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The valosin-containing protein (p97) is a ubiquitin-dependent ATPase that plays central roles in ubiquitin proteasome system (UPS)-
mediated protein degradation pathways. p97 has been recently identified as a putative substrate of active Caspase-6 (Casp6) in primary
human neurons. Since Casp6 is activated in mild cognitive impairment (MCI) and Alzheimer’s disease (AD) patients’ brains, the targeting
of p97 by Casp6 may represent an important step that leads to UPS impairment in AD. Here, we show that p97 is a Casp6 substrate in vitro
and in vivo. Casp6 cleavage of recombinant p97 generated two N-terminal fragments of 28 and 20 kDa, which were not generated by the
other two effector caspases, Caspase-3 and Caspase-7. ATP binding to the D1 ATPase ring of p97 reduced the susceptibility of the
N-domain to caspase-mediated proteolysis. Mass spectrometric analysis identified VAPD 179 as a Casp6 cleavage site within p97’s
N-domain. An anti-neoepitope serum immunohistochemically detected p97 cleaved at VAPD 179 in the cytoplasm of the cell soma and
neurites of hippocampal neurons in MCI and AD. Overexpression of p97 (1-179) fragment, representing p97 cleaved at D179, impaired the
degradation of model substrates in the ubiquitin-fusion degradation and the N-end rule pathways, and destabilized endogenous p97.
Collectively, these results show that p97 is cleaved by Casp6 in AD and suggest p97 cleavage as an important mechanism for UPS
impairment.

Introduction
The accumulation and deposition of polyubiquitinated proteins
into misfolded aggregates is a common characteristic of many
neurodegenerative diseases (Schwartz and Ciechanover, 1999).
In Alzheimer’s disease (AD), ubiquitin is associated with neuro-
fibrillary tangles and senile plaques in hippocampal brain tissue
(Perry et al., 1987, 1989). Ubiquitin immunoreactivity is present
in paired helical filaments (PHF) (Mori et al., 1987) and dystro-

phic neurites of aged and AD brains (Dickson et al., 1990a). Al-
though Tau is a major target of ubiquitination (Mori et al., 1987),
ubiquitin-immunopositive structures devoid of Tau indicate that
other ubiquitinated proteins accumulate in AD brains (Shaw and
Chau, 1988; Dickson et al., 1990b). The deposition of ubiquiti-
nated proteins precedes tangle formation (García Gil et al., 2001)
and is associated with the induction of the unfolded protein re-
sponse (Hoozemans et al., 2009).

The early accumulation and deposition of ubiquitinated pro-
teins in AD suggests dysfunction in ubiquitin proteasome system
(UPS)-mediated protein degradation. Expression of a C-terminal
frame-shift mutant of ubiquitin lacking the critical Gly 76 residue
necessary for polyubiquitination (van Leeuwen et al., 1998) im-
pairs UPS-mediated protein degradation (Lindsten et al., 2002).
Proteasome function is also compromised by the oxidation of the
neuronal ubiquitin C-terminal hydrolase, UCH-L1 (Choi et al.,
2004), which protects synapses against �-amyloid-induced cyto-
toxicity (Gong et al., 2006). Moreover, PHF may directly impair
proteasome function by physical interaction (Keck et al., 2003).
Collectively, these findings imply that alterations in protein
translation, oxidative stress, and PHF formation may induce pro-
teasome dysfunction in AD.

Received Nov. 26, 2009; revised Feb. 26, 2010; accepted March 25, 2010.
Part of this work was supported by grants from the Human Frontier Science Program, Genome Canada, and

Silicon Kinetics-Genocean to M.L., National Institute on Aging Grant P30AG10161 to D.A.B., and Canadian Institute
of Health Research Grant MOP-81146 to A.L.B. We gratefully acknowledge Jennifer Hammond for assistance with
the immunohistochemistry, Dr. Steffen Albrecht for assisting in the interpretation of the immunohistochemical
data, and Dr. Guy Klaiman for initial guidance with the purification of Casp6. We thank Dr. Guy Salvesen for providing
the caspase recombinant expression constructs, Dr. Nico Dantuma for providing the UPS-GFP model cDNA con-
structs, and Dr. John Bergeron and Dr. Maryam Taheri for generously providing the polyclonal antibody against the
C-terminal domain of mammalian p97. We are grateful to Dr. Julie Jodoin, Dr. Jan Schnitzer, Andrea Lee, and
Jasmine Ramcharitar for critically reading the manuscript.
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The cysteine protease, Caspase-6 (Casp6), is a putative effec-
tor of neurodegeneration in AD (LeBlanc, 2005; Albrecht et al.,
2007). Neurotrophic factor deprivation in primary neurons activates
Casp6 (LeBlanc et al., 1999; Nikolaev et al., 2009) and results in
axonal degeneration independent of cell death (Guo et al., 2004;
Nikolaev et al., 2009). This critical role of active Casp6 in mediating
axonopathy in AD neurons prompted investigation of other conse-
quences of Casp6 activation. In a proteomic screen, we identified
p97, a chaperone-like ATPase and a well known regulator of protein
ubiquitination, as a candidate substrate of Casp6 in primary human
neurons (Klaiman et al., 2008). Interestingly, p97 is an important
effector of protein ubiquitination (Rumpf and Jentsch, 2006) and
disaggregation (Shcherbik and Haines, 2007). p97 facilitates UPS-
mediated degradation in several pathways, including the ubiquitin
fusion degradation (UFD) (Koegl et al., 1999; Richly et al., 2005), the

N-end rule (Wójcik et al., 2006), and endo-
plasmic reticulum-associated degradation
(ERAD) (Ye et al., 2001). Within these path-
ways, p97 forms complexes with ubiquitin-
binding cofactors and E3 ubiquitin
ligases and ensures the efficient ubiq-
uitination and degradation of protea-
some substrates (Halawani and Latterich,
2006; Jentsch and Rumpf, 2007). More-
over, mutations in p97 are linked to a fa-
milial form of frontotemporal dementia
(Watts et al., 2004) that is associated with
an accumulation of intranuclear ubiquiti-
nated proteins (Forman et al., 2006). In
this report, we investigated whether p97
is a substrate of Casp6 in vitro and in
vivo. Our results implicate Casp6 in the
proteolytic processing of p97 and sug-
gest a novel mechanism for UPS impair-
ment in AD.

