
immunoreactive inclusion bodies in ALS, we investigated
whether there was an upregulation of Per 3,4 transcript ex-
pression in ALS spinal cord tissue compared with controls
using semiquantitative RT-PCR. Because the cellular profile is
different in disease spinal cord tissue compared with normal
tissue (loss of motor neurons and proliferation of non-
neuronal inflammatory cells, i.e., microglia and astrocytes in
disease tissue), two sets of primers were used for normaliza-
tion: �-actin to normalize for total mRNA, and ChAT to nor-
malize for total neuronal mRNA. Findings showed a dramatic
upregulation of the Per 3,4 transcript in ALS spinal cord com-
pared with controls whether �-actin or ChAT was used for
normalization (Fig. 6, compare lanes 1, 2 with 3, 4). The nor-
mal peripherin transcript (PRPH ) was also upregulated when
samples were normalized to ChAT, consistent with our previ-
ous findings showing an upregulation of peripherin expres-
sion in ALS (Robertson et al., 2003).

Per 28 expression is upregulated in ALS
We next tested whether the increase in expression of the Per
3,4 transcript in ALS tissue led to a corresponding increased
expression of Per 28. Equivalent amounts of TX-100 prepara-
tions from lumbar spinal cord of four ALS cases and four
control cases were probed by immunoblotting using the Per
28-specific antisera (Fig. 7 A). The control samples were com-
prised of one non-neurological disease case (lane 8) and three

with neurological diseases other than ALS (two multisystem
atrophy, lanes 5 and 6, and one corticobasal degeneration, lane
7). The details of the cases used for the study are shown in
supplemental Table 1 (available at www.jneurosci.org as sup-
plemental material). The results in Figure 7 A show that there
is a pronounced increase in expression of Per 28 in all four of
the ALS cases with expression below detectable limits in the
control cases. Reprobing of the blots with commercially avail-
able peripherin antibody (AB1530) showed the increase in Per
58 expression in the ALS cases relative to controls that we have
reported previously (Fig. 7 B) (Robertson et al., 2003). How-
ever, this generalized increase in peripherin expression was
not sufficient to account for the substantive increase in signal
detected for Per 28 in the ALS samples.

Association of Per 28 with peripherin pathology in ALS
We have shown that there is an upregulation of the Per 3,4
splicing intermediate in ALS spinal cord compared with con-
trols, and a corresponding increased expression of Per 28, the
major expression product from the Per 3,4 transcript. Because
we have shown that upregulated expression of Per 3,4 induces
peripherin aggregate formation, we investigated whether Per
28 was associated with peripherin pathology in ALS. Immu-
nocytochemical labeling of ALS spinal cord tissue with the Per
28 antibody showed distinct labeling of peripherin aggregates
resembling round inclusions in the cytoplasm of motor neu-
rons (Fig. 8). There was no labeling of control spinal cord.
These findings indicated that not only was there increased
expression of Per 28 in ALS, but that it was also associated with
disease pathology.

Discussion
Peripherin is a type III intermediate filament protein associ-
ated with the major disease pathologies in ALS including ubi-
quitinated round inclusions and Lewy body-like inclusions
(He and Hays, 2004; Xiao et al., 2006). Overexpression of
peripherin in transgenic mice induces motor neuron degener-
ation that is accompanied by the presence of intraneuronal
aggregates of peripherin (Beaulieu et al., 1999a). We have
shown previously the expression of a neurotoxic splice variant
of peripherin in motor neurons of transgenic mice expressing
mutant SOD1 (Robertson et al., 2003). Although overexpres-
sion or ablation of peripherin in these mice did not affect
disease course (Lariviere et al., 2003), it is now known that
motor neuron degeneration caused by mutant SOD1 in trans-
genic mice is multifactorial, involving both neuronal and non-
neuronal components (Clement et al., 2003) and discussed in
(Xiao et al., 2006). Furthermore, mutations in SOD1 are caus-
ative of only 1–2% of all fALS, whereas peripherin abnormal-
ities are found broadly in both fALS and sALS (Corbo and
Hays, 1992; Migheli et al., 1993; He and Hays, 2004). The
neurotoxic splice variant we described previously in mouse,
Per 61, was generated through the in-frame retention of intron
4, which is 96 bp in length and introduces a 32 amino acid
insertion within a highly conserved domain of the peripherin
protein (Landon et al., 1989, 2000; Robertson et al., 2003).
Although a Per 61 antibody labeled diseased motor neurons in
ALS and immunoprecipitated a higher molecular weight pe-
ripherin species, the transcript underlying the generation of
this species remains to be identified (Robertson et al., 2003).
Indeed the splicing event that generates Per 61 in mouse can-
not occur in human, as intron 4 in human is 91 bp in length
and its complete retention would introduce a premature stop

