
Association of AICD and Fe65 with Hirano bodies reduces
transcriptional activation and initiation of apoptosis

Sangdeuk Ha, Ruth Furukawa, and Marcus Fechheimer
Department of Cellular Biology, University of Georgia, Athens, GA 30602 USA
Sangdeuk Ha: sha@bidmc.harvard.edu; Ruth Furukawa: furukawa@cb.uga.edu; Marcus Fechheimer:
fechheim@cb.uga.edu

Abstract
Hirano bodies are cytoplasmic inclusions predominantly found in the central nervous system
associated with various conditions including aging and Alzheimer's disease (AD). Since most
studies of Hirano bodies have been performed in post-mortem samples, the physiological roles of
Hirano bodies have not been investigated. Astrocytoma H4 cells were employed to test the
hypothesis that Hirano bodies interact with and modulate signaling by the C-terminal fragment of
amyloid-β precursor protein (AICD). We demonstrated by immunofluorescence and
immunoprecipitation that model Hirano bodies accumulate AICD. Since stimulation of
transcription by AICD is dependent on its interaction with the nuclear adaptor protein Fe65, we
examined localization of Fe65, and employed a dual luciferase reporter assay to test the effects of
Hirano bodies on AICD- and Fe65-dependent modulation of gene expression. We find that both
AICD and Fe65 are co-localized in model Hirano bodies. Model Hirano bodies also down-regulate
both AICD-dependent apoptosis and AICD- and Fe65-dependent transcriptional activity. Thus,
association of AICD and Fe65 with Hirano bodies impedes their function in promoting apoptosis
and modulating transcription.
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1. Introduction
Hirano bodies are intracellular inclusions found in a number of neurodegenerative diseases
including Alzheimer's disease (AD), Amyotrophic Lateral Sclerosis (ALS), Parkinson's
disease, and other conditions in humans and animals producing persistent injury or stress
such as diabetes and chronic alcoholism (Gibson and Tomlinson, 1977; Hirano, 1994; Laas
and Hagel, 1994; Mitake et al., 1997; Mori et al., 1986; Okamoto et al., 1982; Schmidt et al.,
1989; Yamamoto and Hirano, 1985). Although Hirano bodies are often reported in neurons
of the central nervous system (CNS), particularly the Ammon's horn (CA1) in the
hippocampus, they have been reported in a variety of cells such as glial cells, peripheral
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nerve axons, and in skeletal muscle (Hirano, 1994). These inclusions are also observed in
normal elderly individuals without obvious underlying neurodegeneration (Gibson and
Tomlinson, 1977; Ogata et al., 1972). The fundamental organization of Hirano bodies
consists of highly ordered, eosinophilic, paracrystalline interlacing arrays of 6-10 nm
parallel filaments which show a lattice or herringbone-like arrangement of fibrillary
structure (Hirano, 1994; Schochet and McCormick, 1972). They have been reported to
contain actin filaments and actin-associated proteins (Galloway et al., 1987; Goldman, 1983;
Maciver and Harrington, 1995), microtubule associated proteins including tau (Davis et al.,
2008; Galloway et al., 1987; Peterson et al., 1988), and a variety of signaling molecules and
transcriptional regulators including protein kinase C (Shao et al., 2006), inducible nitric
oxide synthase (Lee et al., 1999), FAC1 (Jordan-Sciutto et al., 1998), and the cytoplasmic
fragment of the amyloid precursor protein (Munoz et al., 1993). The latter observation is
particularly interesting, since the carboxy-terminal fragment of the amyloid precursor
protein (AICD or γ-CTF) is released by presenilin-dependent gamma secretase cleavage of
the amyloid precursor protein. AICD forms multimeric complexes with the nuclear adaptor
protein Fe65, the histone acetyltransferase Tip60, or CP2/LSF/LBP1 transcription factor,
and these complexes potently stimulate gene expression and induce apoptosis (Cao and
Südhof, 2001, 2004; Kim et al., 2003; Kim et al., 2004; King and Turner, 2004; Kinoshita et
al., 2002; Kinoshita et al., 2002; von Rotz et al., 2004; Xu et al., 2007).

