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Abstract
The presence of misfolded proteins elicits cellular responses including an endoplasmic reticulum
(ER) stress response that may protect cells against the toxic buildup of misfolded proteins.
Accumulation of these proteins in excessive amounts, however, overwhelms the “cellular quality
control” system and impairs the protective mechanisms designed to promote correct folding and
degrade misfolded proteins, ultimately leading to organelle dysfunction and cell death. Studies
from multiple laboratories have identified the roles of several ER stress-induced cell death
modulators and effectors. Earlier, we reported the role of the small co-chaperone protein p23 in
preventing ER stress-induced cell death. p23 undergoes caspase-dependent cleavage to yield a 19-
kD product (p19), and mutation of this caspase cleavage site not only blocks the formation of the
19-kD product but also attenuates the ER stress-induced cell death process triggered by various
stressors. Thus, a critical question is whether p23 and/or p19 could serve as an in vivo marker for
neurodegenerative diseases featuring misfolded proteins and cellular stress. In the present study,
we used an antibody that recognizes both p23 and p19 as well as a specific neo-epitope antibody
that detects only the p19 fragment. These antibodies were used to detect the presence of both these
proteins in cells, primary neurons, brain samples from a mouse model of Alzheimer's disease
(AD), and fixed human AD brain samples. While patients with severe AD did display a consistent
reduction in p23 levels, our inability to observe p19 in mouse or human AD brain samples
suggests that the usefulness of the p23 neo-epitope antibody is restricted to cells and primary
neurons undergoing cellular stress.
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Introduction
Cell death pathways triggered by protein misfolding and associated endoplasmic reticulum
(ER) stress have been implicated in all of the major neurodegenerative diseases (Kopito
2000; Forman et al. 2003; Hashimoto et al. 2003; Bredesen et al. 2006). Misfolded proteins
elicit cellular stress responses including an ER stress response that serves to protect cells
against the accumulation of these toxic proteins. Accumulation of these faulty proteins in
excessive amounts, however, overwhelms the cellular protective “quality control” systems
ultimately triggering programmed cell death (pcd) (Harding et al. 2002; Kaufman 2002;
Selkoe 2003; Sitia and Braakman 2003; Rao and Bredesen 2004; Rao et al. 2004a; Bredesen
et al. 2006). Cell death pathways triggered by misfolded proteins and other activators of ER
stress display both cytochrome c/Apaf-1 dependent and independent activation of pcd
(Morishima et al. 2002; Rao et al. 2002; Di Sano et al. 2006; Zhang and Armstrong 2006).
Studies from multiple laboratories have identified the roles of several ER stress-induced cell
death modulators and effectors through the use of biochemical, pharmacological, and
genetic tools (Breckenridge et al. 2003; Rao and Bredesen 2004; Xu et al. 2005; Bredesen et
al. 2006).

We recently described the role of the small co-chaperone protein p23 (a 23-kD HSP90-
associated chaperone protein) in ER stress-induced cell death. Using several complementary
approaches, we identified its role as an antiapoptotic protein (Rao et al. 2006). p23 is
cleaved at D142 by caspases-3 and -7 to yield p19 (a 19-kD fragment) during ER stress-
induced cell death (Rao et al. 2006). Mutating this caspase cleavage site not only blocked
the appearance of p19 but also was associated with decreased cell death triggered by various
ER stressors (Rao et al. 2006). These findings suggested that the presence of p19 may be an
indication of cells undergoing some form of cellular stress leading to cell death and
neurodegeneration. In order to determine whether this is the case, we examined the
localization and levels of p23 and p19 in cells before and after undergoing ER stress, in
brain samples from a mouse model of Alzheimer's disease (AD) and in human AD brain
tissues using two antibodies: one that recognizes both the parent p23 and the cleaved p19
fragment as well as a custom neo-epitope antibody that specifically recognizes only p19.
Our results indicate different localization and expression patterns of p23 and p19 in cells and
human AD brains tissues. Our results also suggest the usefulness of the p23 neo-epitope
antibody in detecting the p19 protein in stress-induced cells and primary neurons as well as
its preliminary detection in human AD tissue.

Experimental Procedures
Cells, Culture Conditions, Plasmids, and Transfections

Human embryonic kidney 293T (HEK293T) and Apaf-1−/− immortalized mouse embryonic
fibroblasts (Apaf-1−/− MEF) were cultured in Dulbecco's modified Eagle's medium
containing 10% fetal bovine serum and 1% penicillin/streptomycin. We used Apaf-1−/−

MEF as they are relatively resistant to cell death initiated by specific pro-apoptotic agents
that utilize the intrinsic mitochondrial-dependent pcd pathway, including Fas and ceramide-
mediated pathways (Rao et al. 2002, 2004b), but are susceptible to ER stress-induced cell
death (Rao et al. 2001, 2002, 2004b, 2006). Thus, the MEF provided us with a system to
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assess whether cellular stress-mediated cell death is triggered by the activation of caspases
without the involvement of the apoptosome.

