THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 20, pp. 16510-16520, May 11,2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Cellular Prion Protein Regulates Its Own a-Cleavage through

ADAMS in Skeletal Muscle®

Received for publication, March 12,2012 Published, JBC Papers in Press, March 23,2012, DOI 10.1074/jbc.M112.360891

Jingjing Liang*, Wei Wang*', Debra Sorensen®, Sarah Medina®, Sergei lichenko®, Janna Kiselar®,

Witold K. Surewicz!, Stephanie A. Booth®, and Qingzhong Kong*’

From the Departments of *Pathology and HPhysiology and Biophysics and "Center for Proteomics and Bioinformatics, Case
Western Reserve University, Cleveland, Ohio 44106 and *Molecular Pathobiology, National Microbiology Laboratory, Winnipeg,

Manitoba R3E 3R2, Canada

Background: Endoproteolytic a-cleavage of cellular prion protein (PrP€) regulates PrP€ toxicity and functions; the respon-

sible protease(s) is uncertain.

Results: ADAMS performs a-cleavage of PrP< and PrP© overexpression up-regulates ADAMS in muscle.
Conclusion: ADAMS is the primary protease for the a-cleavage of PrP© that appears self-regulated through ADAMS in muscle.
Significance: This advances our understandings on physiological processing and functions of PrP<,

The ubiquitously expressed cellular prion protein (PrP€) is
subjected to the physiological a-cleavage at a region critical for
both PrP toxicity and the conversion of PrP€ to its pathogenic
prion form (PrP5¢), generating the C1 and N1 fragments. The C1
fragment can activate caspase 3 while the N1 fragment is neuro-
protective. Recent articles indicate that ADAM10, ADAM17,
and ADAM9 may not play a prominent role in the a-cleavage of
PrP€ as previously thought, raising questions on the identity of
the responsible protease(s). Here we show that, ADAMS can
directly cleave PrP to generate C1 in vitro and PrP C1/full-
length ratio is greatly decreased in the skeletal muscles of
ADAMS knock-out mice; in addition, the PrP C1/full-length
ratio is linearly correlated with ADAMS protein level in myo-
blast cell line C2C12 and in skeletal muscle tissues of transgenic
mice. These results indicate that ADAMS is the primary prote-
ase responsible for the a-cleavage of PrP€ in muscle cells. More-
over, we found that overexpression of PrP€ led to up-regulation
of ADAMS, suggesting that PrP© may regulate its own a-cleav-
age through modulating ADAMS activity.

The cellular prion protein (PrP<)? is a ubiquitous glycosyl-
phophatidylinositol (GPI)-anchored glycoprotein that is highly
expressed in the nervous system (1). PrP is the central factor in
prion diseases, a group of fatal neurodegenerative disorders
characterized by severe neuronal dysfunction and loss, spongi-
osis and accumulation of pathogenic prion protein (PrP*¢) that
is converted from PrP< (2). PrP is also implicated in Alzheimer
disease (3-5) and cancer (6). The physiological roles of PrP<
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remain elusive, but many normal functions have been proposed
for PrP< (6-9). These include signal transduction (10), resis-
tance to oxidative stress, anti-apoptosis, neuroprotection (11),
cell adhesion, neurogenesis, axonal growth, neurite outgrowth
and neuritogenesis, neuronal differentiation, hematopoietic
stem cell self renewal, lymphocyte activation, and metal ion
trafficking (12-13).

PrP is differentially cleaved in normal and prion-affected
brains. In the brains of Creutzfeldt-Jakob disease subjects (14—
15) and prion-affected animals (16 -17) and in prion-infected
cells (18), PrP is cleaved around the end of the octapeptide
repeats (termed B-cleavage) to generate the C2 and N2 frag-
ments (14, 19-21). B-Cleavage preserves the cytotoxic and
fibrillogenic PrP106—126 core that is also critical for the con-
version of PrP€ to PrP5¢ (22-25). B-Cleavage of PrP is mediated
by reactive oxygen species in CHO cells (26) and human neu-
roblastoma SH-SY5Y cells (27). The identity of cellular pro-
teases involved in C2 production remains unclear. Calpain was
shown to be critical for C2 production in scrapie-infected
mouse brain cells (18), and the contributions of cysteine pro-
teases seem to depend on the cell models (28 —30). Both C2 and
N2 fragments appear to be biologically inert (31-32). Neverthe-
less, the B-cleavage of PrP< was reported to be critical for the
anti-oxidative and neuroprotective effect of PrP (27, 33). PrP€
can also be cleaved and shedded directly by ADAM10, but not
ADAMDY, at a site near the GPI anchor (34).

In addition, PrP“ undergoes a physiological endoproteolytic
cleavage at the 110/111 or 111/112 peptide bond (termed
a-cleavage) (15, 21), yielding the C-terminal C1 fragment teth-
ered to the plasma membrane (14 -15, 19, 35-36) and releasing
the corresponding N-terminal N1 fragment (37-39). The
a-cleavage of PrP€ is stimulated by protein kinase C agonists
(37) and takes place mostly in a late compartment of the secre-
tory pathway (40). The a-cleavage disrupts the PrP106-126
region critical for both PrP toxicity and PrP“ to PrP*¢ conver-
sion (22—25). In addition, both products of PrP“ a-cleavage are
biologically active: the N1 fragment is neuroprotective in vitro
and in vivo by modulating the p53 pathway (31) while the C1
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fragment potentiates staurosporine-induced caspase 3 activa-
tion in the HEK293 cell line (32).