The physiological roles of Hirano bodies are not understood, because most studies of Hirano
bodies have been performed in post-mortem samples from patients with neurodegenerative
disease. Model Hirano bodies were first induced in Dictyostelium by expression of modified
forms of a 34 kDa actin bundling protein with activated actin binding activity (Maselli et al.,
2002; Maselli et al., 2003). More recently, we have demonstrated formation of model Hirano
bodies in cultured mammalian cells, and compared these model Hirano bodies to authentic
Hirano bodies in the brain by rigorous immunohistochemical and ultrastructural criteria
providing firm evidence that this system provides a good model for studies of Hirano bodies
(Davis et al., 2008). In this paper, we have utilized this model to test the hypothesis that
Hirano bodies interact with and modulate signaling by the C-terminal fragment of amyloid-β
precursor protein (AICD). We report that expression in human H4 cells of GFP fused to the
carboxy-terminus of a 34 kDa actin binding protein (CT-GFP) with activated actin binding
activity induces the formation of model Hirano bodies that contains sites for accumulation of
a C-terminal fragment of amyloid-β precursor protein (AICD) and a neuronal adaptor
protein Fe65. The model Hirano bodies efficiently decrease AICD-induced apoptotic cell
death determined by cell viability and caspase-3 activity. Moreover, we demonstrate that
model Hirano bodies down-regulate the transcriptional activity of APP-Gal4 and APPct-
Gal4 reporter constructs in the presence of Fe65. Therefore, our results suggest that a
physiological effect of Hirano bodies on mammalian cells is to impede and down-regulate
AICD-induced gene transactivation, and AICD-mediated apoptosis.

2. Methods
2.1 Generation of expression construct and cell culture conditions

For generation of the expression construct for model Hirano bodies (Lim et al., 1999b;
Maselli et al., 2002), truncated CT fragment (amino acids 124-295) encoding 34 kDa actin
bundling protein from Dictyostelium was subcloned into the BamHI site of the pEGFP-N1
(Clontech, Palo Alto, CA) at the carboxyl-terminus to express a fusion protein of CT with
GFP (CT-GFP) (Davis et al., 2008). H4 cells (American Type Culture Collection, Manassas,
VA) and HEK293T (CRL-1573, ATCC) cells derived from human embryonic kidney cells
were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 100 U/
ml penicillin/streptomycin and 10% fetal bovine serum. Transient transfection of cells was
performed using FuGene 6 (Roche Applied Science, Nutley, NJ) or LipofectAMINE PLUS
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(Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. To generate stable
cell lines expressing pEGFP-N1 or CT-GFP in H4 and HEK 293 cells, cells were transfected
following the manufacturer's instructions with 10 μg of plasmid DNA and either 50 μL of
LipofectAMINE PLUS or FuGene 6 per 100 mm culture dish. Stable cell lines were
generated through G418 selection (800 μg/ml final concentration) for 14 days, and clones
were isolated and sorted by MoFlo cell sorter (DakoCytomation, Ft. Collins, Colorado).

2.2 Immunofluorescence
Immunofluorescence of transiently transfected cells was performed 24–48 h post-
transfection. The cells were fixed in 3.7% formaldehyde for 10 min, washed three times with
PBS, permeabilized with 0.2% Triton X-100 for 5 min, and blocked with PBS containing 5
% bovine serum albumin for 1 h at room temperature. The cells were incubated with
appropriate primary antibodies for 1 h at room temperature: mouse anti-HA.11 monoclonal
antibody (Covance, Princeton, NJ; 1:1000) to label HA-Fe65, rabbit anti-c-Myc A-14 (Santa
Cruz Biotechnology, Santa Cruz, CA; 1:200) to label APPc58-myc. The cells were washed
three times with PBS and labeled with Cy5-conjugated anti-mouse or anti-rabbit IgG
antibody (Jackson Immunoresearch Laboratories, West Grove, PA) or TRITC-conjugated
anti-mouse or anti-rabbit IgG antibody (Sigma-Aldrich, St. Louis, MO) and Hoechst 33342
(Sigma-Aldrich, St. Louis, MO) for labeling nuclei for 1 h at room temperature. The cells
were washed three times with PBS, mounted with Crystal Mount (Biomeda, Foster City,
CA), and examined with a Leica TCS SP2 spectral confocal microscope with coherent
Ti:sapphire multiphoton laser (Mira Optima 900-F) (Leica Microsystems Inc, PA).