Cortical neuronal cultures were prepared from 16-day Charles River CD1 mouse embryos
and maintained as described earlier (Rao et al. 2006). To induce hypoxia, cultures were
placed in modular incubator chambers (Billups-Rothenberg, Del Mar, CA) for 0–24 h at
37°C, under humidified 95% air/5% CO2 (control) or humidified 95% N2/5% CO2
(hypoxia) conditions. Cultures were then returned to normoxic conditions for the remainder
(if any) of the 24 h.

N-terminal Flag-p23 (human) was subcloned into a pcDNA3 expression vector (Invitrogen)
by PCR amplification of p23cDNA using 5′ p23 FLAG BamH1 and 3′ p23 Not1 primer
pairs. The amplified N-terminal Flag-p23cDNAwas excised using BamH1 and Not 1
restriction enzymes and ligated into the pcDNA3 expression vector. Using the QuikChange
Site-Directed Mutagenesis Kit (Stratagene), the uncleavable Flag-p23D142N mutant
construct was generated (Rao et al. 2006). The p19 cDNA (p23 deletion construct missing
the last 18 amino acid residues at the C-terminus) was produced from the full-length Flag-
p23 after introducing a stop codon downstream of the D142 site. The sequences of all
constructs were confirmed by DNA sequencing, and protein expression was verified by
immunoblotting. Transient transfections of 293T cells with Lipofectamine 2000 (Invitrogen)
were performed as described earlier (Rao et al. 2001, 2002, 2004b, 2006) and according to
the manufacturer's instructions. Typically, 2×106 cells were seeded into 10-cm dishes and
transfected 1 day later with 6 μg of the relevant construct using a ratio of 1 μg DNA/5 μl of
transfection reagent. The transfection efficiency using these conditions was approximately
65–70%. Transient transfections of the Apaf-1−/− fibroblasts were performed using TransIT-
Neural transfection reagent (Mirus Bio Corporation). Typically, 2×106 cells were seeded
into 10-cm dishes and transfected 1 day later with 6 μg of the relevant construct using a ratio
of 1 μg DNA/3 μl of the transfection reagent. The transfection efficiency using these
conditions was approximately 40–50%.

Antibodies
The following antibodies were used for Western blotting: p23 monoclonal antibody
(1:1,000, BD Biosciences), KDEL monoclonal antibody (1:500), GRP78 polyclonal
antibody (1:500), anti-Hsp90 monoclonal antibody (1:500) (all from Stressgen) and
glyceraldehyde-3-phosphate dehydrogenase monoclonal antibody (1:50,000, Research
Diagnostics Inc).

Generation of the p23 neo-epitope antibody was based on the protocol that we used earlier to
successfully generate an amyloid precursor protein (APP) neo-epitope antibody that
recognizes APP that is cleaved at the caspase site Asp664 (reflecting the generation of the
carboxy-terminal C31 fragment) (Banwait et al. 2008; Bredesen et al. 2010).
Conventionally, neo-epitope antibodies recognize the newly created N- or C-terminus of
protein degradation products but fail to recognize the same sequence of amino acids present
in intact or undigested protein (Fosang et al. 2010). It is for this reason that we have
designated the antibody as p23 neo-epitope antibody since it is expected to recognize the
new C-terminus of cleaved p23.

Two rabbits were immunized with keyhole limpet hemocyanin (KLH)-CEDVDLPEVD that
comprises the nine amino acids in p23 that precede the caspase cleavage site at aspartic acid
D142 as well as an amino terminal cysteine residue to allow for coupling to KLH. After
boosting the rabbits three times with the immunizing peptide over a 10-week period, the
antisera were collected, pooled, and affinity purified by three successive chromato-graphic
steps: (1) the antisera were first depleted of immunoglobulins recognizing intact p23 by
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adsorption to a bridging peptide (spanning the caspase cleavage site
GDEDVDLPEVDGADDDSQ) immobilized onto Sepharose 4B by cyanogen bromide
activation; (2) the flow-through from step (1) was applied to another Sepharose 4B column
containing the immobilized immunizing peptide, and the column was washed and the
specific antibody eluted via a pH gradient into 0.125 M borate buffer; and (3) the eluant
from step (2) was again absorbed to the immobilized bridging peptide as described and the
flow-through collected.