ADAMs (A Disintegrin And Metalloproteinase) is a family of
transmembrane peptidases with a unique multidomain organi-
zation, including a prodomain, a proteolytic domain (metallo-
protease) that sheds ectodomains of membrane-anchored cell
surface proteins and cleaves extracellular matrix proteins
(ECMs), adhesive domains (including a disintegrin domain that
binds to integrin and a cysteine-rich domain that binds to hep-
arin sulfate proteoglycans) that interact with ECMs, an EGEF-
like domain, a transmembrane domain, and a cytoplasmic tail
that modulates the sheddase activity (41-42). The substrates
for the ADAM sheddases include Notch, growth factors (such
as EGF), cytokines (such as TNF-«, TRANCE) and their recep-
tors (such as TNF receptors I and II, NGF receptor, IL-1 recep-
tor, and IL-6 receptor), implicating a critical role for ADAMs in
extracellular signaling events (41-43). ADAM:s can also cleave
adhering molecules (such as cadherins) and ECMs (such as
fibronectin and laminin), thereby promoting cell migration and
releasing ECM-bound growth factors for signaling (41-42).

Three ADAMs have been implicated in the a-cleavage of
PrP€. In HEK293 cells, ADAMI0 appears to participate in the
constitutive formation of C1 (37-38) while ADAM17 seems
responsible for protein kinase C-dependent formation of C1
(38, 44). ADAMO was also reported to indirectly participate in
C1 formation by modulating ADAMI10 activity in HEK293
cells, mouse fibroblasts and TSM1 neurons (38 —-39). In addi-
tion, one article associates high levels of C1 with the presence of
active ADAM10 in the human brain, but other ADAMs were
not examined (45). However, more recent articles showed that
overexpression of ADAMs 9, 10, and 17 and depletion of
ADAMs 9 and 10 failed to change the levels of C1 in HEK cell
lysates (34) and neuronal overexpression of ADAMI0 influ-
enced the amount of PrP€ instead of its processing in vivo (46).
Furthermore, Altmeppen et al. (47) reported that ADAMI0 is
not responsible for the a-cleavage of PrP< in neurons using
neuron-specific ADAM10 knock-out mice. These reports sug-
gest the involvement of an unidentified protease(s) in the
a-cleavage of PrP. PrP€ is expressed at significant levels (48 —
49) and implicated in physiological and pathological processes
in skeletal muscles.

On the one hand, skeletal muscles in PrP-null mice exhibited
enhanced oxidative damage (50) and diminished tolerance for
physical exercise (51). In addition, fast muscle fibers, which
during exercise undergo very active oxidative phosphorylation
and produce more reactive oxygen species, present a higher
level of PrP€ than slow fibers (52). This evidence suggests a
protective role for PrP<. Moreover, PrP€ is up-regulated when
primary or immortalized myoblasts differentiate into myotubes
(52-53), and it promotes regeneration of adult muscle tissues
through the stress-activated p38 pathway (54). These data asso-
ciate PrP“ with muscle differentiation and regeneration.

On the other hand, skeletal muscles showed elevated levels of
PrP in patients with sporadic and hereditary inclusion body
myositis (55-56), polymyositis, dermatomyositis, and neuro-
genic muscle atrophy (57). In addition, transgenic (Tg) mice
constitutively overexpressing wild type PrPs from hamster,
sheep, or mice developed myopathy in aged animals (58). We
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also found that induced overexpression of wild type human PrP
in the skeletal muscles of Tg(HQK) mice led to a primary myop-
athy that is correlated with preferential accumulation of C1 (59)
and accompanied by activation of the p53-dependent apoptosis
pathway (60), suggesting the involvement of C1 and p53 in PrP-
mediated myopathy. However, the detailed pathogenic mecha-
nism of the muscle diseases induced by overexpressed wild type
PrP€ is still unclear. What protease(s) performs the a-cleavage
of PrP€ and how it is regulated in the skeletal muscles are also
unknown.

Here we present evidence to show that (1) ADAMS8 can
directly perform a-cleavage of PrP in vitro, (2) ADAMS plays a
major role in the a-cleavage of PrP< in muscle cells, and (3)
overexpression of PrP< leads to elevated ADAMS levels in mus-
cle, suggesting a feedback loop where PrP€ regulates its own
a-cleavage through up-regulation of ADAMS.

EXPERIMENTAL PROCEDURES

Transgenic and Knock-out Mice—The Tg(HQK) mice that
show skeletal muscle-specific, doxycycline (Dox)-inducible
expression of human PrP< were described previously (59). The
Tg43, Tgd, Tg2l, and Tgl7 mice constitutively expressing
human PrP were created essentially as described for the Tg40
mice (61). The Tga20 mice overexpressing mouse PrP at
~8-fold were kindly provided by Charles Weissmann at Scripps
Florida. The wild type FVB and C57BL6 mice were from the
Jackson Laboratory. The ADAMS knock-out mice (62) were
kindly provided by Carl Blobel at Hospital for Special Surgery
and Weill Medical College of Cornell University with permis-
sion from Andy Docherty from UCB Celltech.

Animal Treatment and Specimen Collection—For Tg(HQK)
and wild type FVB (Wt) mice, 8-week-old females were fed food
pellets either lacking or containing 6g Dox/kg food (Bio-Serv,
Frenchtown, NJ) to induce PrP€ expression, and skeletal mus-
cles from the quadriceps of hind legs were removed after 0— 60
days of Dox treatment. For Tg43, Tg4, Tg21, and Tgl7 mice,
skeletal muscles from quadriceps of hind legs of 2-month-old
female mice were directly removed. For ADAMS8 knock-out
mice and control C57BL6 mice, skeletal muscles from quadri-
ceps of hind legs of 3-5-month-old mice were directly
removed. The collected muscle tissues were immediately fro-
zen on dry ice and stored at —80 °C before analysis.

Cell Culture and Transfection—Proliferating mouse C2C12
myoblasts were maintained in growth medium (Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, CA), supple-
mented with 10% fetal bovine serum (Atlanta Biologicals), 100
pg/ml penicillin  (Invitrogen, Carlsbad, CA), 100 units/ml
streptomycin (Invitrogen)) in 5% CO, in a humid incubator at
37 °C. To minimize spontaneous differentiation, cells were
always kept in subconfluent (<70%) conditions. Transfection
was performed using Effectene (Qiagen, Valencia, CA) accord-
ing to the manufacturer’s instructions.

