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ABSTRACT

In certain sporadic, familial, and infectious prion diseases, the prion protein misfolds and aggregates in skeletal muscle in addi-
tion to the brain and spinal cord. In myocytes, prion aggregates accumulate intracellularly, yet little is known about clearance
pathways. Here we investigated the clearance of prion aggregates in muscle of transgenic mice that develop prion disease de
novo. In addition to neurodegeneration, aged mice developed a degenerative myopathy, with scattered myocytes containing
ubiquitinated, intracellular prion inclusions that were adjacent to myocytes lacking inclusions. Myocytes also showed elevated
levels of the endoplasmic reticulum chaperone Grp78/BiP, suggestive of impaired protein degradation and endoplasmic reticu-
lum stress. Additionally, autophagy was induced, as indicated by increased levels of beclin-1 and LC3-II. In C2C12 myoblasts,
inhibition of autophagosome maturation or lysosomal degradation led to enhanced prion aggregation, consistent with a role for
autophagy in prion aggregate clearance. Taken together, these findings suggest that the induction of autophagy may be a central

strategy for prion aggregate clearance in myocytes.

IMPORTANCE

In prion diseases, the prion protein misfolds and aggregates in the central nervous system and sometimes in other organs, in-
cluding muscle, yet the cellular pathways of prion aggregate clearance are unclear. Here we investigated the clearance of prion
aggregates in the muscle of a transgenic mouse model that develops profound muscle degeneration. We found that endoplasmic
reticulum stress pathways were activated and that autophagy was induced. Blocking of autophagic degradation in cell culture
models led to an accumulation of aggregated prion protein. Collectively, these findings suggest that autophagy has an instru-

mental role in prion protein clearance.

Infectious prions cause severe neurodegeneration that is ulti-
mately fatal following a prolonged incubation period (1, 2).
Prion diseases occur when the host-encoded monomeric prion
protein, PrP“, misfolds and aggregates into a B-sheet-rich multi-
mer, PrP%, in an autocatalytic process that leads to widespread
PrPS¢ deposition as well as neuronal death, spongiosis, astroglio-
sis, and microglial activation in the brain and spinal cord (3-7).

PrP5¢ accumulates in neural and other tissues, including skel-
etal muscle, lymph nodes, spleen, gastrointestinal tract, and adre-
nal glands, depending on the type of prion disease (8-11). The
degenerative lesions, however, are largely restricted to the nervous
system. Nevertheless, infectious prions or PrP* aggregates arise in
the muscles of patients with variant, iatrogenic, and sporadic
Creutzfeldt-Jakob disease (CJD) (12, 13), as well as in cervids with
chronic wasting disease (CWD) and in sheep and hamster models
of scrapie (14-16). In addition, skeletal muscles of transgenic mice
that overexpress PrP“ develop myocyte degeneration and intra-
cellular PrP aggregates (17, 18). Myocytes have also been shown to
replicate infectious prions (19). Thus, skeletal muscle is a rare
extracerebral tissue that develops prion-induced degeneration,
aggregate formation, and prion infectivity.

The mature prion protein (approximately 209 amino acids)
consists of an unstructured N terminus and a globular C-terminal
domain composed of three a-helices and a short B-sheet (20). We
previously demonstrated that transgenic mice expressing a “rigid-
loop” structural variant of PrP (RL-PrP) due to two amino acid
residue substitutions in the B2-a2 loop region (S170N, N174T)
develop a transmissible prion disease characterized by hind limb
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paresis, muscle atrophy, and kyphosis. Intriguingly, PrPc aggre-
gates accumulated as extracellular plaques in the brain and as in-
tracellular inclusions in muscle (21), suggesting that aggregate
development or clearance mechanisms differ for neurons and
myocytes.

Intracellular misfolded proteins are routed for degradation by
the ubiquitin-proteasome system or by autophagy, where cargo is
sequestered in autophagosomes and ultimately degraded in en-
dolysosomal compartments (22-24). Inadequate clearance can
lead to the accumulation of misfolded proteins in “aggresomes” or
“inclusion bodies.” In patients with sporadic inclusion body myo-
sitis (sIBM), intracellular inclusion bodies in myocytes are com-
posed of a mixture of misfolded, B-sheet-rich proteins (25, 26). In
sIBM, endoplasmic reticulum (ER) stress and induction of the
unfolded protein response (UPR) occur, as well as macroau-
tophagy, yet cells ultimately fail to clear aggregates. Impaired au-
tophagy due to mutations in p97/valosin-containing protein
(VCP) has been proposed to cause inclusion body myopathy as-
sociated with Paget’s disease of bone and frontotemporal demen-
tia (IBMPFD) (27, 28).
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The UPR is induced when secreted or membrane proteins mis-
fold and accumulate in the ER (29). The UPR activates a transcrip-
tional and translational program that increases the production of
ER chaperones, enhances ER-associated protein degradation, and
reduces the efficiency of ribosomal assembly on mRNAs, thereby
attenuating protein translation (29). During a prion infection, the
UPR is activated in the brain, decreasing protein translation
through the phosphorylation of the a subunit of eukaryotic initi-
ation factor 2 (elF2a) and leading to impaired synaptic function
(30). PrP aggregates have also been shown to directly interact with
and inhibit the proteasome (31). In cells expressing mutant PrP,
impairment of the proteasome results in the trafficking of mis-
folded PrP directly to the plasma membrane (32).