APP Transgenic Mouse
Mice overexpressing the human APP695 minigene carrying the Swedish (K670N, M671L)
and Indiana (V717F) familial AD mutations downstream of the platelet-derived growth
factor B-chain promoter have been previously described (PDAPP mice) (Mucke et al. 2000;
Galvan et al. 2006; Nguyen et al. 2008). The use of animals in this study was in accordance
with the National Institutes of Health Guide for the Care and Use of Laboratory Animals,
and under a protocol approved by the Buck Institute's Animal Care and Use Program
Committee, which is accredited by AAALAC.

Human Autopsy Material
Tissues from the Harvard Brain Tissue Resource Center (McLean Hospital, Belmont, MA)
were used for the present study. The procedures were conducted in compliance with policies
and principles contained in the Federal Policy for the Protection of Human Subjects.
Eighteen postmortem human brains were used in this study. Twelve came from individuals
with a clinical diagnosis of early (Braak stage I and II), moderate (Braak stage III and IV),
or severe (Braak stage Vand VI) Alzheimer's disease (AD) by histological analyses, and six
came from age-matched, normal controls. Ages at death ranged from 68 and 92 years, with a
mean age of 78. Postmortem intervals ranged between 4.98 and 30.65 h, with a mean delay
of 16.37 h. The gender, age at death, and postmortem interval were comparable in all
groups. Brain tissues frozen in liquid nitrogen vapor or at −80°C were shipped along with
formalin-fixed blocks of tissues. Subsequently, the formalin-fixed blocks of tissues were
paraffin-embedded and sectioned for IHC, while frozen (non formalin-fixed) tissues were
homogenized to make lysates for Western blotting.

Cell and Tissue Extracts and Western Blotting
Total cell extracts were prepared as previously described (Rao et al. 2001, 2002, 2004b,
2006). Briefly, untreated or treated cells were resuspended in RIPA buffer (50 mM Tris, pH
7.5, 0.5% deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl sulfate (SDS), 150 mM
NaCl) with protease inhibitors (Complete Mini, Roche), sonicated for 10 s on ice, and
centrifuged at 10,000×g for 10 min at 4°C. The supernatant was collected and protein
concentration determined using Coomassie Plus protein assay reagent (Pierce). Protein
(100–200 μg) was used for SDS–polyacrylamide gel electrophoresis (PAGE) and Western
blot analyses as described earlier (Rao et al. 2001, 2002, 2004b, 2006).

Dissected and frozen human brains or mouse hemi-brains were homogenized in ice-cold
phosphate-buffered saline lysis buffer containing 0.05% Nonidet P-40, 0.25% sodium
deoxycholate, 50 mmol/L Tris–HCl (pH 8.5), 100 nmol/L NaCl, 1 mmol/L EDTA (pH 8.0),
(Roche) complete mini cocktail protease inhibitors, and 2 mg/mL b-glycerol phosphate.
Samples were then centrifuged at 16,000×g for 10 min at 4°C and the resulting supernatant
assayed for total protein concentration. Protein (100–200 μg) from total extracts was used
for SDS–PAGE and Western blot analyses as described earlier (Rao et al. 2001, 2002,
2004b, 2006).
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Immunocytochemistry
HEK293T cells or Apaf-1−/− MEF were plated at 60–75% confluency onto multiwell dishes
or glass coverslips. Transfection of the relevant construct was carried out as mentioned
above, and cells were treated with or without 0.5 μM thapsigargin. Cells were fixed in
buffered 4% paraformaldehyde and permeabilized in 0.2% Triton in PBS. For the detection
of p23, cells were incubated with anti-p23 monoclonal antibody (10 μg/mL, BD
Transduction Labs) or anti p23 neo-epitope antibody (10 μg/mL) as primary antibody.
Secondary antibodies included Alexa Fluor 488 donkey anti-mouse IgG or Alexa Fluor 488
donkey anti-rabbit IgG (both antibodies at 4 μg/mL, Invitrogen).