PrP Expression in C2C12 Cells—Mouse PrP (MoPrP) ORF
sequence was amplified by PCR from mouse genomic DNA
with primers ENS-PRPO-F (GAGAATTCGCGGCCGCGGT-
CATYATGGCGAACCTTGG, Y = C+T) and PRPO-Bam-R
(CGGGATCCTCATCCCACKATCAGGAAG,K =T+@G) and
cloned into pCEP4 vector (Invitrogen) to obtain pCEP-MoPrP.
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C2C12 cells were transfected with pCEP-MoPrP and selected
with 300 ug/ul hygromycin B (Invitrogen) to obtain several
stable cell clones expressing MoPrP.

RNAi Knockdown of ADAMS in C2C12 Cells—The Invitro-
gen siRNA design algorithm (BLOCK-IT RNAi Designer) was
utilized to design two 64-mer miR RNAI sequences targeting
the ORF region of mouse ADAMS8: NM-1241 (TGCTGTCTC-
CATGCTCCACAAACAGGGTTTTGGCCACTGACTGAC-
CCTGTTTGGAGCATGGAGA) and NM-1741 (TGCTG-
CAATGTTGCTGCCTGTGCCAAGTTTTGGCCACTG-
ACTGACGTTTGTGGAGCATGGAGAC). These 64-mer
sequences were cloned into the pcDNA 6.2-GW/EmGFP-
miR vector (Invitrogen) to obtain the ADAMS8 miR RNAi con-
structs, which were then transfected into the MoPrP-express-
ing C2C12 clones. The transfected cells were selected with
blasticidin S (Invitrogen) and multiple cell clones were
obtained. The ADAMS protein levels in the RNAi clones were
then examined by Western blot (see below).

Western Blot Analysis—Mouse skeletal muscle tissues were
homogenized in a tissue lysis buffer containing 50 mm Tris/HCI
(pH 7.5), 200 mm sodium chloride, 0.5% sodium deoxycholate,
and 5 mM EDTA supplemented with a protease inhibitor mix-
ture (Roche, Indianapolis, IN). C2C12 cells grown in 35-mm
dishes were washed once with phosphate-buffered saline (PBS)
and lysed with 500 ul of a cell lysis buffer containing 10 mm
Tris/HCI (pH 7.5), 150 mm NaCl, 0.5% Triton X-100, 0.5%
deoxycholate, and 5 mm EDTA supplemented with a protease
inhibitor mixture (Roche, Indianapolis, IN). Total protein con-
centrations in the tissue homogenate and cell lysate were deter-
mined by the BCA protein assay (Pierce). For C1 and full-length
PrP detection, the samples were first deglycosylated with
10,000 units/ml PNGase F (New England Biolabs, Ipswich, MA)
following the manufacturer’s instructions except for incubation
at 37 °C overnight. Then 20 ug of total proteins for each sample
were separated by SDS-PAGE on a 10-20% Criterion Tris-Tri-
ton Precast gel (Bio-Rad), transferred onto PVDF membranes
under 360 mA for 90 min, incubated with the 8H4 antibody (for
residues 176 —186 of human PrP or residues 175-185 of mouse
PrP) (63) (1:5000 diluted in 0.5% normal goat serum, 1X TBS
and 0.05% Tween) at 4 °C with gentle shaking overnight, fol-
lowed by incubation with sheep anti-mouse IgG (Amersham
Biosciences, Buckinghamshire, UK). For ADAMS8 protein
detection, 25 ug of total proteins were separated by SDS-poly-
acrylamide gel electrophoresis on a 10% Criterion Tris-HCI
Precast gel (Bio-Rad), transferred onto a PVDF membrane for
90 min at 380 mA, incubated with the M-80 polyclonal rabbit
anti-ADAMS antibody raised against residues 1-80 of mouse
ADAMS (Santa Cruz Biotechnology) (1:1000 diluted in 1%
nonfat milk, 1X TBS and 0.05% Tween), followed by incubation
with a donkey anti-rabbit IgG (Amersham Biosciences). After
stripping the blots with a stripping buffer containing 1.4%
2-mercaptomethanol, 2% SDS, and 62.5 mM Tris (pH 6.8), actin
was probed with a rabbit polyclonal anti-skeletal muscle actin
antibody (Abcam, Cambridge, MA) (1:5000 diluted in 1% milk,
1X TBS, and 0.05% Tween) for skeletal muscle samples or with
a rabbit polyclonal anti-B-actin antibody (Cell Signaling, Bos-
ton, MA) (1:2500 diluted in 1% milk, 1 X TBS and 0.05% Tween)
for C2C12 cell samples. The blots were developed with ECL
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Western blotting Detection Reagents (Amersham Biosciences)
according to the manufacturer’s instructions. X-ray films were
exposed to the blots, developed, scanned, and the bands quan-
tified with the UN-SCAN-IT gel 6.1 software (Silk Scientific,
Orem, Utah).

In Vitro ADAMS Protease Activity Assay—Purified recombi-
nant human ADAMS (rhADAMBS) (aal58-497), which con-
tains a partial pro-peptide domain (aal58 -199), the metallo-
protease domain (aa200 —400), and the disintegrin-like domain
(aa408 —494), was purchased from R&D Systems (Minneapolis,
MN). First, the rhADAMS8 was activated by incubating 2.0 ug of
rhADAMBS with 7.5 ng of thermolysin (Sigma) at 37 °C for 30
min in 10 pl of an assay buffer containing 50 mm Tris, 10 mm
CaCl,, 150 mMm NaCl, pH 7.5; then 1.0 ul of 0.5 mm phosphora-
midon (Sigma) was added and incubated at 25 °C for 15 min to
stop the reaction. To assay for ADAMS protease activity, 2.0 ug
of recombinant human PrP (aa23-231 with an extra Gly-Ser at
the N terminus) expressed and purified from Escherichia coli
(64) was incubated with the activated rhADAMS at 37 °C over-
night in 50 ul of buffer containing 20 mwm Tris-Cl, 5 mm CaCl,,
100 uMm ZnCl,, 200 mm NaCl, pH 7.4. A fraction (1/10) of the
cleavage products were separated by SDS-PAGE on a 10-20%
Criterion Tris-Triton Precast gel (Bio-Rad), and subjected to
Western blot analysis with the 8H4 antibody or 3F4 antibody.
The rest of the human PrP cleavage products were separated on
10-20% Criterion Tris-Triton Precast SDS-PAGE gels for Coo-
massie Blue staining with Imperial Protein Stain (Thermo Sci-
entific, Rockford, IL).