Materials and Methods
Protein expression vectors. Human p97 cDNA
in pBluescript SK� vector was kindly provided
by Dr. Fred Indig (National Institute on Aging,
National Institutes of Health, Baltimore, MD).
p97ND1 (residues 1-480) and p97D2C (residues
481-806) were subcloned into the pTrcHis2A
vectors (Invitrogen) to allow for C-terminal
polyhistidine tagging. The p97ND1 fragment was
amplified by PCR using the primers 5�-
AGCTCGAGAATGGCCTCTGGAGCCGAT-3�
and 5�-CCATATGTACCTTATCCAAT ATC-
TTCCCAGGT-3�, which contained the restric-
tion sites XhoI and KpnI, respectively. Similarly,
p97D2C fragment was amplified using the prim-
ers 5�-AGCTCGAGAGGTGGCCTGGAGGAT-
GTC-3� and 5�-ATATGGTACCAGGCCATAC
AGGTCATCGTC-3�, containing the restric-
tion sites XhoI and KpnI, respectively. Subse-
quent to restriction digest, both PCR products
were ligated into pTrcHis2A vectors. Full-
length p97WT in pTrcHis2C was generated as
previously described (Halawani et al., 2009).

Mammalian p97WT expression vectors were
generated by cloning full-length murine p97WT
cDNA into the p3X-FLAG-CMV10 vector for
N-terminal tagging or p3X-FLAG-CMV14 vec-
tor for C-terminal tagging with the FLAG peptide
(Sigma). Full-length p97 was amplified using the
primers 5�-CTTGCGGCCGCGGCCTCTGGA-

GCCGATTCAAAA-3� and 5�-GGGGATCCTTAGCCATACAGGTCA-
TCGTCATT-3�, containing the restriction sites NotI and BamHI for cloning
into the p3X-FLAG-CMV10. Similarly, primers 5�-CTTGCGGCCG-
CGGCCGCCACCATGGCCTCTGGAGCCGAT-3� and 5�-GGGGATC-
CGCCATACAGTCAT CGTCATT-3�, with the restriction sites NotI and
BamHI, were used for cloning into the p3X-FLAG-CMV14. Subsequent
to restriction digest, the inserts were ligated into the appropriate vector.
FLAG-tagged p97K524A was generated as described for p97WT except
that the cDNA was supplied in the pQE9 vector (kind gift from Dr. Tom
Rapoport, Harvard University, Boston, MA). The FLAG-p97 (1-179)
vector was constructed using site-directed mutagenesis of the p3X-FLAG-
p97WT-CMV10 as described above. Briefly, the codon 538ACA540 was
changed to 538TAA540 using the primers 5�-TACTGTATTGTTGC-
TCCAGACTAAGTGATCCACTGT-3� and 5�-GTCTGGAGCA ACA-
ATACAGTAAGGGCTGGGATC-3�. All constructs were verified by

Figure 1. p97 cleavage by Casp6 in vitro. A, Schematic representation of p97 structure domains with the localization of the
antibody binding sites and putative Casp6 cleavage sites indicated. ab, Antibody; N, N-terminal domain; L1, linker-1; D1, D1 AAA �

domain; L2, linker-2; D2, D2 AAA � domain; C, C-terminal domain. B, C, Western blot analysis of p97ND1 (B) or p97D2C (C)
incubated with Casp6 using a monoclonal anti-N-terminal antibody (B) or a polyclonal anti-C terminal antibody (C) for p97. Upper
panels, Digestion reaction in the absence of inhibitor. Lower panels, Digestion reaction in the presence of the inhibitor, Z-VEID-FMK
at 10 �M concentration. D, E, Western blot analysis of 100 nM hexameric p97 incubated with 300 nM active Casp6, using a
monoclonal anti-N-terminal antibody for p97 (D) or a monoclonal anti-His tag antibody (E).
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sequencing at the McGill University and Ge-
nome Quebec Innovation Center Platform
(Montreal, Quebec, Canada).

Caspase expression constructs pET23b-Casp3-
His (Addgene plasmid 11821), pET23b-
Casp6-His (Addgene plasmid 11823),
pET23b-Casp7-His (Addgene plasmid 11825),
and pET15b-Casp8�DED (Addgene plasmid
11827) were kindly provided by Dr. Guy Salvesen
(The Burnham Institute, La Jolla, CA).

Protein expression and purification. p97 pro-
teins were expressed and purified as previously
described with minor modifications (Halawani
et al., 2009). Briefly, p97WT, p97ND1, and
p97D2C were expressed in Top10 Escherichia
coli strain. Overnight starter cultures were di-
luted 50 times in 2� YT media (16 g/L Tryp-
tone, 10 g/L yeast extracts, 5 g/L NaCl) and
grown at 37°C to an OD at 600 nm 0.6 with
vigorous shaking. Following induction with
300 �M isopropyl �-D-thiogalactoside (IPTG),
cells were grown for 4 –5 h and harvested by
centrifugation at 4000 g for 20 min. Cell pellets
were lysed in buffer containing (in mM) 20
HEPES pH 7.5, 300 NaCl, 5 MgCl2, 2.5 DTT,
and 20 imidazole and supplemented with 1
mg/ml lysozyme and a complete set of protease
inhibitors (Roche). Lysates were sonicated and
cleared by centrifugation at 26,000 g of for 45
min. Cleared supernatants were filtered with
0.2 �m filters (Millipore) and loaded on a pre-
equilibrated Ni 2� affinity column (GE Healthcare). Bound proteins
were washed with 10� column volume of lysis buffer, followed by a
second wash with a 10� column volume of lysis buffer with 35 mM

imidazole. Proteins were eluted with a 35–500 mM imidazole gradient
over 5� column volume. For the p97ND1 and p97D2C protein frag-
ments, eluted proteins were dialyzed against buffer containing (in mM)
20 HEPES pH 7.5, 150 NaCl, 5 MgCl2, and 2.5 DTT, using Slide-A-lyzer
dialysis cassettes with a molecular weight cutoff of 10 kDa (Fisher).
p97WT was further purified on a precalibrated 25 ml of Superdex-200
size-exclusion chromatography column (GE Healthcare). Peak fractions
corresponding to hexameric p97 were eluted as 1 ml of fractions in buffer
containing (in mM) 20 HEPES pH 7.5, 150 NaCl, 5 MgCl2, and 2.5 DTT.
Final protein concentrations were determined using the Bradford assay
(Bio-Rad). Purified proteins were snap frozen and stored at �80°C. All
purifications were performed using the ÄKTA FPLC system (GE
Healthcare).