The pathways of PrP aggregate clearance in the diverse cell
types affected during prion disease remain unclear. To better
understand how PrP aggregates are cleared from the skeletal
muscle in individuals with familial or sporadic prion disease,
we investigated the role of the UPR, the ubiquitin-proteasome
system, and autophagy in muscles of aged transgenic mice that
express RL-PrP.

MATERIALS AND METHODS

Animals. Aged £g1020 mice (which express RL-PrP) (310 to 536 days; n =
15), aged tga20 mice (which overexpress mouse PrP) (230 to 470 days; n =
14), and aged wild-type (WT) mice (173 to 524 days; n = 12) were utilized
in these studies. The #g1020 and #ga20 transgenic mice were developed
using the “half-genomic” Prnp minigene containing the prion promoter
and were on a Prnp~’~ background (21, 33). Transgene-positive mice
were identified from tail or ear samples by standard PCR (21). Mice were
maintained under specific-pathogen-free conditions with unlimited ac-
cess to food and water. All procedures involving animals were performed
in such as way as to minimize suffering and were approved by the Insti-
tutional Animal Care and Use Committee at UC San Diego. Protocols
were performed in strict accordance with good animal practices, as de-
scribed in the Guide for the Care and Use of Laboratory Animals (34).

Plasmids and constructs. Mouse Prnp cDNA containing the rigid-
loop mutations (corresponding to S170N and N174T) were subcloned
into the pcDNA3.1C vector (Invitrogen). Site-directed mutagenesis was
performed to obtain WT-pcDNA3.1C and to introduce the 3F4 tag (res-
idues 109M and 112M [human PrP numbering]) into the PrP sequence.

Cell culture, transfections, and drug treatments. C2C12 myoblasts
(ATCC) were maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 20% fetal bovine serum, penicillin, and
streptomycin. For transient transfections, C2C12 cells were grown in a
6-well plate and were transfected with 1 pg plasmid by using the transfec-
tion reagent Lipofectamine 2000 (Invitrogen). Six hours posttransfection,
the medium was changed to a complete medium containing dimethyl
sulfoxide (DMSO) (Sigma), bafilomycin A (BafA) (160 nM; Calbiochem),
or leupeptin (20 wM; Sigma), and cells were incubated for an additional
20 h at 37°C. MG132 (50 wM; Sigma) was added 16 h posttransfection,
and incubation was performed for 6 h at 37°C.

Biochemical assays. (i) Tissue homogenization/cell lysis. Muscle tis-
sue was homogenized (5%, wt/vol) in ice-cold lysis buffer (1% Triton
X-100, 10 mM Tris-HCI [pH 7.4], 150 mM NaCl, 5 mM EDTA) using a
BeadBeater tissue homogenizer. C2C12 cells were lysed in a buffer con-
sisting of 50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1% NP-40, 0.25%
sodium deoxycholate, 1 mM phenylmethylsulfonyl fluoride (PMSF), and
protease inhibitor cocktail (Complete; Roche).

(ii) Western blot analysis. Fifty micrograms of total protein was re-
solved on 10% or 4-to-12% Bis-Tris gels and was transferred to a nitro-
cellulose membrane. Antibodies to Grp78/BiP (Abcam), ubiquitin
(Dako), p62 (Sigma), beclin (Novus), LC3 (Novus), PrP 3F4 (Millipore),
PrP POMI (35) (a gift from Adriano Aguzzi), TDP-43 (Proteintech),
transferrin receptor (Invitrogen), glyceraldehyde-3-phosphate dehydro-

2072 jviasm.org

genase (GAPDH) (Cell Signaling), and actin (Sigma) were used for pro-
tein detection along with the respective horseradish peroxidase (HRP)-
conjugated secondary antibodies (Jackson Laboratories) and an enhanced
chemiluminescence (ECL) substrate kit (Pierce). Signals were captured
and quantified by using a Fujifilm LAS 4000 imager and MultiGauge soft-
ware.