Mass Spectrometry Analysis—All protein samples were
loaded onto a PepMap reverse-phase trapping column (C18,
100 wm X 2 c¢m) in a nano UltiMate-3000 Rapid Separation LC
(Thermo Fisher Scientific, Bremen, Germany) to pre-concen-
trate and wash away excess salts. The samples were desalted for
10 min with water and 0.1% formic acid (FA) at the flow rate of
15 ul/min. Reverse-phase separation was then performed on an
analytical C18 PepMap column (75 um X 25 c¢m) using an
4%-t0-95% acetonitrile gradient (containing water and 0.1%
FA) in 90 min. Proteins eluting from the column at a flow rate of
400 nl/min were directed to a LTQ-FT mass spectrometer
(Thermo Fisher Scientific) equipped with a nanospray ion
source and with the needle voltage of 2.4 kV. Mass spectra were
acquired in the positive ion mode in data-dependent experi-
ments such as MS and tandem MS with the following acquisi-
tion cycle: a full scan recorded in the FT-ICR (Fourier trans-
form ion cyclotron resonance) analyzer followed by MS/MS of
the first most-intense peptide ions recorded in the FT-ICR
mass analyzer at resolution R of 100,000. Sequences of all pro-
tein fragments were manually verified using a series of b- and
y-fragment ions generated from FT-ICR tandem MS spectra.

Quantitative Real-time PCR—Total RNA was isolated from
frozen skeletal muscle using the RNeasy skeletal muscle RNA
isolation kit (Qiagen, Valencia, CA) following the manufactur-
er’s specifications. The total RNA preparations were further
treated with Turbo DNA-Free DNase (Ambion, Austin, TX) to
remove residual genomic DNA contamination, and examined
with a Bioanalyzer 2100 (Agilent Technologies, Santa Clara
CA) for purity and quantity. Quantitative real-time PCR of
ADAM gene expression was performed using probe specific
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TagMan gene expression assays on the Applied Biosystems
7500 Fast Real-Time PCR System. 100 ng of total RNA was
reverse transcribed using the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Foster City, CA). Sub-
sequently, 1 ul from each reverse transcription reaction was
assayed in a 20 ul single-plex reaction for real-time quantifica-
tion with the 7500 Fast PCR System using probes specific to
those genes of interest. Each sample was run in biological trip-
licate, of which three technical replicates were performed.
GAPDH was used as the endogenous control, and the expres-
sion of target genes in Tg(HQK) mouse samples was quantita-
tively measured relative to the wild type FVB mouse samples.
Relative quantification values were determined using the
2722 method, and expressed as fold-change over the wild type
FVB samples.

RESULTS

ADAMS8 mRNA Level Is Up-regulated in Skeletal Muscle of
Doxycycline-treated Tg(HQK) Mice—To investigate the pro-
tease(s) responsible for the a-cleavage of PrP< in skeletal mus-
cles, Tg(HQK) mice with strictly Dox-dependent, skeletal
muscle-specific expression of human PrP (59) were fed with
Dox-laced food for 7, 14, 30, or 60 days; three animals were
taken at each time point. Total RNA samples were isolated from
skeletal muscle tissues (quadriceps) and subjected to quantita-
tive real time PCR analysis for the three ADAMs already impli-
cated in the a-cleavage of PrP¢ (ADAM10, ADAM17, and
ADAMDY) as well as three other ADAMs (ADAMS, ADAM12,
and ADAM23). In Dox-treated wild type FVB mice, no signifi-
cant changes were found for any of the six ADAMs (data not
shown); in Dox-treated Tg(HQK) mice, ADAMS8 mRNA level
was significantly up-regulated whereas the other five ADAMs
were largely unchanged (Fig. 1). These data indicate that,
instead of the three previously implicated ADAMs (ADAM10,
ADAMY9 and ADAM17), ADAMS8 may be the candidate prote-
ase for C1 production in skeletal muscles.

ADAMS Protein Level Correlates with PrP C1 Production in
the Skeletal Muscles of Transgenic and Knock-out Mice—An-
other time course experiment was performed to examine the
relationship between ADAMS protein level and PrP C1/full-
length ratio, the latter serves as a marker for C1 production.
Young female adult Tg(HQK) mice were fed with Dox-laced
food for 0, 2, 3, 4, 5, 6, 7, 14, 30, and 60 days; 3— 6 animals were
sacrificed at each time point and hind leg (quadriceps) muscles
were collected and homogenized. The muscle homogenates
were either treated with PNGase F to remove N-linked glycans
and immunoblotted with 8H4 (a monoclonal antibody against
the human PrP 176 —186 epitope) or were directly subjected to
Western blot with a rabbit polyclonal antibody that detects
ADAMS protein.

The PrP Cl1/full-length ratio in the skeletal muscle of Dox-
treated Tg(HQK) mice started to rise from day 4, quickly
reached a peak at day 7, and stayed at a plateau of ~3.0 after-
ward (Fig. 2, A and C), confirming our previous report (59). The
ADAMS protein level in the skeletal muscle showed statistically
significant increase from day 4 and kept rising slowly with time
(Fig. 2, B and D). Plotting the PrP C1/full-length ratio against
ADAMS protein level revealed that the PrP C1/full-length ratio
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FIGURE 1. Quantitative real-time PCR analysis of ADAMs gene expres-
sion. Hind leg skeletal muscles (quadriceps) were taken from Tg(HQK) mice
treated with 6 g of Dox/kg food for 7, 14, 30, and 60 days. Three animals were
used for each time point. Total RNA was extracted and subjected to quantita-
tive real-time PCR analysis for ADAM8, ADAM9, ADAM10, ADAM12, ADAM17,
and ADAM23 gene expression. Wild type FVB mice were similarly treated and
analyzed. No significant changes were observed in the wild type FVB mice
over the time course. Results are relative to the average expression of the
corresponding ADAM genes in the skeletal muscles of similarly treated wild-
type FVB control mice and represent the mean = S.E. of triplicate measure-
ments performed.

rose dramatically from 0.5 to ~3.0 when the ADAMS level
increased from 1.4 to 1.6 during days 4 -7, but it stayed at ~3.0
despite further increase of the ADAMS level after day 7 (Fig.
2E).