Caspase protein expression was conducted using the BL21(DE3)pLysS
E. coli stain using the following IPTG induction conditions: 200 �M IPTG
was used for Casp3 and expression was allowed for 4 – 6 h at 30°C, Casp6
was induced with 50 �M IPTG and expressed overnight at 16°C, 200 �M

IPTG was used for Casp7 expression at 30°C for 12–16 h, and Casp8 was
induced with 200 �M IPTG for 4 – 6 h at 30°C. Cell harvesting, lysis, and
Ni 2� affinity purification were performed as described above for p97
using the following buffer conditions: lysis buffer (50 mM Tris-HCl pH
8.0, 100 mM NaCl, and 10 mM imidazole supplemented with 1 mg/ml
lysozyme), wash buffer (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 10 mM

imidazole), elution buffer (50 mM Tris-HCl pH 8.0, 100 mM NaCl using
10 –500 mM imidazole gradient). Eluted proteins were dialyzed against
buffer containing 50 mM Tris-HCl pH 8.0 and 100 mM NaCl as described
above. Protein concentrations were determined using the Bradford assay
(Bio-Rad). Caspase activity was verified using the appropriate fluoro-
genic substrates as previously described (LeBlanc et al., 1999).

In vitro p97 protein cleavage assay. p97ND1, p97D2C, and p97WT
were digested in HEPES buffer [0.1 M HEPES, pH 7.5, 10% sucrose,
0.1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), 10 mM DTT] or Stennicke’s buffer (20 mM PIPES pH 7.4, 30
mM NaCl, 1 mM EDTA, 0.1% CHAPS, 10% sucrose, and 10 mM DTT) as
indicated in the figure legends. Reactions were incubated at 37°C in 50 �l

of volume using the indicated concentrations of p97 and caspase. Reac-
tions assessing the effect of ATP on p97 proteolysis were also supple-
mented with 5 mM MgCl2, and p97 was preincubated with ATP for 1 h at
37°C before the addition of Casp3, Casp6, or Casp7. p97 proteolysis was
assessed using SDS-PAGE followed by either Coomassie staining or
Western blot analysis. Western blotting was performed with a monoclo-
nal anti-p97 antibody raised using a p97 fragment containing residues
9 –130 (BD Transduction Laboratories) or a polyclonal anti-p97 anti-
body raised against the C-terminal residues 786 – 806 (a generous gift
from Dr. Maryam Taheri, McGill University, Montreal, Quebec, Can-
ada). The monoclonal antibody was used at a dilution of 1:1000, whereas
the polyclonal antibodies were used at a dilution of 1:3000. Following
incubation with the appropriate HRP-conjugated secondary antibodies,
the blots were visualized using the Storm 840 scanner or by standard
autoradiography films (both from GE Healthcare).

Caspase activity assay. Caspase activity assays were conducted using the
fluorogenic substrates Ac-DEVD-AFC (Biomol International) for Casp3
and Casp7, and Ac-VEID-AFC (Biomol International) for Casp6. Ten
nanomolar of hexameric p97 were incubated with 10 nM recombinant
active Casp3, Casp6, or Casp7 in 50 �l of HEPES buffer (0.1 M HEPES,
pH 7.5, 10% sucrose, 0.1% CHAPS, 10 mM DTT) supplemented with 5
mM MgCl2. For all reactions, 1 �M of either Ac-DEVD-AFC or Ac-VEID-
AFC was used in the presence or absence of 2 mM ATP. For controls, fluoro-
genic substrates were incubated with either the caspase proteins or p97 in the
presence or absence of 2 mM ATP. Quantification of AFC release was per-
formed based on a free 7-amino-4-(trifluoromethyl)coumarin (AFC) (MP
Biomedicals) standard curve as previously described (Zhang et al., 2000).

Identification of the Casp6 cleavage sites in p97 using liquid chromatog-
raphy tandem mass spectroscopy analysis. One microgram of p97ND1 or
D2C fragments was digested with 320 ng of active recombinant Casp6 as
indicated above. In parallel, similar digestion reactions were performed
as controls with heat-inactivated Casp6. Ten replicates of each sample or
control were subsequently pooled and prepared for tandem mass spec-
troscopy (MS/MS) analysis. Briefly, the CHAPS component of the reac-
tion buffer was first removed using a nonionic detergent exchange
cartridge (Michrom Bioresources) according to the manufacturer’s in-
structions. The eluted sample was dried in a speed vacuum and resolu-
bilized in 20 �l of 1 M triethylammonium bicarbonate, 2 �l of 2% SDS,

Figure 2. p97 cleavage by effector Casp3 and Casp7 and initiator Casp8 in vitro. Western blot analysis of hexameric p97 (100 nM)
treated with active Casp3 (A), Casp7 (B), Casp8 (C), or Casp6 (D) for 4 h, with a monoclonal anti-N-terminal p97 antibody.
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and 2 �l of 50 mM tris[2-carboxyethyl]phosphine for 1 h at 60°C. Fol-
lowing treatment with 1 �l of 84 mM iodoacetamide, trypsin was added
and samples were further incubated overnight in a thermomixer at 37°C
and 700 rpm. On the following day, samples were dried and resolubilized
in buffer containing 0.1% trifluoroacetic acid and 2% acetonitrile in
HPLC-grade water and loaded on an SDS removal column (Michrom
Bioresources). The flow-through containing the peptides was subse-
quently speed vacuumed to dryness and submitted for liquid chromatog-
raphy (LC)-MS/MS analysis. LC-MS/MS and peptide identification was
conducted at the proteomics core facility at the Institute for Research in
Immunology and Cancer (University of Montreal, Montreal, Quebec,
Canada).

Generation and characterization of Casp6 cleaved p97 anti-neoepitope
antiserum. Casp6-cleaved p97 anti-neoepitope antiserum (anti-p97D179)
was generated using the six amino acid peptide 174CIVAPD 179,
N-terminally conjugated to the keyhole limpet hemocyanin protein. Be-
fore peptide synthesis, a BLAST search was conducted against the hu-
man genome to ensure uniqueness of this peptide sequence to human
p97. All steps involved in antiserum production, including peptide
synthesis, conjugation, immunization, bleed production, and anti-
sera collection, were performed by Sigma-Genosys. The antiserum
bound the 174CIVAPD 179 peptide at a dilution of 1:300,000 in an
ELISA.