(iii) IP with anti-PrP antibody 15B3. Fifty milligrams of muscle was
homogenized in homogenization buffer (Prionics) supplemented with
protease inhibitors (PI) (1 mM PMSF and Complete) and was ultracen-
trifuged at 150,000 X g for 1 h. The pellet was resuspended in immuno-
precipitation (IP) buffer (Prionics) with PI. Samples were precleared with
anti-IgM Dynabeads, followed by incubation with 15B3 (Prionics)-con-
jugated anti-IgM Dynabeads (1.5 pg of 15B3 per tube) at 25°C for 2 h. The
beads were washed three times with IP buffer, and protein was eluted by
heating the beads in LDS sample buffer (Invitrogen) containing (3-mer-
captoethanol at 95°C for 5 min. For IP analysis of transfected C2C12 cells,
the ultracentrifugation step was omitted.

(iv) PK sensitivity assay. Muscle homogenate was lysed in a Tris-
based buffer (100 mM Tris-HCI [pH 7.4], 150 mM NaCl, 2% sarcosyl) for
10 min at 37°C, and aliquots containing approximately 200 g of protein
were incubated either without proteinase K (PK) or in 1 to 10 pg/ml PK
(final PK concentration, 1, 2, 3, 4, 5, or 10 pg/ml). The samples were
incubated at 37°C for 30 min, and PK digestion was stopped by the addi-
tion of PMSF and protease inhibitors (Complete). Samples were trans-
ferred in triplicate to an enzyme-linked immunosorbent assay (ELISA)
plate precoated with anti-PrP antibody POM2. PrP was detected with the
anti-PrP biotinylated-POMI1 antibody and streptavidin HRP-conjugated
anti-mouse IgG as the secondary antibody. The signals were detected with
the HRP substrate 1-Step Ultra tetramethylbenzidine (TMB) (Thermo
Scientific). tg1020, tga20, and WT mice were analyzed in triplicate using 4
to 5 mice each.

(v) Deglycosylation assay. Lysates from C2C12 cells expressing WT-
PrP or RL-PrP were denatured in a denaturing buffer (New England Bio-
Labs) for 10 min at 95°C, followed by incubation with endoglycosidase H
(endo H) or peptide-N-glycosidase F (PNGase F) (New England BioLabs)
at 37°C for 90 min.

Histology. For PrP immunohistochemistry, paraffin-embedded tis-
sue sections (2 wm) were treated with 98% formic acid for 6 min, followed
by treatment with proteinase K (10 pg/ml) and autoclaving in citrate
buffer (Dako). SAF84 (Cayman Chemicals) was used for labeling PrP. For
beclin-1 (Abcam), LC-3 (Novus), CD68 (Novus), ubiquitin (Dako), and
slow myosin heavy chain (Sigma) staining, the slides were autoclaved in
Tris-EDTA (for beclin) or citrate (for LC-3, CD68, ubiquitin, and slow
myosin) buffer prior to antibody incubation. Biotin-conjugated anti-
mouse or anti-rabbit IgG (Jackson Laboratories) secondary antibodies
were used along with peroxidase-conjugated streptavidin. Diaminoben-
zidine (DAB) was used for signal detection. TDP-43 (Proteintech) did not
require pretreatment. For fast myosin heavy chain staining, an alkaline
phosphatase-conjugated antibody (Sigma) was used without any pre-
treatment. The NBT (nitroblue tetrazolium)-BCIP (5-bromo-4-chloro-
3-indolylphosphate) substrate was used to visualize the antibody.

Molecular biology analysis to detect ER stress. Muscle tissues were
lysed, and total RNA was collected (Qiagen). cDNA was generated from
total RNA using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA)
and was used as the template for PCR amplification across the fragment of
the Xbp-1 cDNA bearing the intron target of IRE1. The primers used for
mouse Xbp-1 were 5'-GGCCTTGTGGTTGAGAACCAGGAG-3" and 5'-
GAATGCCCAAAAGGATATCAGACTC-3'. PCR conditions were as fol-
lows: 95°C for 5 min; 95°C for 1 min; 68°C for 30 s; 72°C for 30 s; 72°C for
5 min with 35 cycles of amplification. PCR products were resolved on a
2% agarose—1X Tris-acetate-EDTA (TAE) gel.