In Tg(HQK) mice treated with Dox, both PrP and ADAMS
expressions were in a dynamic state (rising with time) and the
PrP levels were extremely high from day 14, which complicate
data interpretation. To address this issue, the relationship
between ADAMS protein level and C1 production in the skel-
etal muscles was assessed in 4 transgenic (Tg) mouse lines,
Tg43, Tg4, Tgl7, and Tg21, which all constitutively express
human PrP in the skeletal muscles albeit at different levels (Fig.
3A). Skeletal muscles (quadriceps) from three young female
adult animals for each transgenic line were examined by West-
ern blot for ADAMS level and PrP C1/full-length ratio as
described above for Tg(HQK) mice; skeletal muscle from a wild
type FVB mouse was used as control. Tg lines with higher
ADAMS protein levels in skeletal muscles also showed higher
PrP C1/full-length ratios in skeletal muscles, and the two exhib-
ited an excellent linear correlation with a R* value of 0.93
(Fig. 3).

ADAMS8 levels and PrP C1/full-length ratios were also exam-
ined in the skeletal muscles of wild type C57BL6 mice and
Tga20 mice that overexpress mouse PrP. When compared with
those of C57BL6 mice, the ADAMS protein level and PrP
C1/full-length ratio in the Tga20 mice were both significantly
higher (2.3-fold and 1.8-fold, respectively) (Fig. 4), confirming
that ADAMS protein level is positively correlated with C1/full-
length ratio irrespective of the species origin of the PrP. Fur-
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FIGURE 2. ADAMS protein level correlates with PrP C1/full-length ratio in
skeletal muscle tissue of Dox-induced Tg(HQK) mice. Tg(HQK) mice were
treated with 6 g of Dox/kg food for 060 days as indicated and 3- 6 animals were
taken at each time point. Skeletal muscles (quadriceps) from the hind legs of
these animals were homogenized and subjected to SDS-PAGE and immunoblot
analysis in three Western blots. The homogenates were either treated (for PrP
probing) or not treated (for ADAM8 probing) with PNGase F before SDS-PAGE.
A, representative immunoblot probed with anti-PrP antibody 8H4 followed by
probing with an anti-actin antibody after stripping; samples for day 3,5,and 6 are
not shown. B, representative immunoblot probed with an antibody against
ADAMS followed by probing with an anti-actin antibody after stripping; samples
forday 3, 5,and 6 are not shown. Cand D, diagrams of PrP C1/full-length ratios (C)
and ADAMS protein level (D) over increasing duration of Dox treatment. The
ADAMB protein level for each sample was normalized against the actin level for
the sample in each blot and expressed as the ratio against the normalized
ADAMB8 protein level in the untreated wild type FVB mouse on the same blot. The
error bars denote standard deviations calculated from the duplicate blots. £, plot
of PrP C1/full-length ratio against ADAMB8 protein level over the time course of
Dox treatment.
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thermore, the PrP C1/full-length ratio is reduced by over 80% in
skeletal muscles of ADAMS8 knock-out mice compared with
that of control wild type mice (Fig. 5). In addition, the total PrP
level is also significantly decreased in ADAMS knock-out mice
(Fig. 5), which is reminiscent of the effect of ADAM10 knock-
out (46) and suggests a prominent role for ADAM-mediated
PrP processing in apparent PrP expression levels from the
endogenous PrP gene.

ADAMS Protein Level Shows Linear Correlation with PrP
C1/Full-length Ratio in the Myoblast Cell Line C2C12—C2C12,
a murine myoblast cell line, was utilized to examine the role of
ADAMS in C1 production in pure muscle cells. C2C12 cells
normally express very little PrP, but PrP expression is activated
during myoblast differentiation (52-53). To study the a-cleav-
age of PrP< in the C2C12 cell line, C2C12 cells were first trans-
fected with pCEP4 carrying full-length mouse PrP (MoPrP)
ORF and many C2C12 clones expressing MoPrP at various lev-
els were established (Fig. 6A4). Two of such C2C12 clones
(MoPrP-6 and MoPrP-7) that express comparable levels of
MoPrP were selected for ADAMS knockdown (KD) with miR
RNAi sequences cloned in the pcDNA vector. Three stable
ADAMS-KD cell lines derived from MoPrP-6 and four stable
ADAMS-KD cell lines derived from MoPrP-7 were obtained.
Cell lysates from these stable ADAMS8-KD cell lines were
immunoblotted for PrP or ADAMS, and the PrP C1/full-length
ratios were plotted against the levels of active ADAM protein in
these cell lines (Fig. 7). The result shows that decreasing
ADAMS protein level in the ADAMS8-KD cells is accompanied
by a proportional drop in the PrP C1/full-length ratio; linear
regression analysis reveals an excellent linear correlation
between the ADAMS level and the C1/full-length ratio with an
R? value of 0.94 (Fig. 7). Together with the data from the Dox-
treated Tg(HQK) mice, the constitutive Tg mouse lines and the
ADAMS knock-out mice, this result strongly argues for a pri-
mary role for ADAMS in the a-cleavage of PrP“ for C1 produc-
tion in skeletal muscle cells.