The anti-p97D179 antiserum was characterized using Western blot-
ting and immunoprecipitation analyses in protein extracts from mouse

neuroblastoma N2a cells overexpressing either
FLAG vector alone, FLAG-tagged full-length
p97WT, or FLAG-tagged p97(1-179). Transfec-
tions were performed on 500,000 N2a cells using
4 �g of p3X-FLAG-CMV vector, FLAG-
p97WT, or FLAG-p97(1-179) and 8 �g of
polyethylenimine (Polysciences). Twenty-four
hours posttransfection, cells were washed two
times with cold PBS and lysed in RIPA buffer
containing protease inhibitors [0.1 �g/ml
N-�-p-tosyl-l-lysine chloromethyl ketone
(TLCK), 0.5 �g/ml leupeptin, 38 �g/ml 4-(2-
aminoethyl) benzenesulfonyl fluoride hydro-
chloride (AEBSF), and 0.1 �g/ml pepstatin A).
The lysates were cleared by centrifugation
(16,000 g of for 20 min] and loaded on an SDS-
PAGE gel for analysis by Western blotting.
Briefly, membranes were blocked with 5%
nonfat milk in TBST for 1 h at room tempera-
ture and probed with an anti-FLAG-M2 anti-
body (Sigma-Aldrich-) at a dilution of 1:1000,
an anti-p97N antibody (BD Biosciences
Pharmingen) at a dilution of 1:1000, or the
anti-p97D179 antiserum at a dilution of
1:20,000 in blocking solution. The appropri-
ate HRP-conjugated secondary antibodies
were applied at a dilution of 1:5000. Detec-
tion was performed using enhanced chemi-
luminescence plus and the Storm 840
scanner system (GE Healthcare). As a load-
ing control, blots were further probed with a
monoclonal anti-� actin antibody at a dilu-
tion of 1:5000 (Sigma-Aldrich) and devel-
oped as described above.

Immunoprecipitation was performed on
protein extracts from N2a cells overexpressing
p3X-FLAG-CMV vector, p97WT-FLAG, or
FLAG-p97(1-179). Briefly, cells were trans-
fected and lysed as described above. Approxi-
mately 300 �g of protein extracts were
precleared with 20 �l of 20% protein A Sepha-
rose slurry (GE Healthcare) for 1 h at 4°C. Pro-
tein A Sepharose beads were pelleted by
centrifugation at 16,000 g of for 1 min. The
cleared supernatants were transferred to

clean tubes and further incubated with 20 �l of 20% protein A Sepha-
rose slurry alone or with either preimmune serum or the anti-
p97D179 antiserum at a dilution of 1:2000 overnight. Following five
washes with 1 ml of RIPA buffer, the Sepharose beads were boiled in
2� SDS loading buffer containing 50 mM DTT and analyzed by SDS-
PAGE followed by Western blotting. Membrane blocking was per-
formed as described above. Polyvinylidene fluoride membranes were
incubated with an anti-FLAG-M2 antibody at a dilution of 1:1000 for
1 h at room temperature. Following incubation with an HRP-
conjugated secondary antibody at a dilution of 1:10,000, detection
was performed with ECL plus and the Storm 840 scanner system (GE
Healthcare).

Immunohistochemistry on human brain tissue. Human brain tissue
from persons with no cognitive impairment, mild cognitive impairment,
or AD was obtained from participants in the Religious Orders Study
(Bennett et al., 2002, 2005). Mini-mental score examination of the cases
used in this study were previously reported (Albrecht et al., 2007). Patho-
logical scoring of anti-p97D179 hippocampal immunoreactivity was
performed blinded according to the following criteria: a score of 0, 1, 2, or
3 represented absent, rare, abundant, or very abundant immunopositive
neurons in the hippocampus, respectively. Immunohistochemical detec-
tion of p97D179 (1/1000), p20Casp6 (1277 at 1/1000), and Tau�Casp6
(1/12,000) (Albrecht et al., 2007) was performed on 4% paraformaldehyde-
fixed and paraffin-embedded human brain sections of 4 �m thickness.

Figure 3. ATP-dependent modulation of p97 cleavage by caspases. A–C, Western blot analyses of p97 ND1 domain cleaved
with Casp6 with a monoclonal anti-N-terminal p97 antibody. D, E, Western blot analysis of full-length p97 cleaved with Casp3,
Casp6, and Casp7 without (D) or with ATP (E). F–H, Casp3 (F ), Casp7 (G), and Casp6 (H ) activity assays in the presence or absence
of ATP and p97.
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Antigen retrieval was performed by autoclav-
ing the tissue for 15 min in 8 mM sodium ci-
trate buffer pH 6.0. Immunohistochemical
analysis was conducted manually using a dia-
minobenzidine I-VIEW detection kit (Ven-
tana Medical Systems). Tissue was blocked
for 20 min and incubated with antiserum.
Immunoreactivity was detected with a sec-
ondary biotinylated IgG antibody for 30 min and
then streptavidin-HRP for 30 min. The immuno-
reactivity was revealed with diaminobenzidine
and the tissue section was counterstained with
hematoxylin (Vector Laboratories). Colocal-
ization of active Casp6 and p97(1-179) was
performed on one AD case kindly provided
by Dr. Catherine Bergeron (University of
Toronto, Toronto, Ontario, Canada) using a
double-labeling approach as described pre-
viously (Albrecht et al., 2007).

Protein expression analysis. N2a neuroblas-
toma cells were plated at a density of 500,000
cells/well for 24 h in MEM (Invitrogen) supple-
mented with 10% fetal bovine serum (Fisher).
Cells were transfected in 6-well plates using 3.5
�g of p3X-FLAG-CMV vector or p97 vectors
p97WT-FLAG, p97K524A-FLAG, FLAG-
p97(1-179), and 0.5 �g of either the ubiquitin
fusion degradation reporter UbG76V-GFP
(Addgene plasmid 11941) or the N-end rule
reporter Ub-R-GFP (Addgene plasmid 11939),
and 20 �g of polyethylenimine (Poly-
sciences). After 48 h, cells were trypsinized,
washed in PBS, and lysed in RIPA buffer con-
taining protease inhibitors (0.1 �g/ml
TLCK, 0.5 �g/ml leupeptin, 38 �g/ml
AEBSF, and 0.1 �g/ml pepstatin A). Protein
concentrations were quantified with the BCA
protein assay (Fischer). Thirty micrograms
of protein were loaded on SDS-PAGE gels
and analyzed by Western blotting using either a monoclonal anti-FLAG
antibody (Sigma) or a polyclonal anti-C terminal antiserum for p97 (a kind
gift from Dr. Maryam Taheri, McGill University, Montreal, Quebec,
Canada).

Fluorescence microscopy. N2a cells were cotransfected with 5 �g of
p3X-FLAG-CMV vector, p97WT-FLAG, p97K524A-FLAG, or FLAG-
p97(1-179); and 750 ng of UbG76V-GFP or Ub-R-GFP using 10 �g of
polyethylenimine (Polysciences). GFP fluorescence was visualized using
and a Nikon Eclipse, TE2000-U, inverted fluorescence microscope under
20� magnification.

Flow cytometry for detection of UPS model substrates. Transfections of
N2a neuroblastoma cells were performed as described above. For analysis
of cell fluorescence, cells were trypsinized, washed with PBS, and fixed
with 1% paraformaldehyde for 30 min at room temperature. Flow cy-
tometry was performed on at least 20,000 cells using the FACSCalibur
flow cytometer (BD Biosciences). The data were analyzed using the
CellQuest software (BD Biosciences).