For quantitative PCR, aliquots of cDNA were used as the template.
The primers used included those for mouse GAPDH (5'-CTCAACTACA
TGGTCTACATGTTCCA-3" and 5'-CCATTCTCGGCCTTGACTGT-
3"), mouse ERdj4 (5'-CAGAATTAATCCTGGCCTCC-3' and 5'-ACTAT
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FIG 1 Aged 1g1020 mice develop a degenerative myopathy and accumulate central intracellular PrP aggregates in myocytes. (A). Western blot for PrP using equal
amounts of protein from each mouse line. (B) Western blot of brain (B) and skeletal muscle (SM) shows higher PrP expression in the brain than in skeletal muscle, even
with three times more protein loaded for the muscle samples (note higher GAPDH levels in muscles). POM1 was used for PrP detection. (C) Immunohistochemistry of
skeletal muscle revealed coarse, dense perinuclear intracellular PrP inclusions in scattered myocytes of #g1020 mice but not in WT or £ga20 mice. (D) Representative
images of muscle show central nuclei (arrows), split fibers (arrowheads), endomysial fibrosis (broad arrows), and adipocyte replacement of myocytes (star) in £g1020
mice. HE, hematoxylin and eosin. Asterisks in the bar graph on the right indicate significant differences in the percentages of internal nuclei among the mice by Student’s
t test (**, P < 0.01; ***, P < 0.001). (E) Focal regions of macrophage infiltration (CD68) were occasionally observed in #g1020 muscle but not in #ga20 muscle. A
cytochrome oxidase stain (COX) reveals no clear difference in mitochondrial number or pattern between #g1020 and tga20 muscle. (F) Slow and fast myosin heavy chain
immunostains show that both type I and type II fibers are degenerating (arrows) in 11020 skeletal muscle.
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FIG 2 TDP-43 expression and localization in WT, £g1020, and tga20 skeletal muscle. (A) Immunostains for TDP-43 in skeletal muscle tissue show that TDP-43
is restricted to nuclei. (B) Western blotting of skeletal muscle using an anti-TDP-43 antibody shows no marked differences in TDP-43 levels among the mice.

TGGCATCCGAGAGTG-3"), mouse BiP (5'-ACTCCGGCGTGAGGTA
GAAA-3" and 5'-AGAGCGGAACAGGTCCATGT-3'), and mouse Chop
(5'-ACGGAAACAGAGTGGTCAGTGC-3" and 5'-CAGGAGGTGATG
CCCACTGTTC-3"). mRNA levels of GAPDH, a transcript whose levels
are not altered by ER stress, served as an internal normalization standard.
PCR conditions were as follows: 95°C for 5 min; 95°C for 10 s; 60°C for 10
s; 72°C for 10 s, with 50 cycles of amplification.

For the p62 quantitative PCR, primers and 6-carboxyfluorescein
(FAM)-labeled p62 and 18S rRNA endogenous control probes (Life Tech-
nologies) were used.

RESULTS

Degenerative myopathy with PrP aggregates in tg1020 mice.
1¢1020 mice express RL-PrP€ at 2-fold WT levels, whereas tga20
control mice express mouse PrPC at 4- to 5-fold WT levels (Fig.
1A). The skeletal muscle expresses approximately 1/10 the PrP©
level of the brain in WT, #1020, and #ga20 mice (Fig. 1B). Intra-
cellular PrP aggregates developed in skeletal muscle from aged
1tg1020 mice (more than 300 days old), but not in that from aged
WT or tga20 mice (Fig. 1C). PrP aggregates surrounded a central
nucleus and occupied 10 to 40% of the sarcoplasm. Affected fibers
were often clustered within the same fascicle and were inter-
spersed with unaffected myocytes.

The muscle of 1g1020 mice showed widespread pathology,
including abundant internal nuclei (approximately 23% of
myocytes), split fibers, fibrosis, and myocyte replacement by
adipocytes, consistent with a degenerative myopathy (Fig. 1D).
Small numbers of macrophages infiltrated the interstitial space
between myocytes (Fig. 1E). The mitochondria of t¢1020 and
tga20 myocytes were stained using cytochrome oxidase and did
not differ significantly (Fig. 1E). Quantification of type I and II
fibers by slow and fast myosin heavy chain antibody staining
demonstrated that these fiber types were equally affected (Fig.
1F). Type II fibers predominated in all mice, as expected for
perivertebral muscles (36).

TDP-43 was not mislocalized in affected myocytes. Mislocal-
ization and modification of the nuclear protein TDP-43 have been
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reported in several neurodegenerative and neuromuscular disor-
ders (37-39); however, TDP-43 staining was present exclusively
within nuclei, and no mislocalization was evident in #g1020 myo-
cytes (Fig. 2A). Additionally, no prominent cleaved fragments of
TDP-43 were detected by Western blot analysis (Fig. 2B). Taken
together, these results suggest that TDP-43 is traffics normally in
RL-PrP-expressing myocytes, in agreement with a prior study that
found no TDP-43 mislocalization in brain samples from deceased
patients with prion disease (40).

Biochemical properties of PrP% in muscle. To measure the
PrP aggregate load in skeletal muscle, we concentrated the insol-
uble PrP by ultracentrifugation and then immunoprecipitated na-
tive PrP aggregates using the PrP conformation-specific antibody,
15B3 (41). Abundant PrP aggregates were detected in the skeletal
muscle of #1020 mice, while none were found in WT mice (Fig.
3A). Low levels of PrP aggregates were detected in the skeletal
muscle of £ga20 mice (Fig. 3A), yet quantification revealed that the
aggregate levels in the #g1020 mice were 2- to 4-fold higher.