2.3 Assessment of cell viability and caspase-3/7 activity
H4 cells stably expressing CT-GFP or EGFP were plated at 4 × 105 cells in 60-mm culture
dishes. Cells were transiently transfected with 0, 0.5 or 1.0 μg of APPc58-myc (generously
provided by Dr. Bradley T. Hyman, Harvard Medical School, Charlestown, Massachusetts).
At 24 h post-transfection, cells were stained directly with a mixture of 10 μg Hoechst 33342
and 10 μg propidium iodide. Stained cells were visualized and counted using the confocal
microscope with a 40× water immersion objective in five random fields from each culture
dish. More than one hundred cells were counted per field in triplicate for each condition. To
calculate the cell death ratio, the number of propidium iodide stained cells was divided by
the total number of Hoechst stained cells. Caspase activity was measured by fluorometric
Apo-One Homogeneous Caspase-3/7 assay (Promega, Madison, WI). Cells were transiently
co-transfected with APPc58-myc and pCS-βgal constructs in 60-mm culture dishes. At 24 h
post-transfection, cells were washed twice with PBS and lysed with 500 μL of 1× reporter
lysis buffer at room temperature for 15 min. After centrifugation, protein concentrations in
the supernatant were determined by Bradford protein assay (Bio-Rad, Richmond, CA, USA)
using BSA as a standard. Cell lysates (20 μg of protein) and caspase-3/7 substrate (Z-
DEVD-R110) were added to 96-well clear-bottom plates in triplicate wells and incubated at
37°C for 1 h to measure caspase-3/7 activity. Reporter lysis buffer without cells was used to
measure background fluorescence. Fluorescence of the rhodamine 110 leaving group was
measured on a fluorescence plate reader (Bio-Tek Synergy HT, Winooski, VT) set at 499
nm excitation and 512 nm emission. Caspase-3/7 activity was calculated as [((mean R110
fluorescence performed in triplicate)-(mean background fluorescence)) divided by μg of
protein]. In addition, to normalize transfection efficiency of APPc58-myc in caspase assays,
cells were co-transfected with 0.25 μg of pCS-βgal construct. The β-galactosidase product
was measured at 420 nm. All measurements were performed in triplicate in three
independent experiments. Statistically significant differences were determined using
Student's t-test.
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2.4 Immunoprecipitation and western blot
HEK293T cells stably expressing EGFP or CT-GFP were plated at a density of 2 × 106 cells
per 100 mm diameter dish. Cells were transfected with either APP695, APPc58-myc, or
APPc58-myc and HA-Fe65 plasmid (Cao and Südhof, 2001) (generously provided by Dr.
Thomas Südhof, Southwestern Medical School, Dallas, TX) using FuGene6 reagent
according to manufacturer recommendations. At 48 hr post-transfection, cells were washed
twice with ice-cold PBS and lysed with lysis buffer (1% triton-X 100, 0.1% SDS, 0.5%
deoxycholic acid, 20 mM Tris-Cl pH 7.5, 10% glycerol, 0.5 mM EDTA, 100 mM PMSF,
and protease inhibitor cocktail (Roche Applied Science) for 10 min on ice. Cells were
scraped, collected, and incubated for 20 min on ice with occasional vortexing. Cell debris
was separated from total protein lysates by centrifugation at 13,000g for 20 min at 4°C.
Supernatant was stored at -20°C until used. Protein concentrations of the supernatants were
determined by either Bradford or bicinchoninic acid protein assay using BSA as a standard.
For immunoblot analysis, samples were loaded with 50 μg of protein from total protein
lysates and separated by SDS-PAGE. Blots were probed using anti-34 kDa (B2C) mouse
monoclonal antibody at a 1:5000 dilution or anti-GFP mouse monoclonal antibody
(Molecular Probes-Invitrogen, Carlsbad, CA) at a 1:3000 dilution. The signals were detected
by chemiluminescence (Pierce Biotechnology, Rockford, IL). For immunoprecipitation
assays, cell lysates of 500 μg of total protein were immunoprecipitated with either anti-
APPct (Sigma-Aldrich, St. Louis, MO), anti-GFP (Covance, Emeryville, CA), anti-c-Myc
A-14 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-Fe65 E-20 (Santa Cruz
Biotechnology), or anti-HA.11 (Covance) antibody, and collected with protein G-Agarose
(Roche Applied Science, Nutley, NJ). The beads were washed 3 times in lysis buffer.
Immunoprecipitated proteins were eluted, resolved by SDS-PAGE, transferred to
nitrocellulose (BA-85) for 1 hr or 4 hr (immunoprecipitation with anti-GFP) at 100 V, and
analyzed by immunoblotting with chemiluminescent detection.