Statistical analysis. All statistics were conducted using the Stat View 5.0
software (SAS Institute). The variance was analyzed from three replicates
using a one-way ANOVA followed by the Scheffé post hoc test. Signifi-
cance was determined at a p value �0.05.

Results
p97 is cleaved by Casp6 in vitro
Fifteen putative Casp6 cleavage sites were identified based on the
presence of consensus sites (Thornberry et al., 2000) in p97’s
primary amino acid sequence (Fig. 1A). To examine whether p97
is indeed cleaved by Casp6, p97ND1 (residues 1-480) or p97D2C
(residues 481-806) fragments were incubated with active Casp6.
The 54 kDa p97ND1 fragment (p54) generated 50 kDa (p50), 38
kDa (p38), 28 kDa (p28), and 20 kDa (p20) cleavage products,
which were immunoreactive with a monoclonal antibody raised
against the N-domain of p97 (Fig. 1B, top panel). Similarly, the
43 kDa p97D2C (p43) fragment resulted in a 30 kDa (p30) cleav-
age product, which was immunoreactive with a polyclonal anti-
serum against the C-terminal domain of p97 (Fig. 1C, top panel).
p97ND1 and D2C cleavage was dependent on Casp6 concentration
(Fig. 1B,C, top panels) and inhibited by Casp6 peptide inhibitor,
Z-VEID-FMK (Fig. 1B,C, lower panels). These results indicate that
p97 indeed contains caspase consensus sequences that are recog-
nized and cleaved by Casp6 in vitro.

Figure 4. Specificity of the anti-p97D179 neoepitope antiserum. A–C, Upper panels, Western blot analysis of N2a cell protein
extracts overexpressing FLAG vector, p97WT-FLAG, or FLAG-p97(1-179), using an anti-FLAG antibody (A), anti-p97N-terminal
antibody (B), and the anti-p97D179 antiserum (C). Lower panels, Western blot analysis with an anti-�-actin antibody on the blots probed
in A–C. D, Western blot (WB) analysis with an anti-FLAG antibody of p97 or p97(1-179) immunoprecipitation using the anti-p97D179
antiserum or preimmune serum with proteins extracts of cells expressing FLAG vector, p97WT-FLAG, or FLAG-p97(1-179).

Table 1. Semitryptic peptides of Casp6 cleaved p97 identified using mass spectrometry

Identified semitryptic peptide Consensus site p97 domain localization Theoretical molecular weight from the N domain (kDa)

165VVETDPSPYCIVAPD 179 VAPD 179 N domain 20.0
296NAPAIIFIDELD 307 DELD 307 D1 AAA � ring 34.1
426KMDLIDLEDETID 438 ETID 438 D1 AAA � ring 48.7
466ETVVEVPQVTWED 478 TWED 478 D1-D2 linker 53.2
714QTNPSAMEVEEDDPVPEI R 732 VEED 732 D2 AAA � ring 80.4
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Since p97 physiologically exists as a hexamer, and hexameric
p97 is partially resistant to proteolytic processing (Wang et al.,
2003; Halawani et al., 2009), we investigated whether assem-
bled p97 is also a substrate of Casp6. Purified hexameric p97
contained minor C-terminal truncations commonly observed
(Halawani et al., 2009) and readily detectable with an anti-N-
terminal antibody for p97 (Fig. 1D). Casp6 processed hexameric
p97 within 30 min of incubation, generating 75 kDa (p75), 28
kDa (p28), and 20 kDa (p20) N-terminal cleavage products (Fig.
1D). After 30 min of incubation, p75 was the predominant cleav-
age product, followed by p28. Within 4 h of incubation, the quan-
tity of the p75 fragment decreased and p28 became the major
N-terminal cleavage product. We next used an antibody against
the C-terminal polyhistidine-tag for p97. After 30 min of incuba-
tion, this antibody detected multiple C-terminal cleavage prod-
ucts for p97: p80C, p50C, p28C, p27C, and p7C (Fig. 1E). These
results indicate that full-length hexameric p97 is a substrate of
Casp6 in vitro.

N-terminal processing of p97 by Casp6 is distinct from
cleavage by effectors Casp3 and Casp7
To determine whether p97 is also a substrate of other caspases,
full-length hexameric p97 was incubated with effectors Casp3
and Casp7 and initiator Casp8. Casp3 and Casp7 both partially
processed p97 into p75 and p40 N-terminal fragments (Fig.
2A,B). Furthermore, the p40 fragment appeared as a doublet
when cleaved by Casp3 (Fig. 2A) compared with Casp7 (Fig. 2B).
Unlike Casp3 and Casp7, Casp8 did not cleave p97 (Fig. 2C).
Interestingly, only cleavage by Casp6 generated the low molecu-
lar weight N-terminal cleavage products, p28 and p20 (Fig. 2D).
These findings suggest that Casp6 consensus sites in p97 are dis-
tinct from those targeted by effector Casp3 and Casp7.

ATP-dependent conformational changes in p97 reduce the
accessibility of the Casp6 cleavage site
Given that (1) Casp6 uniquely generates the N-terminal p28 frag-
ment, (2) the D1 domain is responsible for forming the p97 ho-
mohexamer, and (3) the D1 nucleotide binding state regulates
the N-terminal domain conformation (Davies et al., 2005), we
assessed the role of nucleotide binding on p97ND1 susceptibility
to Casp6-mediated cleavage. In the absence of ATP, p97ND1
cleavage by Casp6 generated the predominant cleavage product
p28 (Figs. 1B and 3A). In the presence of ATP, Casp6 generated
the p50 product more readily, indicating that p97ND1 was pref-
erentially cleaved at the C terminus. To investigate the effect of
Casp6 concentration on p97ND1 processing, p97ND1 was incu-
bated with increasing concentrations of Casp6 in the presence or
absence of ATP (Fig. 3B). Consistent with Figure 3A, generation
of p28 and p50 cleavage products was dependent on Casp6 con-
centration in the absence of ATP. However, only p50 was gener-
ated in the presence of ATP, indicating that the N-domain of p97
remained resistant to Casp6 processing. Furthermore, p50 gen-
eration was dependent on the ATP concentration (Fig. 3C), indi-
cating that ATP binding enhances p97ND1 processing at the
C-terminal end. These results strongly suggest that the ATP bind-
ing state of the D1 ring influences p97 N-terminal susceptibility
to Casp6-mediated processing.