ADAMS Directly Cleaves PrP to Generate C1 in Vitro—A
recombinant human ADAMS peptide (thADAMS, aal58—
497), which contains part of the propeptide and the entire met-
alloprotease and disintegrin-like domains, was incubated with
recombinant human PrP (rhPrP, aa23-231 plus a Gly-Ser
extension at the N terminus) before or after activation with
thermolysin (Fig. 8). Electrophoretic analysis shows that only
thermolysin-activated ADAMS8 generated a prominent ~14
kDa fragment from the rhPrP substrate. The size of this frag-
ment is consistent with the expected molecular mass (13.9 kDa)
of the C-terminal a-cleavage product (rhPrP111-231). The
~14 kDa fragment was detected by the 8H4 antibody which
recognizes residues 176 —186 of hPrP, but not by the 3F4 anti-
body which recognizes residues 106—112 of hPrP (65-66),
further indicating that this fragment corresponds to C1. The
identity of hPrP fragments generated by treatment with ther-
molysin-activated ADAMS was further verified by mass spec-
trometry (MS). Protein fragments with the monoisotopic
molecular weights corresponding precisely to C1 with native
Cys'”®-Cys*'* disulfide bond (13,887.29 Da) and N1 (9,094.15
Da) were detected with a mass accuracy of 10 ppm (Fig. 8D).
Furthermore, the expected amino acid sequences of the C1 and
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FIGURE 3. ADAMS protein level correlates with PrP C1/full-length ratio in
skeletal muscle tissue of Tg mice constitutively expressing human PrP at
different levels. Skeletal muscles (quadriceps) from the hind legs of wild
type FVB mice (Wt) and four different Tg mice lines (Tg43, Tg4, Tg17, and
Tg21) constitutively expressing human PrP at different levels were collected.
Muscle homogenates were either treated (for PrP probing) or not treated (for
ADAMB probing) with PNGase F, subjected to SDS-PAGE, and probed with an
anti-PrP antibody (8H4) or an antibody against ADAMS8. A, representative
immunoblot probed with anti-PrP antibody 8H4 followed by probing with an
anti-actin antibody after stripping. B, representative immunoblot probed
with an antibody against ADAMB8 followed by probing with an anti-actin anti-
body after stripping. C and D, diagrams of ADAM8 protein level (C) and PrP
C1/full-length ratios (D) in the skeletal muscles of the four Tg mouse lines. The
ADAMB protein level for each sample was normalized against the actin level
and expressed as the ratio against the normalized ADAM8 protein level in the
untreated sex and age-matched wild type FVB mouse on the same blot. The
error bars denote standard errors calculated from the three animals for each
Tg line. The bars with asterisk(s) indicate statistical significance when com-
pared with the Tg43 mouse samples; *, p < 0.05; **, p < 0.01. E, plot of PrP
C1/full-length ratios against ADAMS protein levels in the four Tg lines. Linear
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FIGURE 4. ADAMS protein level correlates with PrP C1/full-length ratio in
skeletal muscle tissue of mice constitutively expressing mouse PrP at
different levels. Skeletal muscles (quadriceps) from the hind legs of wild
type C57BL6 mice (BL6) and the Tga20 line constitutively expressing mouse
PrP at high levels were collected. Muscle homogenates were either treated
(for PrP probing) or not treated (for ADAMS8 probing) with PNGase F, and
subjected to SDS-PAGE and immunoblotting with an anti-PrP antibody (8H4)
oran antibody against ADAM8. A,immunoblot probed with anti-PrP antibody
8H4 followed by probing with an anti-actin antibody after stripping. B,immu-
noblot probed with an antibody against ADAMS followed by probing with an
anti-actin antibody after stripping. C, plot of PrP C1/full-length ratios against
relative ADAM8 protein levels. The error bars denote standard errors calcu-
lated from the three animals for each mouse line. The bars with an asterisk
indicate statistical significance (p < 0.05) when compared with the wild type
C57BL6 (BL6) samples.

N1 fragments were confirmed by FT-ICR tandem MS using a
series of b- and y-fragment ions (data not shown). C1 and N1
fragments were not detected when rhPrP was incubated with
either unactivated ADAMS or inactivated thermolysin alone.
Together, these results prove that ADAMS can directly per-
form a-cleavage of PrP.

ADAMS Is Up-regulated by PrP—Further examination of
Western blots of total PrP and ADAMS levels in the skeletal
muscles of Dox-treated Tg(HQK) mice (Fig. 2) revealed that,
starting from day 4 when total PrP level reached four times that
of wild type mice, the ADAMS protein level rose significantly
(Fig. 9A4). Quantification of Western blots for the four Tg lines
constitutively expressing human PrP (Fig. 3) and the Tga20
mice overexpressing mouse PrP (Fig. 4) also indicates that PrP
overexpression resulted in elevated ADAMS protein levels (Fig.
9, Band C). Similarly, when compared with the C2C12 clone #1,
the four C2C12 clones (#4, #5, #6, and #7) that expressed
MoPrP at >4-fold levels showed >2-fold ADAMS protein lev-
els as well (Fig. 6). Together these in vivo and in vitro data
demonstrate that overexpression of PrP leads to elevated
ADAMS activities in muscle cells. Since ADAM8 mRNA was
also up-regulated in the muscles of Dox-treated Tg(HQK) mice

regression analysis revealed an R? value of 0.93, highly indicative of a linear
correlation between ADAMS protein level and the PrP C1/full-length ratio.
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FIGURE 5. The PrP C1/full-length fragment ratio is significantly reduced in
skeletal muscles of ADAMS8 knock-out mice. Skeletal muscles (quadriceps)
from the hind legs of three each of wild type C57BL/6 mice (Wt) and
ADAMS8 /'~ mice were collected. Muscle homogenates were either treated
(for PrP probing) or not treated (for ADAM8 probing) with PNGase F, sub-
jected to SDS-PAGE, and probed with an anti-PrP antibody (8H4) or an anti-
body against ADAMS. A, immunoblots probed with an antibody against
ADAMS8 or 8H4 followed by probing with an anti-actin antibody after strip-
ping. B, diagram of PrP C1/full-length ratio in the skeletal muscles of Wt and
ADAMS8 /™ mice. The error bars denote standard errors calculated from the