For co-localization experiments, Apaf-1−/− MEF were plated into eight-well poly-D-lysine-
coated culture slides. One day later, cells were treated with or without 0.5 μM thapsigargin
for 12 or 24 h. Cells were incubated with 500 nM MitoTracker deep red 633 (Millipore) for
45 min at 37°C according to manufacturer's instructions, fixed in 4% PFA for 15 min,
permeabilized in 0.2% Triton X-100 for 5 min, and blocked in 5% normal donkey serum for
1 h. For the detection of p23, cells were co-incubated with anti-p23 monoclonal antibody
(10 μg/mL) or anti p23 neo-epitope antibody (10 μg/mL) and anti-calregulin (calreticulin)
polyclonal antibody (4 μg/mL) or anti-β III Tubulin monoclonal antibody (8 μg/mL) and
kept overnight at 4°C in 2.5% normal donkey serum. Calregulin was used as an ER marker
protein (Xiao et al. 1999), while β-III Tubulin served as a marker for the cytosolic
compartment. Secondary antibodies included Alexa Fluor 488 donkey anti-mouse IgG
(green), Alexa Fluor 488 donkey anti-rabbit IgG (green), Alexa Fluor 555 donkey anti-goat
IgG (red), or Alexa Fluor 555 donkey anti-rabbit IgG (red) (all at 4 μg/mL, Invitrogen).
Slides were mounted in Vectashield with 4′,6-diamidino-2-phenylindole (DAPI; Vector
Labs H-1200). Z-stacks of cells were acquired on a Zeiss LSM or a Nikon PCM 2000
confocal mounted on Eclipse-E800 microscope equipped with Argon 488 and 543 HeNe
laser filters. Z-stacks of the cells were acquired with voxel size of 0.048×0.048×0.25 um3

using PCI Imaging software. In Bitplane Imaris 4.1.3 Suite, individual cells were cropped
out of stacks. Subsequently, each cell's data set was run through Huygens deconvolution
software applying Classic MLE and using constant parameters for like primary/secondary
combinations.

Evaluation of Cell Death
Assessment of cell death was carried out as previously described (Ellerby et al. 1999; Rao et
al. 2001, 2002, 2004b, 2006). Cell death was determined as the percentage of dead cells over
the total number of cells. Statistical significance was determined by two-way analysis of
variance (ANOVA).

Results
Generation of the p23 Neo-epitope Antibody and Determining Its Specificity

A critical question regarding p19 and its relevance as a marker for cellular stress is whether
it can be detected in vivo. Generating a neo-epitope-specific antibody that recognizes only
p19 and not the parent p23 would not only specifically reveal the generation of p19 but also
enable us to screen pathological samples of mouse or human brains for the presence of p19.
We designed and generated an antibody directed against the neo-epitope of p23 after caspase
cleavage at D142 (Fig. 1a). This antibody was screened for its specificity to recognize p19.
As shown in Fig. 1b, treatment of Apaf1−/− MEFs with 0.5 μM thapsigargin resulted in the
cleavage of p23 to p19. While the p23 monoclonal antibody recognized both the pro and
cleaved forms of p23, the custom-made polyclonal antibody designed to recognize the neo-
epitope specifically recognized only p19, confirming its specificity (Fig. 1b, middle panel).
Incubation of the p23 neo-epitope antibody with an excess of the synthetic peptide
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immunogen resulted in the failure of the antibody to detect p19 (Fig. 1c), further indicating
that this particular antibody can be designated as the p23 neo-epitope antibody.

To test the antibody specificity in cells, Apaf1−/− MEF were treated with 0.5 μM
thapsigargin to induce ER stress. Immunocytochemistry was performed on untreated and
thapsigargin-treated cells using the p23 neo-epitope antibody. As shown in Fig. 2a,
immunoreactivity with the p23 neo-epitope antibody was observed only in thapsigargin-
treated cells indicating the presence of p19 in the thapsigargin-treated MEF.

The specificity of the antibodies was further confirmed by transfecting various p23
constructs including WTp23, p19, or p23D142N into HEK293T cells and staining the cells
with the p23 neo-epitope antibody. Immunoreactivity with the p23 neo-epitope antibody was
seen only in those cells that were transfected with p19 cDNA (Fig. 2b), further confirming
its specificity for the p19 protein.

Hypoxia, ER Stress, and p23 Cleavage
Hypoxia-induced neuronal cell death proceeds through the ER stress pathway and involves
several ER-associated proteins (Bando et al. 2003; Hori et al. 2004; Tajiri et al. 2004). To
determine whether hypoxia-induced cellular stress triggers caspase-mediated p23 cleavage,
we assessed the levels of p23 and p19 in cell extracts isolated from primary mouse cortical
cells subjected to hypoxia. As shown in Fig. 3a, hypoxia triggered p23 cleavage resulting in
the formation of the 19-kD fragment. While the p23 antibody recognized full-length p23,
p19 was weakly visible in the 12- and 24-h hypoxic samples. In contrast, the presence of
p19 was clearly observed using the p23 neo-epitope antibody (second panel). p19 levels
increased with time of hypoxia, suggesting that longer exposure times to low oxygen levels
triggered more p23 cleavage. Since p23 is an HSP90-associated chaperone protein and
GRP78 is an indicator of ER stress (Rao et al. 2004b, 2006), we assessed the levels of these
two proteins that were also found to increase with time of hypoxia.