Figure 4. Downregulation of Per 28 using RNAi prevents aggregate formation. A, RT-PCR of
RNA isolated from SW13vim(�) cells transfected with Per 3,4 (lane 1); Per 3,4 and RNAi-1 (lane
2); and Per 3,4 and RNAi-2 (lane 3). Samples were normalized to �-actin. Note the downregu-
lation of Per 3,4 message in cells cotransfected with RNAi-2 (lane 3). B, Immunoblot of total cell
lysates of cells transfected with Per 3,4 (lanes 1) or cotransfected with Per 3,4 and RNAi-2 (lane
2), probed with AB1530. Note the reduction in expression of Per 28 at 24 and 48 h after expres-
sion (lane 2, large arrow) and the maintained expression of the normal peripherin product
(lanes 1, 2, small arrow). C, D, Immunofluorescence labeling of SW13vim(�) cells expressing
Per 3,4 (C) or Per 3,4 and RNAi-2 (D), labeled with AB1530. Note the peripherin aggregates in C
and the predominance of filamentous networks in D. Scale bar, 30 �m.
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codon and the generation of a truncated
peripherin species of �32 kDa. Never-
theless, evidence from EST sequences in-
dicated that read through into intron 4
could occur in human. As such, it was
through our attempts to identify human
peripherin transcripts retaining intron 4
that we identified the Per 3,4 transcript,
which retains both introns 3 and 4. Be-
cause this transcript was derived from in-
tron retention, we were particularly cau-
tious of spurious results obtained from
possible genomic contamination. To
confirm that this transcript was not
caused by genomic contamination all of
our RNA samples were pretreated with
DNase before RT-PCR, controls omit-
ting reverse transcriptase showed no am-
plification of genomic DNA, oligo-
(dT)20 was used for first strand synthesis
and the use of off-target primers showed
the proper splicing of introns 1 and 2. This transcript was in
low relative abundance compared with the constitutively
spliced transcript, encoding Per 58, and could only be ampli-
fied using gene-specific primers within either introns 3 or 4.
Intron retention is the least frequent of alternative splicing
events in mammals, and as such, is the least studied (Clark and
Thanaraj, 2002; Kan et al., 2002). The retention of intron 3
leads to the introduction of a premature stop codon 30 bp
downstream from the start of the intron, generating a trun-
cated protein of �28 kDa with a unique 10 amino acid se-
quence at the C-terminus, designated Per 28. Using a specific
antisera generated to the unique 10 amino acid sequence, we
have established the existence of Per 28 as an alternatively
spliced isoform expressed from the Per 3,4-cDNA and at low
levels from the wild-type human peripherin gene. Additional
minor peripherin species were also identified of �25, �32,
�45, and �48 kDa expressed from the Per 3,4-cDNA and at
substoichiometric levels from the peripherin gene. We have
positively identified the 45 kDa species as being derived from
the use of an downstream, in-frame alternative initiation
codon within the peripherin transcript (McLean et al., 2008)
and we are currently investigating the processing events lead-
ing to the generation of the other species. Remarkably, the
deregulated expression of peripherin isoforms from the Per
3,4-cDNA induced peripherin to form aggregates instead of
filaments, raising the possibility that deregulated peripherin
splice isoform expression may contribute to peripherin aggre-
gation and inclusion body formation in ALS. This premise was
supported by experiments in which the peripherin splicing
profile of Per 3,4 was reverted using RNAi to downregulate the
expression of Per 28 relative to Per 58, consequently inducing
peripherin to form filaments instead of aggregates. We have
provided direct evidence that there is a similar deregulation of
peripherin splicing in ALS by showing an upregulation of the
Per 3,4 mRNA relative to the constitutively spliced peripherin
transcript in ALS lumbar spinal cord compared with controls,
and that this corresponded with upregulated expression of Per
28. We also showed the association of Per 28 with round in-
clusion bodies in affected motor neurons, providing addi-
tional support for the relevance of abnormalities in peripherin
splicing contributing to the pathogenic mechanism(s) under-
lying ALS by generating aggregation-prone isoforms.