three animals for each mouse line. The bars with asterisk(s) indicate statistical
significance when compared with the Wt mouse samples. **, p < 0.005.
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FIGURE 6. Overexpression of mouse PrP leads to up-regulation of ADAM8
in C2C12 cells. C2C12 cells were transfected with a vector expressing mouse
PrP and selected with hygromycin to establish seven stable cell clones (hum-
bered 1-7). The original C2C12 cells (CO) and blank vector-transfected C2C12
cells (VC) serve as controls. Lysates from these clones were directly subjected
to Western blotting and the experiments repeated three times. A, represent-
ative immunoblot probed with 8H4 followed by probing with an anti-actin
antibody after stripping. B, representative immunoblot probed with an anti-
body against ADAMS followed by probing with an anti-actin antibody after
stripping. C, diagram of total PrP levels and ADAMB8 levels in the C2C12 clones.
The total PrP and ADAMS protein levels for each sample were normalized
against the actin level and expressed as the ratio against the normalized pro-
tein levels in the #1 clone. The error bars denote standard deviations calcu-
lated from the three blots. The bars with asterisk(s) indicate statistical signifi-
cance when compared with the #1 clone; *, p < 0.05; **, p < 0.01.
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FIGURE 7. The PrP C1/full-length ratio is proportional to ADAMS8 protein
level in C2C12 myoblast cells. Two stable C2C12 clones expressing mouse
PrP (MoPrP-6 and MoPrP-7) were transfected with miR RNAi sequence target-
ing the ORF region of ADAMS8 and several stable cell lines were obtained.
Lysates from these stable cell lines were either treated (for PrP probing) or not
treated (for ADAMB8 probing) with PNGase F, then subjected to electrophore-
sis and immunoblotting with an anti-PrP antibody (8H4) or an antibody
against ADAMS. Theimmunoblotting was repeated three times. A, represent-
ative immunoblots probed with anti-PrP antibody 8H4 or with an antibody
against ADAMBS followed by probing with an anti-actin antibody after strip-
ping; the relative ADAMS protein level and PrP C1/full-length ratio for each
cell line were quantified and diagramed underneath the Western blot. B, plot
of PrP C1/full-length ratios against ADAMS protein levels in ADAM8-knock-
down C2C12 cell lines. The ADAMS protein level for each C2C12 cell line was
normalized against the actin level and expressed as the ratio against the nor-
malized ADAMS protein level in the original MoPrP-6 control cell line (CO) on
the same blot. Data from the average of three duplicate blots are plotted. CO,
the original MoPrP6/MoPrP7 cell line; VC, blank vector-transfected MoPrP6/
MoPrP7 cell line; KD, knockdown.

(Fig. 1), PrP overexpression-induced up-regulation of ADAMS8
is likely to be at the transcription level.

DISCUSSION

The a-cleavage of PrP© disrupts the protein in a region crit-
ical for both toxicity and prion conversion and generates the
biologically active C1 and N1 fragments. Our current under-
standing of the a-cleavage of PrP< is based almost exclusively
on studies in vitro using cultured HEK and mouse fibroblasts or
neuronal cells. However, the earlier reports implicating the
direct involvement of ADAM10 and ADAM17 and an indirect
role for ADAMY (38 -39, 44) were challenged by more recent
articles (34, 46 —47), putting a question mark on the identity of
the protease(s) primarily responsible for the a-cleavage of PrP<.

We have addressed this issue using Tg mouse models, the
C2C12 myoblast cell line, and in vitro protease assays. We
found that in the skeletal muscles of Dox-treated Tg(HQK)
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FIGURE 8. ADAMS directly cleaves PrP to generate the C1 fragment.
Recombinant human PrP (rhPrP) was cleaved at 37 °C for 14 h with a recom-
binant human ADAMS that had been treated or untreated with thermolysin
for activation, followed by SDS-PAGE and subsequent immunoblot analysis
(A and B) or direct staining with Coomassie Blue (C), or by direct mass spec-
trometry analysis (D). A, Western blot probed with antibodies 8H4 (against
human PrP176-186). B, Western blot probed with 3F4 (against human PrP
106-112). C, SDS-PAGE gel directly stained with Coomassie Blue. D, mass
spectrometry analysis. An in vitro reaction sample with thermolysin-activated
ADAMS and rhPrP was analyzed. Monoisotopic distributions of protonated
(M+11H)""* N1 fragmention (top) and protonated (M+13H)'*" C1 fragment
ion (bottom) are shown; Mm: molecular mass. In panels A-B, skeletal muscle
tissue homogenate from a Tg(HQK) mouse treated with Dox for 60 days was
loaded as a control. In panels A-C, the arrows point to the C1 band. The rhPrP
sample contained an extension of Gly-Ser at the N terminus as a leftover from
the His tag; accordingly, the resulting N1 fragment also contained the extra
Gly-Ser residues at the N terminus.

mice, only the ADAM8 mRNA was significantly up-regulated
(Fig. 1) and ADAMBS protein level increased starting from day 4
of Dox treatment, preceding the dramatic preferential accumu-
lation of C1 that began at day 5 of Dox treatment (Fig. 2). The
ADAMS protein level was also found to be linearly correlated
with the PrP C1/full-length ratio in the skeletal muscles of the
Tg mouse lines constitutively expressing human PrP (Fig. 3).
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FIGURE 9. Overexpression of human PrP¢ leads to up-regulation of
ADAMS in transgenic mice. Western blots for PrP and ADAMS8 in homoge-
nates of skeletal muscles from Dox-treated Tg(HQK) mice (shown in Fig. 1, A
and B), Tg lines constitutively expressing human PrP at various levels (shown
in Fig. 2, A and B), and C57BL6 (BL6) and Tga20 mice (shown in Fig. 4, A and B)
were quantified after scanning the x-ray films. The ADAMS8 protein level and
total PrP protein level for each sample were normalized against the actin level
and expressed as the ratio against the corresponding normalized protein
level in the untreated sex and age matched wild type FVB mouse (for panels A
and B) or wild type C57BL6 mice (for panel C) on the same blot. A, diagram of
total PrP levels and ADAMS levels in Tg(HQK) mice over the time course of Dox
treatment. The statistical difference was calculated based on comparison
with day 0 Tg(HQK) samples for ADAMS8 or with day 2 Tg(HQK) samples for
total PrP. B, diagram of the total PrP levels and ADAMS levels in the four
constitutive Tg mouse lines. The statistical difference was calculated based on
comparison with Tg43 samples. C, diagram of the total PrP levels and ADAM8
levels in C57BL6 and Tga20 mice. The statistical difference was calculated
based on comparison with C57BL6 (BL6) samples. For all panels, the error bars
denote standard deviations calculated from the three animals for each Tg
line; *, p < 0.05; **, p < 0.01.