We next investigated whether nucleotide binding also modu-
lates full-length p97 cleavage by caspases. In the absence of ATP,
cleavage of p97 by Casp3 and Casp7 generated p75 and p40,
whereas cleavage by Casp6 generated p75 and p28, but not p40
(Figs. 2 and 3D). In the presence of ATP, p97 cleavage by all
caspases was drastically reduced, but not abolished (Fig. 3E). Sev-

eral possibilities could account for the reduced processing of p97,
such as: (1) ATP may inhibit caspase activity, (2) p97 may inhibit
caspase activity in the presence of ATP, and (3) ATP-binding to
p97 may modulate the accessibility of the caspase cleavage site.
Casp3 or Casp7 DEVDase activity was neither affected by ATP
alone nor by ATP in the presence of p97 (Fig. 3F,G). Incubation
of active Casp6 with ATP alone, p97 alone, or p97 in the presence
of ATP only slightly reduced its VEIDase activity (Fig. 3H). Since
p97 processing by all caspases was reduced in the presence of
ATP, these data indicate that ATP-driven conformational
changes in p97 likely determine the accessibility of the Casp6
cleavage site.

Identification of the Casp6 cleavage site in p97
Considering the role of Casp6 in mediating neurodegeneration in
AD, we sought to identify the Casp6 cleavage sites in p97 using
LC-MS/MS. Digestion of recombinant p97ND1 fragment with
active Casp6 resulted in the identification of four semitryptic
peptides of a total of 50 sequenced peptides (Table 1). All semit-
ryptic peptides contained an aspartic acid residue at the C termi-
nus (supplemental Fig. 1A, available at www.jneurosci.org as
supplemental material). Two peptides contained the consensus
sites 176VAPD 179 and 304DELD 307, which were previously pre-
dicted (Fig. 1A). Two additional peptides contained the unique
cleavage sites 435ETID 438 and 475TWED 478. Processing of the
p97D2C fragment with active Casp6 yielded only a single semi-
tryptic peptide of a total of 41 sequenced peptides (supplemental
Fig. 1B, available at www.jneurosci.org as supplemental mate-
rial). Unlike the ND1 semitryptic peptides, the D2C-derived pep-
tide contained an aspartic acid residue at the N-terminal end.
Analysis of the sequence immediately preceding the peptide re-
vealed the predicted cleavage site 722VEED 725 (Table 1). As ex-
pected, no semitryptic peptides were identified in p97ND1 or
D2C fragments treated with heat-inactivated Casp6 (supplemen-
tal Fig. 1, available at www.jneurosci.org as supplemental mate-
rial). All together, these results indicate that p97 contains at least
five functional Casp6 cleavage sites.

Table 2. Abundance of anti-p97D179 immunopositive neurons in the hippocampus
of NCI, MCI, and AD individuals

Pathology score MMSE score

NCI (n � 4) 0 30
0 29
0 28

MCI (n � 4) 0 29
0 29
0 28
3 26

AD (n � 15) 1 24
1 24
1 22
1 21
0 20
1 16
3 15
0 15
2 12
3 10
2 9
2 7
3 2
3 1

Scores: 0, absent; 1, rare; 2, abundant; and 3, very abundant amounts of anti-p97D179 immunopositive neurons in
the hippocampus.
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p97 is cleaved at VAPD 179 in AD
To confirm p97 cleavage in AD, we generated a neoepitope anti-
serum recognizing p97 cleavage at D179 (anti-p97D179), the
only N-terminal Casp6 cleavage site consistently identified by
mass spectrometry (Table 1). We assessed the specificity of the
anti-p97D179 antiserum using cell extracts expressing vector
only, FLAG-tagged full-length p97 (p97WT), or a FLAG-tagged
p97(1-179) fragment, representing p97 cleaved at D179. Overex-
pression of p97WT and p97(1-179) was confirmed using an anti-
FLAG antibody (Fig. 4A) and an anti-N-terminal antibody for
p97 (Fig. 4B). Immunoblotting with anti-p97D179 specifically
recognized p97(1-179) and not p97WT (Fig. 4C). Furthermore,
the anti-p97D179 antiserum specifically immunoprecipitated
p97(1-179), but not full-length p97WT from N2a protein ex-
tracts (Fig. 4D). p97(1-179) could not be immunoprecipitated
with preimmune rabbit serum (Fig. 4D). A nonspecific band,
likely corresponding to IgG, appeared in all extracts immunopre-

cipitated with either the anti-p97D179 antiserum or the preim-
mune serum. Thus, the anti-p97D179 antiserum specifically
recognizes p97 cleavage at D179 and shows no immunoreactivity
against full-length p97.

To determine whether p97 is cleaved at D179 in AD brains, we
performed immunohistological staining on hippocampal tissue
sections from four persons with no cognitive impairment (NCI),
five with mild cognitive impairment (MCI), and 15 with AD with
the anti-p97D179 antiserum (Table 2 and Fig. 5A). The results
showed negative or rare immunopositive neurons in the hip-
pocampus of most NCI and MCI cases. One case of MCI showed
very abundant immunopositive neurons, consistent with the
previous detection of active Casp6 in some aged NCI brains
(Albrecht et al., 2007) and the presence of AD pathology in per-
sons with MCI and NCI (Bennett et al., 2005). Of the 15 AD cases,
immunopositive neurons were rare or absent in mild AD accord-
ing to the Mini-Mental State Examination (MMSE) score (20 –

Figure 5. Assessment of p97 cleavage in AD. A, Micrograph of p97D179 neoepitope antiserum (1/1000) immunostaining developed with diaminobenzidine in the dentate gyrus of one
representative case of NCI, MCI, and AD hippocampal tissue. B, Micrographs of the CA2/CA3 area of the hippocampus of consecutive tissue sections from an AD individual stained with anti-p97D179,
anti-p20Casp6, and anti-Tau cleaved by Casp6 (Tau�Casp6). All micrographs were taken from the same areas for comparison. C, Magnified micrographs of a neuron showing the granularity of the
p97D179-positive staining in the cytoplasm and neurite of neurons (�N) and a few neurons that were p97D179-negative (�N). D, Immunostaining of AD hippocampal tissue sections with
anti-p97D179 antiserum or no primary antiserum. Lower panels show enlarged area of the CA2. E, Micrographs of hippocampal neurons coimmunostained with the anti-p97D179 antiserum (Fast
Red) and anti-p20Casp6 antiserum (DAB).
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24) and increased to abundant and very abundant levels in the
more severe cases of AD (MMSE score �16), except in two cases.
Again, these two cases were the same previously found to have
low levels of senile plaques and neurofibrillary tangles (Albrecht
et al., 2007). Furthermore, p97D179 immunoreactivity localized

to the same hippocampal region where ac-
tive Casp6 and Tau�Casp6 were detected
(Fig. 5B). Interestingly, the immunoreac-
tivity of the anti-p97D179 antiserum in
neurons had a granular appearance and
was localized to the cytoplasm of the neu-
ronal cell body and to large neurites (Fig.
5C). Furthermore, AD hippocampal neu-
rons displayed strong immunoreactivity
with the anti-p97D179 antiserum and not
the preimmune rabbit serum (Fig. 5D).
Neuronal cells labeled with the anti-
p97D179 antiserum were also immunopo-
sitive for active Casp6, as p97D179 and
active Casp6 epitopes colocalized in the cy-
toplasm of hippocampal neurons (Fig. 5E).
Collectively, these results provide evidence
for p97 cleavage at D179 in hippocampal
AD tissue and implicate Casp6 activation in
p97 processing.