We next performed denaturing immunoprecipitation (IP) of
PrP from the insoluble fractions of brain and muscle samples by
using an antibody against a linear epitope (PrP antibody POM2,
recognizing the octapeptide repeats in PrP residues 57 to 88 [35]).
Similar levels of insoluble PrP were bound by POM2 in the tga20
and tg1020 homogenates (Fig. 3B and C, lower panel). In compar-
ison, native IP using PrP conformation-specific antibody 15B3
recovered no PrP or only low levels of PrP in tga20 muscle and
brain, respectively, whereas PrP levels in the brains of £g1020 mice
were 10- to 20-fold higher, indicating that 1g1020 mice harbored
abundant PrP aggregates in a PrP**-like conformation (Fig. 3B
and C, upper panel).

Aggregated PrP may be sensitive or resistant to proteinase K.
We next compared the proteinase K (PK) sensitivities of PrP from
WT, tga20, and #¢1020 muscles. Samples were incubated with in-
creasing concentrations of PK, and PK-resistant PrP was mea-
sured by ELISA. PrP in the muscle of £g1020 mice was significantly
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PrP ELISA (graphed values are normalized). Asterisks indicate significant differences (¥, P < 0.05) by Student’s ¢ test.

more PK resistant at low PK concentrations (1 to 3 pg/ml) than
PrP in the muscle of WT or #ga20 mice (Fig. 3D).

ER stress response in #g1020 mice. Since the expression of
RL-PrP may alter normal protein homeostasis, we next deter-
mined whether the UPR was induced in the muscle of tg1020 mice.
We measured levels of the ER chaperone and UPR marker Grp78/
BiP (42) in the biceps femoris of aged mice. Grp78/BiP levels were
significantly higher in #g1020 mice than in WT mice (BiP/actin
ratio, 9.5 = 2 for t¢1020 mice and 2.2 * 0.4 for WT mice [#, 10 to
16; P, 0.02 by an unpaired, two-tailed Student ¢ test]) (Fig. 4A),
indicating ER stress in the £g1020 mice. The tga20 mice showed a
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slight increase in Grp78/BiP levels (BiP/actin ratio, 5.6 * 1),
which were significantly different from the levels in WT mice (P,
0.03 by Student’s f test), suggesting that PrP overexpression causes
some ER stress. Young #¢1020 mice (45 days old) showed slightly
higher BiP levels than WT mice (Fig. 4B).

To assess additional UPR-related events, we searched for Xbp-1
splicing, which is initiated by IRE1, and measured mRNA levels of
ERdj4, an IRE1 downstream target, BiP/Grp78, an ATF6 down-
stream target, and Chop, a PERK downstream target, in the mus-
cles of #ga20 and t¢1020 mice. We detected no evidence of Xbp-1
splice events and no increase in the mRNA levels of ERdj4 (Fig. 4C
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revealed higher levels of BiP/Grp78 in the muscles of some #¢g1020 mice than in #ga20 mice; however, the differences were not statistically significant. (G)
Quantitative PCR analysis revealed no significant difference in BiP/Grp78 mRNA levels between the muscles of young #1020 mice and those of young WT or
tga20 mice. In panels D through F, 3 tga20 and 6 #g1020 animals were analyzed for quantitative PCR measurements, and the values for each animal were plotted
individually.

and D). Since there was variability in the levels of BiP/Grp7 and  (Fig.4A and E). BiP mRNA levels were not significantly elevated in
Chop mRNAs among the t¢1020 mice, the differences between the  young #g1020 mice (Fig. 4G). Together, these results are consistent
levels in #1020 and #ga20 mice were not statistically significant. ~ with ER stress in some #g1020 mice.

However, 3 of 6 tg1020 mice showed elevated levels of BiP/Grp78 Ubiquitinated inclusions in #g1020 muscle. Ubiquitinated in-
mRNA, and 2 of 6 mice showed Chop mRNA levels more than clusions occur in several protein aggregation diseases, including
2-fold-higher than those of tga20 mice (Fig. 4E and F). Theinduc-  myopathies (43-48). Ubiquitin-positive inclusions were found
tion of BiP/Grp78 mRNA synthesis in some mice was consistent  histologically in the skeletal muscles of #g1020 mice, but not in
with the increase in BiP/Grp78 protein levels that was seen those of age-matched WT or tga20 mice (Fig. 5A). Higher levels of
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FIG 5 Accumulation of ubiquitinated proteins in skeletal muscle of £g1020 mice (A) Immunohistochemistry shows ubiquitinated inclusions (arrow) in £g1020
muscle. (B) Assessment of total ubiquitinated protein by Western blotting shows an approximately 3-fold-higher level of ubiquitinated proteins in #g1020 muscle
than in WT or Tga20 muscle. Asterisks indicate significant differences (***, P < 0.001) by Student’s ¢ test.

ubiquitinated proteins were also detected biochemically in £g1020
muscles than in #ga20 or WT muscles (Fig. 5B) (ubiquitin/actin
ratios, 13.1 * 1 for £g1020 mice, 4.5 * 1 for WT mice, and 5.7 * 1
for tga20 mice; P, <0.001 for tg1020 versus WT or £ga20 mice [, 9
to 11]).