We next determined whether or not ER stress-mediated p23 cleavage and the appearance of
p19 are blocked by specific inhibitors. As shown in Fig. 3b, addition of the pan caspase
inhibitor Q-VD-OPh or the serine protease inhibitor Pefabloc completely blocked 0.5 μM
thapsigargin-mediated p23 cleavage and appearance of p19 in Apaf1−/− MEF. The
proteasome inhibitors including lactacystin, MG262, and epoxomycin were all ineffective at
inhibiting thapsigargin-mediated p23 cleavage.

Cellular Localization of p23 and p19
To determine the intracellular localization of p23 and p19 before and after ER stress, we
performed immunocyto-chemistry on untreated and 0.5 μM thapsigargin-treated Apaf1−/−

MEF using either the p23 antibody or the p23 neo-antibody. Figure 4 is a representative
figure from three independent experiments, and as shown in the figure, p23 is predominantly
associated with the ER compartment in untreated cells, based on its co-localization with
calregulin (calreticulin), an ER marker protein. Following thapsigargin treatment, a
subpopulation of p23 gets associated with the cytosolic compartment as shown by its co-
localization with cytosolic β-III Tubulin. While immunostaining with the p23 neo-epitope
antibody did not show any staining in untreated cells, staining was predominantly observed
in the cytosolic compartment following ER stress. While there may be some p19 staining in
the ER after thapsigargin treatment, taking together all the three experiments, the
localization of p19 seems to be predominantly cytosolic, suggesting that cellular stress
triggers the localization of p19 and a subpopulation of p23 to the cytosolic compartment.

Poksay et al. Page 6

J Mol Neurosci. Author manuscript; available in PMC 2012 February 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Presence of p23 and p19 in a Mouse Model of AD and Human AD Brains
Since cleavage of p23 and appearance of p19 may be indications of cells undergoing some
form of cellular stress leading to cell death, it prompted us to determine whether p23
cleavage is implicated in neurodegenerative diseases that feature misfolded proteins and ER
stress. We used both p23 antibodies to determine the levels of p23 and p19 in extracts
isolated from Tg-APP mouse brains (Galvan et al. 2006; Nguyen et al. 2008) as well as
brains from normal human subjects and subjects at different stages of AD. Since both
antibodies failed to detect p23 or p19 in mouse or human tissues by immunohistochemistry
(data not shown), we examined the presence of these proteins by Western blot.

As shown in Fig. 5a, p23 levels did not vary between 8-month-old Tg and nonTg animals,
and there was also no evidence of p23 cleavage. The p23 neo-epitope antibody also failed to
detect the presence of p19 in all samples (data not shown). However, an increase in GRP78
levels in Tg-APP mouse brains was observed when compared with non-transgenic
littermates, indicative of ER stress in these transgenic animals. Interestingly, a similar
alteration in GRP78 levels was observed in humans with amnestic mild cognitive
impairment, arguably the earliest form of AD (Owen et al. 2009). In order to assess the
levels of p23 in older mice, we screened nonTg and Tg brains obtained from 13-month-old
mice and compared them with samples obtained from 3-month-old mice. Again, there was
no evidence of p23 cleavage in the older mice (Fig. 5b).

Next, we examined p23 levels in postmortem samples of age-matched human subjects
satisfying one of the following neuropathological diagnoses (Table 1): (1)
neuropathologically normal (N; Braak stage 0–I, without evidence of other degenerative
changes and lacking a clinical history of cognitive impairment), (2) E; early AD changes
(Braak stage I–II, in the absence of discrete neuropathology), (3) M; moderate AD
neuropathology (Braak stage III–IV), and (4) S; severe AD (Braak stage V–VI with
neuropathological diagnosis of AD, in the absence of other neuropathology). p23 levels
varied depending upon the severity of the AD and the age of the normal individuals.
Generally, levels of p23 were higher in older normal (N) individuals and in individuals with
early (E) or moderate (M) AD as opposed to those with severe (S) AD (Fig. 6a, b). All five
individuals with severe AD had very low levels of p23. Furthermore, brain extracts from
younger normal individuals (N4–6) had no detectable p23 (Fig. 6b). While the p23 neo-
epitope antibody failed to detect the presence of p19 in all samples (data not shown), a low
level of p19 expression was observed with the p23 antibody in one sample from a subject
with moderate AD (Fig. 6c, M2, longer exposure of the film). The failure to detect p19 in
these samples suggests that p19 is likely a transient species since it represents a caspase-
cleavage product (Semple et al. 2007; Werner et al. 2007). Moreover, all of the severe AD
patients (S1–S5) did display a consistent reduction in p23 levels, suggesting that the
reduction may involve cleavage of p23 to the p19 fragment.