Overexpression of p97(1-179) fragment
compromises UPS-mediated
protein degradation
We next assessed the effect of p97(1-179)
expression on UPS-dependent protein
degradation pathways. We used two pre-
viously described UPS reporter constructs
(Dantuma et al., 2000), UbG76V-GFP and
Ub-R-GFP, in assessing the integrity of the
UFD and the N-end rule pathway, respec-
tively. In principle, both UbG76V-GFP and
Ub-R-GFP are short-lived proteasome sub-
strates, which accumulate quantitatively in
response to proteasome inhibition. Tran-
sient coexpression of UbG76V-GFP with
vector only or p97WT resulted in a weak
baseline expression of UbG76V-GFP
(Fig. 6 A). In contrast, coexpression of
an ATPase-deficient mutant of p97,
p97K524A, led to a marked accumulation
of UbG76V-GFP (Fig. 6A), indicating
that UbG76V-GFP degradation is p97-
dependent. Similarly, p97(1-179) ex-
pression resulted in the stabilization of
UbG76V-GFP (Fig. 6A). Expression of
p97WT, p97K524A, and p97(1-179) was
verified with an anti-FLAG antibody (Fig.
6B). Interestingly, immunoblotting with
an anti-C-terminal antibody for full-
length p97 revealed two cleavage products
of 55 and 40 kDa, which were only present
in cells expressing p97(1-179), but not
p97WT or p97K524A (Fig. 6C). Analysis
of the effect of p97(1-179) expression on
the N-end rule pathway, using the Ub-R-
GFP reporter construct, showed similar
results (Fig. 6D–F). These results suggest

that p97(1-179) expression impairs the UFD and N-end rule pro-
tein degradation pathways and destabilize endogenous p97 pro-
tein levels.

We next used flow cytometry to quantify the extent of UPS
reporter accumulation in response to p97(1-179) expression.

Figure 6. Effect of p97(1-179) expression on UPS reporter expression in N2a cells. GFP and Hoescht nuclear fluorescence of N2a
cells coexpressing vector, p97WT-FLAG, p97K524A-FLAG, or FLAG-p97(1-179) with UbG76V-GFP (A) or Ub-R-GFP (D). Western blot
analysis of N2a cell protein extracts overexpressing FLAG vector, p97WT-FLAG, p97K524A-FLAG, or FLAG-p97(1-179) with
UbG76V-GFP (B, C) or Ub-R-GFP (E, F ) using an anti-FLAG antibody (C, D) or an anti-p97 C-terminal antibody (E, F ).
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Baseline UbG76V-GFP expression, as ev-
ident in the number of GFP-positive cells
and their mean GFP fluorescence inten-
sity, was determined using vector cotrans-
fected cells (Fig. 7A). Two populations
were evident: a large cell population ex-
pressing low GFP fluorescence (P1) and a
small population of high-GFP expressers
(P2) (Fig. 7A). Compare to baseline GFP
expression, overexpression of p97WT
(Fig. 7B) or p97K524A (Fig. 7C) showed
similar distributions of the P1 and P2
populations. In contrast, p97(1-179) ex-
pression led to a marked increase in the P2
population (Fig. 7D). Quantification of
the number of GFP-positive cells in the
low or high GFP-expressing population
showed no significant difference between
vector, p97WT, or p97K524A-expressing
cells (Fig. 7E,F). However, p97(1-179)
expression resulted in a significant de-
crease in the number of GFP-positive cells
in population P1 and a corresponding sig-
nificant increase in population P2. These
results indicate that p97(1-179) expres-
sion leads to the stabilization, and thereby
the accumulation of UbG76V-GFP in the
cell population where they are normally
rapidly degraded.

We next assessed the mean fluores-
cence intensity, reflecting the average ac-
cumulation of GFP per cell, of both the P1
and P2 populations. Compared with vec-
tor cotransfected cells, p97WT expression
had no effect on the mean fluorescence
intensity of the P1 (Fig. 7G) or P2 popu-
lation (Fig. 7H). However, expression of
p97K524A led to a significant increase in
the mean fluorescence intensity of the P2
population, but not P1. These results suggest that p97 ATPase
activity is necessary for the clearance of UbG76V-GFP in the high
expresser population. In contrast, p97(1-179) expression had no
significant effect on the mean fluorescence intensity of either the
P1 or P2 populations. Furthermore, p97(1-179) expression had a
similar effect on the degradation of the N-end rule pathway re-
porter, Ub-R-GFP (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).

Discussion
The accumulation of ubiquitinated proteins in hippocampal neu-
rons is an important feature of neurodegeneration in AD and sug-
gests impairment in UPS-mediated protein degradation. In AD,
neurodegeneration is accompanied by Casp6 activation (Guo et al.,
2004; Albrecht et al., 2007, 2009) and Casp6 cleavage of cytoskeletal
proteins, which are critical for axonal function (Guo et al., 2004;
Klaiman et al., 2008). In this study, we add the ubiquitin-
dependent ATPase, p97, to the repertoire of Casp6 substrates in
AD and propose Casp6-mediated processing of p97 as a novel
mechanism of UPS impairment in AD.

Two lines of evidence support that p97 is a substrate of Casp6.
First, recombinant p97 was readily cleaved by active Casp6
as shown by immunodetection of the cleaved fragments and mass
spectrometric identification of the cleavage sites. p97 was previ-

ously reported as a putative Casp6 substrate in human primary
neurons (Klaiman et al., 2008). However, definitive identifica-
tion of p97 as a Casp6 substrate was complicated by the activation
of Casp3 and Casp7 in these experiments (Klaiman et al., 2008),
which theoretically could also cleave p97. Our results now con-
clusively confirm that p97 is a Casp6 substrate. Second, p97 pro-
cessing at the Casp6 consensus site, VAPD 179, was demonstrated
in the hippocampus of AD brain regions also displaying abun-
dant activation of Casp6. Active Casp6 is present in characteristic
pathologic features of both sporadic and familial AD: neuritic
plaques, neuropil threads, and neurofibrillary tangles (Guo et al.,
2004; Albrecht et al., 2007, 2009). Casp6 activation positively
correlates with cognitive decline in aged individuals and occurs at
all stages of AD (Albrecht et al., 2007). Accordingly, since p97 is a
Casp6 substrate, its processing should be evident in neuronal
populations displaying Casp6 activation. Indeed, p97 was colo-
calized with active Casp6 in AD hippocampal neurons and
p97D179 immunoreactivity was evident in MCI and AD hip-
pocampal regions, which also stain positive for active Casp6 and
Tau cleaved by Casp6.