When compared with the wild type C57BL6 mice, the PrP
C1/full-length ratio in skeletal muscles was increased in the
Tga20 mice that expressed more ADAMS8 (Fig. 4) and
decreased in the ADAMS knock-out mice (Fig. 5), confirming
that the positive correlation between ADAMS level and
C1/full-length ratio is not specific to human PrP. Moreover, a
linear correlation between ADAMS protein level and PrP
C1/full-length ratio was observed in C2C12 myoblast clones
expressing the same level of mouse PrP but with different levels
of ADAMS due to RNAi knockdown (Fig. 7). Furthermore, effi-
cient in vitro a-cleavage of recombinant human PrP“ by recom-
binant ADAMS was observed (Fig. 8). Together, these in vivo
and in vitro results strongly argue for a primary role for
ADAMS in C1 production in skeletal muscles. ADAMI10, the
proposed protease for C1 production in the brain (45), was not
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up-regulated in the skeletal muscles of Dox-treated Tg(HQK)
mice (Fig. 1). We found that the ADAM10 protein level in skel-
etal muscle is only about 2% of the brain level in wild type FVB
mice (data not shown). These data indicate that ADAMIO0 is
unlikely to play a major role in C1 production in the skeletal
muscles, which is consistent with the recent reports refuting
the involvement of ADAMI10 in the a-cleavage of PrP€ (46—
47). Nevertheless, the presence of low level of C1 in the muscles
of ADAMBS knock-out mice (Fig. 5) indicates that another pro-
tease(s) plays a minor role in the a-cleavage of PrP€ in the
skeletal muscles. It remains to be investigated whether ADAMS8
also participates in the a-cleavage of PrP€ in brain and other
tissues.

We also discovered that overexpression of wild type PrP up-
regulates ADAMS in the skeletal muscles of Dox-treated
Tg(HQK) mice (Fig. 94) and Tg lines constitutively expressing
different levels of human or mouse PrP (Fig. 9, Band C), and in
C2C12 cells expressing different levels of mouse PrP (Fig. 6).
Given that the ADAMS8 mRNA level was significantly increased
in the skeletal muscles of Dox-treated Tg(HQK) mice (Fig. 1), it
is very likely that PrP< regulates ADAMS at the transcriptional
level.

The molecular mechanism underlying the over-expressed
PrP-induced ADAMS expression is unclear. PrP€ was recently
reported to promote regeneration of adult muscle tissue
through affecting the generation of TNF-a (54, 67), a cytokine
actively involved in myogenesis and muscle repair (68 -72). In
addition, the expression of ADAMS8 was induced by TNF-« in
primary cerebellar neurons and in motoneuron-like NSC19
cells in a dose-dependent manner (73). Moreover, TNF-«a reg-
ulates the shedding of TNF-«a receptor 1 through elevating
ADAMS activity in the mouse brain and primary neurons and
microglia (74). Furthermore, antibody-mediated PrP< ligation
was reported to cause TNF-a shedding in cultured neurons
(75). It is conceivable that, in the muscles, the overexpressed
PrP“ somehow activates TNF-« to induce ADAMS transcrip-
tion, and the increased ADAMS activity results in augmented
a-cleavage of PrP<.

It is not clear why the PrP C1/full length ratio remained
unchanged from day 7 to day 60 despite the continued rise in
the ADAMS level in the skeletal muscle of Dox-treated
Tg(HQK) mice (Fig. 2). The very high levels of PrP at these later
time points could counter the increase of ADAMS activity to
maintain a stable PrP Cl1/full-length ratio. Alternatively, an
unknown inhibitor(s) of ADAMS8 may be activated at very high
PrP levels.

Our findings that ADAMS can perform a-cleavage of PrP¢
and that PrP€ can regulate ADAMS expression have significant
implications. In particular, they point to a self-regulatory loop
where overexpressed PrP“ modulates its own a-cleavage
through upregulating ADAMS, leading to accumulation of
cytotoxic C1 when PrP€ is overexpressed. This self-regulatory
loop may not only explain the myopathy incurred by over-ex-
pressed wild type PrP€ in aged Tg mice (58) and Dox-induced
Tg(HQK) mice (59-60), but also provide a plausible mecha-
nism for PrP toxicity observed in human HEK293 cells, mouse
neurons, and erythroleukemia cells (76 — 80). When PrP is over-
expressed for an extended period of time, the up-regulation of
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ADAMS will lead to accumulation of the cytotoxic and more
stable C1 fragment (35) at a higher molar ratio than full-length
PrP€. The concurrently released neuroprotective N1 fragment
has a shorter half-life (31) and may provide only transient and
possibly insufficient protection from the toxicity of the accu-
mulated C1. However, a very recent report suggests that C1
itself is nontoxic when expressed in transgenic mice (81), mak-
ing it uncertain how elevated C1 level may play a direct role in
PrP-mediated myopathy. It is possible that the elevated
ADAMS activity may induce further effects stemming from the
enhanced cleavage of its many other substrates (42), some of
which may participate in the cytotoxic effect of overexpressed
PrP.
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