Since p23 is an HSP90-associated chaperone protein, we also assessed the expression of
HSP90 in a subset of samples. Levels of HSP90 remained unchanged in the controls as well
as the AD samples (Fig. 6b). Shown in Fig. 6d is the p23 band density (arbitrary units) of
samples represented in Fig. 6a expressed graphically.

Discussion
p23 is a widely expressed protein and is involved in the binding, folding, and processing of
proteins and in the assembly of steroid hormone receptor and telomerase complexes, events
that are closely associated with the endoplasmic reticulum (Johnson et al. 1994; Johnson and
Toft 1995; Weaver et al. 2000; Felts and Toft 2003). Treatment of cells with ER stress-
inducing agents resulted in the cleavage of p23 to yield p19 (Rao et al. 2006; Bakhshi et al.
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2008; Chinta et al. 2008; Chinta et al. 2009). We were successful in generating an antibody
designated the p23 neo-epitope antibody that specifically recognizes p23 cleaved at the
caspase site D142, reflecting the generation of p19. The p23 neo-epitope antibody
specifically recognized p19 in (1) whole cells or cell extracts isolated from cells transfected
with p19cDNA, (2) whole cells or cell extracts isolated from cells treated with thapsigargin
and, (3) cell extracts isolated from primary cortical cells exposed to hypoxia.
Immunocytochemistry and/or Western blot analysis with a commercially available
monoclonal antibody that recognizes both p23 and p19 or the p23 neo-epitope antibody that
specifically recognizes p19 indicate that (1) p23 is cleaved to yield p19 during ER stress-
induced cell death, (2) while p23 is predominantly associated with the ER compartment in
untreated cells, a subpopulation of p23 gets distributed in the cytosolic compartment
following ER stress, and (3) p19 staining was observed predominantly in the cytosolic
compartment of stressed cells.

We had previously shown that downregulation of the expression of p23 by immunodepletion
and RNAi resulted in enhanced ER stress-induced apoptosis, suggesting a role for p23 as an
antiapoptotic protein. Moreover, uncleavable p23 (mutation of the caspase cleavage site
p23D142N) not only blocked the cleavage by caspases and formation of the 19-kD product
but also attenuated the cell death process (Rao et al. 2006). The above-mentioned results
together with our earlier observations (Rao et al. 2006; Bakhshi et al. 2008; Chinta et al.
2008; Chinta et al. 2009) support the notion that prolonged ER stress resulting in p23
cleavage and generation of p19 renders cells more susceptible to pcd. It has been observed
that the entire C-terminus of p23 is required for its chaperone activity and to enhance the
assembly of protein complexes (Weikl et al. 2000; Oxelmark et al. 2003). Thus, it is possible
that ER stress-induced cleavage of p23 at the D142 site, resulting in p19, abolishes the
ability of p23 to act as an antiapoptotic protein.

We had earlier shown that caspase-mediated cleavage of p23 abolishes the interaction of p23
with PUMA thereby allowing PUMA to associate with Bax and trigger pcd (Rao et al.
2006). These findings are significant since they indicate that ER stress-induced cell death
may require cross-talk between the ER and cytosolic compartments with p23 and p19
coordinating the ER–cytosolic death pathway. Since cleavage of p23 is associated with
increased cell death, it is possible that p19 displays pro-apoptotic activity analogous to
cleaved protein fragments of Bcl-2 and Bid (Cheng et al. 1997; Li et al. 1998). Studies are
ongoing to determine (a) if p19 is pro-apoptotic, (b) if p19 interacts with pro-death
molecules, and (c) the mechanism by which these interacting partners elicit pcd.

Since both the p23 monoclonal antibody and the p23-neospecific antibody failed to detect
p23 in human or mouse tissues by immunohistochemical staining, we examined p23 and p19
expression in mouse and human AD brains by immunoblotting. In the mouse model of AD,
we did not find cleavage of p23 in Tg-APP mice. The regulation of p23 abundance and
activity in the transgenic mouse model of AD and in humans may not be similar; moreover,
staging of AD in mice may not necessarily correspond to staging of the disease in humans,
as the appearance of plaques precedes symptoms in humans, but follows symptom onset in
mice. Finally, some features of the human disease, such as overt cell loss and pathology are
not represented in the mice (Selznick et al. 1999; Dewachter et al. 2000; Gotz et al. 2004;
McGowan et al. 2006). Thus, the 8- or 13-month-old AD mice that we chose for the analysis
may not be in a state of chronic stress leading to p23 cleavage.