To test whether the inclusions formed by Per 28 were neuro-
toxic, we expressed the Per 3,4 cDNA in primary motor neurons
by intranuclear microinjection. Although Per 28 expression
formed inclusions in the perikarya of motor neurons, the pres-
ence of these inclusions was only associated with mild neurotox-
icity. This is distinct from our earlier findings on the mouse splice
variant Per 61, which was extremely neurotoxic when expressed
in motor neurons (Robertson et al., 2003). However, Per 28 is
very different from Per 61. Per 28 encodes the N-terminal region
of peripherin up to the distal end of coil 1b of the � helical rod
domain and has a unique amino sequence, VSGPGIRGGF, at the
C-terminus. In contrast, Per 61 incorporates a 32 amino acid
insertion within coil 2 of the rod domain, but otherwise has the
same sequence as Per 58 (Landon et al., 1989, 2000). Expression
of Per 28 in transfected SW13 cells or primary motor neurons was
associated with the formation of singular inclusion bodies,
whereas Per 61 formed punctate aggregates, dispersed through-
out the cytoplasm (Robertson et al., 2003). Therefore based on
structural considerations alone, it would be anticipated that the
biological effects of Per 61 compared with Per 28 would be en-
tirely different.

Here, we have identified a novel human peripherin splice
variant, Per 28, that is encoded by a transcript retaining in-

Figure 5. Expression of Per 3,4 transcript in primary motor neurons. A, Motor neuron viability curve showing that expression
of Per 3,4 induced significantly increased neurotoxicity compared with control cultures in which empty vector was injected alone.
B, Example of a microinjected motor neuron expressing Per 3,4 double labeled with Per 28 antibody in red and monoclonal
peripherin antibody in green, with the nuclei labeled with DAPI. The inclusion body is indicated by an arrow. Scale bar, 20 �m.

Figure 6. Upregulated expression of Per 3,4 mRNA in ALS versus control tissue. RT-PCR of
total RNA isolated from spinal cords of control (lanes 1, 2) and ALS (lanes 3, 4) cases. Samples
were normalized to �-actin or to ChAT (to normalize for neuronal content). Note the reduction
in ChAT RT-PCR product in ALS samples (lanes 3, 4) compared with controls (lanes 1, 2) in the
reactions normalized to �-actin, consistent with loss of motor neurons in ALS. The normal
peripherin message was amplified using the primers shown in Table 1 (PRPH ). PRPH appeared
decreased in ALS samples (lanes 3, 4) compared with controls (lanes 1, 2) when RT-PCRs were
normalized to �-actin, but increased when normalized to ChAT. An increase in Per 3,4 expres-
sion was detected in ALS samples compared with controls whether the samples were normal-
ized to �-actin or to ChAT.
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trons 3 and 4. Upregulated expression of Per 28 induces for-
mation of peripherin inclusions, both in transfected
SW13vim(�) cells and in primary motor neurons. Impor-
tantly we have shown using a splice variant-specific antibody
that Per 28 expression is upregulated in ALS spinal cord, and
that Per 28 is associated with disease pathology, specifically
round inclusions. These findings are the first to demonstrate
unequivocally that abnormalities of peripherin splicing occur
in ALS and that these splice variants may be intrinsically in-
volved in the generation of disease pathology.

It is interesting to speculate how peripherin splicing abnor-
malities could occur in ALS. In this regard, the nuclear DNA/
RNA binding protein TAR DNA binding protein-43 (TDP-43)
has been identified previously as a component of ubiquitinated
inclusions in ALS (Arai et al., 2006; Neumann et al., 2006), and we
have shown that peripherin and TDP-43 are colocalized to the
same inclusions (Sanelli et al., 2007). One of the known functions
of TDP-43 is to act as a splicing factor (Buratti and Baralle, 2001),
and it is therefore tempting to speculate that the deregulated
splicing we have observed for peripherin may be causally linked
to abnormalities of TDP-43. This will be the subject of future
investigations.
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