The ubiquitinated proteins in the £g1020 mice may consist of
PrP or other proteins that were ubiquitinated due to disrupted
protein homeostasis. To test for ubiquitination of PrP, we immu-
noprecipitated PrP aggregates using the conformation-specific
antibody 15B3 under native conditions and antibody POM2 un-
der denaturing conditions, followed by Western blot detection
using the anti-ubiquitin antibody. We did not detect any ubiquiti-
nated PrP (data not shown); however, ubiquitinated proteins can
be difficult to detect. The lack of PrP ubiquitination in muscle
suggests that PrP aggregates may be targeted to a nonproteasomal
pathway for degradation. Alternatively, if the misfolded PrP is
indeed ubiquitinated, then the turnover may be rapid and may
preclude detection without the use of proteasome inhibitors in
vivo. However, the higher levels of ubiquitinated proteins may
result from a disruption of protein folding homeostasis by mutant
PrP, leading to increased misfolding events and a buildup of ubiq-
uitinated proteins, as was recently shown to occur in cells express-
ing a mutant huntingtin fragment (49).

Induction of autophagy in the £g1020 muscle. Beclin-1 regu-
lates autophagy through the formation of an autophagy initiator
complex that includes Vps34 and Vps15 (50). This complex con-
tributes to the recruitment of membranes to form autophago-
somes. Beclin-1-independent pathways of autophagy may also ex-
ist (51). To determine whether beclin-1 levels were altered in
1g1020 mice, we measured beclin-1 levels in muscle homogenates
by immunoblotting. Beclin-1 levels were elevated in £g1020 skele-
tal muscle, suggesting that autophagy had been induced (beclin-
1/actin ratios, 18.3 = 2 for 1g1020 mice, 8.2 = 1 for WT mice, and
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7.1 = 1 for tga20 mice [n, 8 to 17; P, 0.01 for WT versus tg1020
mice and 0.002 for rga20 versus tg1020 mice]) (Fig. 6A).

p62 levels were next assessed and were found to be elevated in
1g1020 mice, which could indicate a block in the selective degra-
dation of ubiquitinated aggregates (52) (p62/actin ratios, 4.3 *
0.7 for tg1020 mice, 2.3 = 0.3 for WT mice, and 2.6 = 0.5 for tga20
mice [n, 10 to 15; P, 0.04 for WT versus t¢g1020 mice]) (Fig. 6B). To
determine whether p62 was upregulated, we performed quantita-
tive PCR. Here we found no differences in the p62 mRNA levels
between 7¢1020 mice and WT or #ga20 mice (Fig. 6C), although
levels in some £g1020 mice were 2-fold higher than those in WT
mice.

As a measure of the autophagosome number (53), LC3-1I pro-
tein was examined in the muscle of #g1020 mice. LC3-II is the
lipidated version of LC3-I and is involved in autophagosome for-
mation (54). Seven of 11 (64%) tg1020 muscle samples showed
conversion of LC3-1 to LC3-1I (Fig. 6A and data not shown), in-
dicating either enhanced autophagosome synthesis or a block in
LC3-1I degradation (53).

Consistent with the biochemical findings, immunolabeling of
skeletal muscle revealed dense foci of beclin-1 and LC3 in #g1020
mice (Fig. 6D). Taken together, these data suggest that autophagy
is induced in response to PrP aggregates in the skeletal muscle.

PrP aggregates accumulate upon inhibition of autophagy
and proteasomal degradation pathways in vitro. To investigate
the clearance pathways of PrP in vitro, we expressed WT-PrP and
RL-PrP with the 3F4 epitope tag, which is recognized by the 3F4
antibody (3F4 residues 109 to 112 [MKHM]) in mouse myoblasts
(C2C12 cells). We tested the effects of two inhibitors of autophagy
on the clearance of PrP: bafilomycin A (BafA), which blocks pha-
gosome-lysosome fusion, and leupeptin, which inhibits lysosomal
proteases and prevents the degradation of cargo. WT-PrP- or RL-
PrP-expressing cells incubated with BafA showed 3-fold-higher
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FIG 6 Increased expression of autophagy-related proteins in g1020 muscle. (A) Beclin-1 and LC3-II levels were higher in 1020 muscle than in WT or #ga20
muscle. Asterisks indicate significant differences (¥, P < 0.05; **, P < 0.01) by Student’s ¢ test. (B) Muscle homogenates also showed increased levels of p62 in
tg1020 muscle. (C) Quantitative real-time PCR analysis of mRNA in muscles revealed that p62 mRNA levels in g1020 mice do not differ from those in WT or
tga20 mice. (D) Beclin-1 immunostains revealed occasional large central aggregates in tg1020 myocytes, whereas LC3 showed punctate peripheral staining