The profile is slightly different in human brain samples—p23 expression varied depending
upon the severity of the AD and the age of the normal individuals. Levels of p23 were
consistently higher in brain extracts from subjects with moderate AD (with one of the
samples exhibiting cleaved p23) as opposed to younger normal individuals or those with
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early cognitive changes or even severe AD. A somewhat similar pattern was also observed
with cleaved APP (Banwait et al. 2008) and nuclear p21-activated kinase (Nguyen et al.
2008). Of further interest, three brain extracts from younger normal individuals (N4–6, ages
20–53, Fig. 5c) had no detectable p23. The failure to detect p23 expression in these normal
individuals suggests that other factors may influence p23 expression (Di Domenico et al.
2010). All five severe AD individuals had very low levels of p23. We speculate that as the
disease advances, the activity and expression of p23 may be increased or decreased at two
different levels depending on its function (e.g., protein–protein interaction or chaperone
activity). In addition, because housekeeping genes may change expression in postmortem
tissues of neurodegenerative diseases (Banwait et al. 2008; Nguyen et al. 2008), the level of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) may not accurately reflect equal
protein concentration and neuron number across groups; therefore, the low levels of p23 in
severe AD samples might be due to changes in p23 protein expression or secondary protein
loss as a result of cell death.

Our inability to observe p19 in mouse or human brain samples suggests that the usefulness
of the p23 neo-epitope antibody is restricted to cells and primary neurons undergoing
cellular stress. However, it should be noted that given a limited sample size, it is not
particularly surprising that we did not observe the p19 fragment which may represent a
transient species since it represents a caspase-cleavage product (Semple et al. 2007; Werner
et al. 2007). Of note, the severe AD patients did display a consistent reduction in p23 levels.
While there may be several reasons for the steady-state levels of p23 to be lower in this
phase of the disease, it is also quite possible that the reduction may be due to cleavage to the
p19 fragment.

Taken together, these findings suggest that the expression of p23 is generally higher in older
normal individuals and in those with moderate AD (and in one case also observed as cleaved
protein) possibly in an effort to stave off ER stress and neurodegeneration. Additional
studies will be needed to determine the significance, if any, of the presence of p23 and p19
in AD and other neurodegenerative diseases that feature misfolded proteins.
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Fig. 1.
Generation of the anti-p23 neo-epitope antibody. a Partial amino acid sequence of p23 that
includes the nine amino acids preceding the caspase cleavage site at aspartic acid D142 as
well as an amino terminal cysteine residue, to allow coupling to KLH. Both the immunizing
peptide and the bridging peptide were immobilized to Sepharose 4B for purification of the
p23 neo-epitope antibody as described in “Experimental Procedures” Section. b Western
blotting of p23 and p19 in cell extracts isolated from untreated or 0.5 μM thapsigargin-
treated Apaf-1−/− MEF for various time periods. Following SDS–PAGE and Western
blotting, membranes were probed with either the p23 antibody (top panel) or the p23 neo-
epitope antibody (middle panel). GAPDH was used as a loading control. c Western blotting
of p19 in cell extracts isolated from untreated or 0.5 μM thapsigargin-treated Apaf-1−/−