We also show that p97D179 impairs UPS-mediated protein
degradation because overexpression of p97(1-179) in cells leads
to the accumulation of well characterized reporters of the ubiq-
uitin fusion degradation and the N-end rule pathways (Dantuma

Figure 7. Quantitative analysis of UPS reporter expression in N2a cells. A–D, Fluorescence activated cell sorting histograms of
N2a cells coexpressing UbG76V-GFP and FLAG vector (A), p97WT-FLAG (B), p97K524A-FLAG (C), or FLAG-p97(1-179) (D) for 24 h.
Data are representative of three independent experiments. E–H, The number of GFP-positive cells of P1 (E) or P2 (F ) populations
and the mean GFP fluorescence intensity of the P1 (G) or P2 (H ) at 24 h. Data represents the average of three independent
experiments. Error bars represent the SD between the three independent experiments. * indicates statistical significance at p �
0.05 compared p97WT (Scheffé).
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et al., 2000). Although it is unclear how UPS function is impaired
at the mechanistic level, p97(1-179) contains a protein-binding
fold that is known to interact with ubiquitin (Meyer et al., 2000),
ubiquitin-binding proteins (Meyer et al., 2002), and p97 cofac-
tors in membrane fusion (Kondo et al., 1997) and ERAD (Ye et
al., 2001). Therefore, p97(1-179) may competitively displace the
binding of endogenous p97 to these regulatory proteins. p97 also
uses ubiquitin as a recognition signal to segregate membrane
tethered protein complexes (Hitchcock et al., 2001; Flierman et
al., 2003; Ye et al., 2003; Shcherbik and Haines, 2007), and may
thereby mediate the disassembly or disaggregation of ubiquiti-
nated proteins. The competitive binding of p97(1-179) to ubiqui-
tinated proteins may interfere with p97 recruitment and
subsequent disaggregation of these complexes. Furthermore, re-
duction in p97 protein levels as a result of proteolysis in p97(1-
179)-expressing cells could also contribute to UPS impairment.
Consistently, knockdown of p97 by RNA interference impairs
proteasome function in both the ubiquitin-fusion degradation
and N-end rule pathways (Wójcik et al., 2006). Thus, in AD,
Casp6 may exacerbate the accumulation of ubiquitinated proteins
through the proteolytic processing of p97 and the generation of an
N-terminal fragment of p97. p97D179 immunostaining in AD
neurons was predominantly cytosolic and granular in appear-
ance, which is reminiscent of ubiquitin immunostaining in
AD (Hoozemans et al., 2009).

Our study shows that p97 is readily cleaved in the absence of
ATP and that ATP binding to p97 protects it from proteolysis.
Given that p97 undergoes drastic conformational changes in re-
sponse to nucleotide binding (Dreveny et al., 2004), our data
indicate that ATP-driven conformational changes could alter ei-
ther the structure or the accessibility of the Casp6 cleavage site
within the N-domain. Interestingly, mitochondrial dysfunction
and ATP depletion have been implicated in neurodegeneration in
AD (Wang et al., 2009a,b; Yao et al., 2009). Accordingly, it re-
mains to be established whether cytosolic ATP depletion may
increase the proteolytic susceptibility of p97 to Casp6-mediated
proteolysis in vivo. In cells, p97 conformational state is likely
influenced by multiple factors, including adaptor protein bind-
ing and posttranslational modifications such as ubiquitination
(Hitchcock et al., 2001) and phosphorylation (Klein et al., 2005).
Other studies have demonstrated that phosphorylation could
modulate the susceptibility of a substrate to caspase-mediated
processing, either positively or negatively. For example, Bid
phosphorylation by casein kinases I and II decrease its sensitivity
to Casp8-mediated cleavage (Desagher et al., 2001). Similarly,
mutant Huntingtin phosphorylation by cyclin-dependent ki-
nase 5 reduced its cleavage by Casp3 (Luo et al., 2005). In other
cases, phosphorylation, such as mitogen-activated protein
kinase-mediated phosphorylation of the androgen receptor,
enhances substrate cleavage by caspases (LaFevre-Bernt and
Ellerby, 2003).

Collectively, our results identify p97 as a substrate of Casp6 in
AD and suggest that p97 proteolysis is a novel mechanism of UPS
impairment in neurodegeneration. These findings further rein-
force the role of Casp6 in affecting multiple neurodegenerative
pathways in AD. Considering that Casp6 activation is also linked
to increased amyloid � production (LeBlanc, 1995, 1999), tau
protein cleavage (Guo et al., 2004), �-tubulin cleavage
(Klaiman et al., 2008), and synaptic protein degradation (Guo
et al., 2004; Albrecht et al., 2007, 2009), the additional identi-
fication of p97 as a Casp6 substrate also links Casp6 to polyu-
biquitinated protein accumulation in AD.
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MA, Sluijs JA, Köycü S, Ramdjielal RD, Salehi A, Martens GJ, Grosveld
FG, Peter J, Burbach H, Hol EM (1998) Frameshift mutants of beta
amyloid precursor protein and ubiquitin-B in Alzheimer’s and Down
patients. Science 279:242–247.

Wang Q, Song C, Yang X, Li CC (2003) D1 ring is stable and nucleotide-
independent, whereas D2 ring undergoes major conformational changes
during the ATPase cycle of p97-VCP. J Biol Chem 278:32784 –32793.

Wang X, Su B, Zheng L, Perry G, Smith MA, Zhu X (2009a) The role of
abnormal mitochondrial dynamics in the pathogenesis of Alzheimer’s
disease. J Neurochem 109 [Suppl 1]:153–159.

Wang X, Su B, Lee HG, Li X, Perry G, Smith MA, Zhu X (2009b) Impaired
balance of mitochondrial fission and fusion in Alzheimer’s disease. J Neu-
rosci 29:9090 –9103.

Watts GD, Wymer J, Kovach MJ, Mehta SG, Mumm S, Darvish D, Pestronk
A, Whyte MP, Kimonis VE (2004) Inclusion body myopathy associated
with Paget disease of bone and frontotemporal dementia is caused by
mutant valosin-containing protein. Nat Genet 36:377–381.
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