(arrows).

levels of PrP than cells incubated with a vehicle (DMSQO), whereas
cells treated with leupeptin showed PrP levels 1.4- to 3-fold higher
than those of vehicle-treated cells, as measured using a Fujifilm
LAS 4000 imager and MultiGauge software (Fig. 7A). p62 and
LC3-II levels were increased in BafA- or leupeptin-treated cells,
indicating that the treatments were efficacious in inhibiting au-
tophagy. PrP was driven by the cytomegalovirus promoter for
constitutive protein expression, suggesting that the increases in
PrP levels had developed due to a decrease in clearance.

To test for the formation of PrP aggregates in myoblasts, we
performed IP analysis using the PrP conformational antibody
15B3. Interestingly, 15B3-reactive WT-PrP and RL-PrP accumu-

2078 jviasm.org

lated in BafA- and leupeptin-treated cells, but not in DMSO-
treated cells (Fig. 7A, bottom). PrP overexpression may be a con-
tributing factor underlying aggregate development in cells
expressing WT-PrP, since PrP overexpression has been shown to
lead to muscle and nerve degeneration (17).

We next tested the effect of the proteasomal inhibitor MG132
on WT-PrP and RL-PrP accumulation. Cells expressing WT-PrP
or RL-PrP that were treated with DMSO or MG132 for 6 h showed
elevated levels of ubiquitinated proteins (Fig. 7B). A previous re-
port showed that treatment of CHO cells with proteasome inhib-
itors led to ubiquitination of PrP and PrP accumulation (55).
Here, for both WT-PrP and RL-PrP, unglycosylated PrP levels
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FIG 7 Inhibition of autophagy and proteasomal pathways leads to the accumulation of distinct PrP isoforms in C2C12 cells. (A) Lysates from C2C12 cells
transfected either with an empty vector or with a vector encoding WT-PrP or RL-PrP show elevated levels of both unglycosylated and glycosylated PrP upon BafA
or leupeptin treatment. Increased p62 and LC3-II levels show the efficacy of the BafA and leupeptin treatments in modulating autophagy. Immunoprecipitation
with the PrP conformational antibody 15B3 shows that PrP aggregates accumulate in cells expressing WT-PrP and RL-PrP only upon autophagic inhibition using
BafA or leupeptin. (B) Lysates from C2C12 cells show elevated levels of unglycosylated WT-PrP and RL-PrP upon MG132 treatment. Glycosylated and
unglycosylated PrP signals are labeled G and UG, respectively. An increase in the level of total ubiquitinated proteins demonstrates the efficacy of MG132
treatment. Immunoblotting for actin shows that equal amounts of protein were loaded. (C) C2C12 cells were transfected with WT-PrP or RL-PrP and were
treated with DMSO, BafA, or MG132. Lysates either were left untreated (U) or were treated with endo H (EH) or PNGase F (PF). Glycosylated WT-PrP and
RL-PrP that accumulated upon BafA treatment were endo H resistant, yet upon MG132 treatment, they were endo H sensitive. Endo H and PNGase activities
were demonstrated by shifts in the molecular weight of the transferrin receptor (TfR) corresponding to the losses of 1 and 2 glycans, respectively, compared to

TR in the untreated samples.

increased by approximately 3-fold, whereas glycosylated PrP lev-
els increased by 2-fold, in MG132-treated cells in 3 independent
experiments (Fig. 7B). Interestingly, PrP that accumulated upon
proteasomal inhibition was not detected following IP with the PrP
conformational antibody 15B3 in 4 independent experiments
(data not shown), suggesting that PrP was monomeric or was
aggregated in a conformation not recognized by the antibody.

Inhibiting the proteasome with MG132 led to relatively higher
increases in levels of unglycosylated PrP than glycosylated PrP. To
determine the biochemical differences between glycosylated PrP
that accumulated upon autophagy and those that accumulated
upon proteasome inhibition, we performed endo H and PNGase F
digestion of WT-PrP and RL-PrP samples obtained after DMSO,
BafA, or MG132 treatment. DMSO-treated WT-PrP and RL-PrP
were primarily endo H resistant (83%) and PNGase F sensitive
(Fig. 7C). After BafA treatment to inhibit autophagy, WT-PrP and
RL-PrP were only slightly less endo H resistant (70 to 73%), indi-
cating that the glycosylated species were indeed present within the
Golgi apparatus or in a post-Golgi compartment. In contrast, after
MGI132 treatment to inhibit the proteasome, glycosylated WT-
PrP and RL-PrP differed in that RL-PrP was more endo H sensi-
tive than WT-PrP (73% of WT-PrP and 52% of RL-PrP was resis-
tant), indicating that the accumulated RL-PrP was likely in part
ER derived (Fig. 7C).
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DISCUSSION