MEF (24 h). Immunoblotting with the p23 neo-epitope antibody was performed after
preadsorbing the antisera with the peptide immunogen. GAPDH was used as a loading
control
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Fig. 2.
Specificity of the p23 neo-epitope antibody. a Immunofluo-rescent staining for p19 was
performed in untreated or 0.5 μM thapsigargin-treated Apaf-1−/− MEF (24 h). Cells were
stained with the p23 neo-epitope antibody as primary antibody and Alexa Fluor 488 donkey
anti-rabbit IgG as secondary antibody. Nuclei were counterstained using VectaShield
Mounting Medium with DAPI (blue). b Specificity of the p23 neo-epitope antibody in cells
transfected with p23 constructs. HEK293T cells were transfected with various p23
constructs including WTp23, p19, or p23D142. Immunofluorescent staining for p19 was
performed as described in “Experimental Procedures” Section. Cells were stained with the
p23 neo-epitope antibody as primary antibody and Alexa Fluor 488 donkey anti-rabbit IgG
as secondary antibody. Nuclei were counterstained using Vecta-Shield Mounting Medium
with DAPI (blue)
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Fig. 3.
ER stress triggers p23 cleavage. a Western blot analysis of p23 and p19 before and after
exposing cortical neurons to hypoxia. Cortical neuronal extracts isolated from normal and
hypoxic cells were subjected to SDS–PAGE and Western blotting. Membranes were probed
with the p23 monoclonal antibody to detect both p23 and p19 (top panel) or p23 neo-epitope
antibody to detect p19 specifically (second panel). Cell extracts were also analyzed for
HSP90 and GRP78 levels. GAPDH served as a loading control. Surviving versus apoptotic
cells were quantified as described in the “Experimental Procedures” Section. b p23 cleavage
is blocked by a caspase inhibitor Western blotting of p23 and p19 in cell extracts isolated
from untreated or 0.5 μM thapsigargin-treated Apaf-1−/− MEF in the presence of various
inhibitors including pefabloc (300 μM), lactacystin (lacta, 5 μM), Q-VD-OPh (Q-VD, 20
μM), MG262 (MG, 100 nM), or epoxomicin (Epo, 10 nM). Following SDS-PAGE and
Western blotting, membranes were probed with the p23 monoclonal or p23 neo-epitope
antibody
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Fig. 4.
Co-localization of p23 and p19 before and after ER stress. Immunocytochemistry on
untreated or 0.5 μM thapsigargin-treated Apaf1−/− MEF was performed using either the p23
monoclonal antibody or the p23 neo-epitope antibody as described in “Experimental
Procedures” Section. Confocal images were acquired as described in “Experimental
Procedures” Section. For the detection of p23 or p19, cells were co-incubated with the p23
monoclonal antibody or the p23 neo-epitope antibody and the anti-calregulin polyclonal
antibody or the anti-β-III Tubulin monoclonal antibody as described in “Experimental
Procedures” Section. Secondary antibodies included Alexa Fluor 488 donkey anti-mouse
IgG (green), Alexa Fluor 488 donkey anti-rabbit IgG (green), Alexa Fluor 555 donkey anti-
goat IgG (red), or Alexa Fluor 555 donkey anti-rabbit IgG (red). Calregulin served as an ER
marker, while β-III Tubulin was used as a marker for the cytosolic compartment
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Fig. 5.
p23 levels in nonTg and Tg-APP mouse brains. a One hundred fifty micrograms each of
mouse brain (hippocampal) extracts from approximately 8-month-old nonTg (lanes 1–4) and
Tg-APP animals (lanes 5–8) were examined by Western blot using antibodies for p23 and
GRP78. Cell lysate isolated from 0.5 μM thapsigargin-treated Apaf-1−/− MEF (lane 9) was
used as a positive control. GAPDH served as a loading control. b One hundred micrograms
each of mouse brain (hippocampal) extracts from 3- or 13-month-old nonTg (lanes 1–4) and
Tg-APP animals (lanes 5–9) were examined by Western blot using the p23 antibody.
GAPDH served as a loading control
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Fig. 6.
p23 levels in hippocampal extracts from individuals at different stages of Alzheimer's
disease. a, b One hundred micrograms each of human brain extracts from normal (N), early
AD (E), moderate AD (M), and severe AD (S) pathology were examined by Western blot
using the p23 monoclonal antibody. Normal samples (N1–N3) were run in an independent
blot and placed along side the AD samples. Numbers indicate individual samples. Cell lysate
isolated from 0.5 μM thapsigargin-treated Apaf-1−/− MEF (b, lane 1) was used as a positive
control. HSP90 was also examined in this subset of samples (b). GAPDH served as loading
control. c A longer exposure of the membrane blot (a, lane M2) revealed the presence of p19
in the brain extract from subject M2 with moderate AD. d p23 band density (integrated
density value) of samples represented in a expressed graphically as arbitrary units and with
denotations of significance obtained by one-way ANOVA (*p<0.05)
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Table 1
Information about the human sample number, gender, AD status, and age of the brain
samples analyzed

Number/gender AD status Age

N1/F Normal 63

N2/M Normal 76

N3/F Normal 97

E1/M Early 70

E2/M Early 75

E3/M Early 85

M1/M Moderate 68

M2/M Moderate 80

M3/M Moderate 89

S1/M Severe 69

S2/F Severe 75

S3/M Severe 88

N4/F Normal 53

N5/M Normal 20

N6/M Normal 23

M4/F Moderate 84

S4/F Severe 94

S5/M Severe 77

Numbers 1, 2, 3 etc. indicate individual samples

N normal, E early AD, M moderate AD, and S severe AD pathology
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