Here we report that expression of mutant PrP in vivo recapitulates
prion aggregation and features of degenerative myopathy in a pa-
tient with spontaneous prion disease (13). Notably, the myopathy
in mice is characterized by internal nuclei, split fibers, central
rimmed vacuoles, cell death and replacement by adipocytes, and
the accumulation of intracellular aggregates. These lesions are
similar to many other protein aggregate myopathies in patients
and in mouse models, including gelsolin, amyloid 3, and phos-
phorylated tau aggregate myopathies (46, 57-59). PrP inclusions
were in type I and type II fibers, suggesting that aggregation was
influenced neither by the oxidative capacity nor by the glycolytic
ability of the cell. In contrast to sSIBM, the prion protein myopathy
was not an inflammatory disease, since the inflammatory cell in-
flux was minimal and appeared to be limited to macrophages.
Additionally, these studies offer evidence of autophagy as a prion
clearance mechanism, an area which has been poorly understood
in prion-infected individuals, particularly in non-central-ner-
vous-system tissues, such as muscle.

Skeletal muscles from #¢1020 mice exhibited evidence of ER
stress, reflected by an increase in the levels of ER chaperones. ER
stress may be directly or indirectly activated by RL-PrP and sug-
gests that either (i) misfolded RL-PrP directly induces ER stress in
the sarcoplasmic reticulum (SR) or (ii) RL-PrP disrupts general
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protein folding in the SR, leading to ER stress. Chronic stress from
mutant PrP may overwhelm the capacity of the SR to properly fold
proteins, leading to the initiation of proapoptotic signaling path-
ways and cell death (37), as noted by an increase in Chop levels.
Induction of apoptosis through Chop would be expected to de-
velop asynchronously in myocytes. Here we found that not all
muscle samples showed detectable increases in Chop levels, po-
tentially due to the heterogenous distribution of the affected fi-
bers. Further studies would be needed to clarify the pathways of
myocyte death in our model. Nevertheless, our findings were con-
sistent with reports showing ER stress in prion-expressing cell
models, brains of cattle with bovine spongiform encephalopathy,
and brains of mice with experimental prion infection (30, 60-65).
ER stress may indirectly enhance the formation of PrP aggregates,
since induction of the UPR in persistently infected scrapie cells
and in cell lines expressing mutant PrP showed increased levels of
PrP% (32, 66).

To maintain proteostasis, myocytes appear to respond to the
misfolded PrP by activating autophagy, suggested by the elevated
levels of beclin-1 and LC3-II in the skeletal muscle in vivo and in
C2C12 cells. Induction of autophagy has been described in other
protein-misfolding myopathies. Muscle biopsy specimens from
sIBM patients show an upregulation of p62 (67). Additionally, in
patients with IBMPFD, mutations in VCP/p97 protein disrupted
autophagy due to a defect in autophagosome maturation and led
to central inclusions in myocytes similar to those seen in tg1020
mice (28, 68). Furthermore, mutations in a-B crystallin led to
protein aggregation and cardiomyopathy that were markedly ex-
acerbated by inhibiting autophagy through heterozygous inacti-
vation of beclin-1 (69), underscoring the importance of au-
tophagy in aggregate clearance. Autophagy has also been shown
previously to be activated in the brains of prion-infected animals
(70) and in prion-infected cultured cells (71), and pharmacologic
induction of autophagy has been shown to decrease PrP¢ levels in
vitro and in vivo (71-73). It will be of great interest to extend these
studies with measurements of autophagic flux in prion models.

Although we could not detect evidence for proteasome degra-
dation of mutant PrP in the muscles of mice, there were increased
levels of unglycosylated and glycosylated PrP in cultured cells
upon proteasomal inhibition. Glycosylated RL-PrP was particu-
larly sensitive to endo H treatment, suggesting that a small frac-
tion of RL-PrP is retained in the ER and is degraded in a protea-
some-dependent manner. We failed to immunoprecipitate this
species with a PrP aggregate-specific antibody, suggesting that it
was monomeric or in a conformation different from the aggre-
gated form that accumulates upon inhibition of autophagy.

Taken together, these findings highlight a role for ER stress and
autophagy in the clearance of PrP from skeletal muscle in prion-
infected individuals. Our data suggest that mutant PrP induces ER
stress and that a small fraction of PrP is exported from the ER for
degradation by the proteasome. Misfolded PrP also enters the se-
cretory pathway, and post-Golgi PrP becomes sequestered in au-
tophagosomes and ultimately degraded by autophagy. Additional
studies may elucidate differences in aggregate clearance mecha-
nisms in familial and transmissible prion diseases.
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