2.5 Transactivation assays
This assay was performed essentially as described (Cao and Südhof, 2001). For Gal4
transactivation assays, luciferase assays were performed using a Dual-Glo luciferase assay
system (Promega, Madison, WI) according to the manufacturer's instructions. Most plasmids
for transactivation assays were a generous gift from Dr. T. Südhof (University of Texas
Southwestern Medical Center, Dallas, TX); (A) pG5E1B-luc (0.1 μg DNA) which contains
five Gal4 binding sites and the E1B minimal promoter in front of the firefly luciferase gene;
(B) pMst (Gal4, 0.1 μg DNA), pMst-APP695 (APP-Gal4, 0.1 μg DNA), pMst-APP695*
(APP*-Gal4, 0.1 μg DNA), pMst-APPct (APPct-Gal4, 0.1 μg DNA), and pMst-APPct*
(APPct*-Gal4, 0.1 μg DNA); Plasmids with * contain NATA mutation instead of NPTY in
the C-terminal domain of APP. (C) pRL-TK (kind gift of Dr. J. Lauderdale, University of
Georgia, 0.02 μg DNA) which produces Renilla luciferase as a control for transfection
efficiency; (D) HA-Fe65 (0.1 μg DNA) which stimulates transcription by binding to the
YENPTY sequence of the C-terminal domain of APP. Briefly, HEK293T cells stably
expressing EGFP or CT-GFP were co-transfected with three or four plasmids at a density of
1 × 104 cells per well in white, opaque 96-well microtiter plates using FuGene6 reagent. At
48 h after transfection, cells were lysed with Glo lysis buffer, and firefly and Renilla
luciferase activities in cell lysates were sequentially measured using the Dual-Glo Luciferase
Reporter System and Lmax luminometer (Molecular Devices, Sunnyvale, Calif.). Firefly
luciferase activity from reporter plasmid pG5E1B-Luc was produced by adding Dual-Glo
luciferase substrate. Renilla luciferase activity from pRL-TK was produced by addition of
Dual-Glo Stop&Glo substrate which is a substrate for Renilla luciferase and acts also as the
stop solution for firefly luciferase. Firefly luciferase luminescence was normalized by
Renilla luciferase luminescence as a control for transfection efficiency and further
normalized by beta-galactosidase activity as a control for the transactivation assay. The
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mean values were obtained from transactivation assays performed in triplicate and repeated
in at least three independent experiments. Statistical analyses were performed using
Student's t-test.

3. Results
3.1 Localization of the C-terminal domain of amyloid-β precursor protein (AICD) and Fe65
in Hirano bodies

We have developed a cell culture model for the formation of Hirano bodies in Dictyostelium
and mammalian cells using altered forms of the 34 kDa actin bundling protein (Davis et al.,
2008; Maselli et al., 2002; Maselli et al., 2003). We wanted to verify whether the C-terminal
fragment of APP is associated with model Hirano bodies in human H4 cells stably
expressing CT-GFP fusion protein as predicted by the original study of Hirano bodies in the
CA1 region of the hippocampus (Munoz et al., 1993). Results from immunofluorescence
and immunoprecipitation studies of both endogenous and overexpressed AICD, APP, and
Fe65 are shown in figures 1-4. Immunofluorescence of H4 stable cells expressing either
GFP or CT-GFP was performed utilizing an antibody raised against the C-terminal amino
acids 676-695 of APP. This antibody recognizes all endogenous forms of APP that contain
the COOH-terminus including APP695, C99, C83, and C57-59. This collection of APP
isoforms recognized by the antibody to the COOH terminus will be referred to as APPx.
APPx is diffusely distributed through the control H4 cells expressing GFP, and co-localizes
with Hirano bodies in CT-GFP H4 cells (Figure 1A).

Fe65 is a neuronal adaptor protein that interacts with the C-terminal domain of APP through
a YENPTY binding motif. The Fe65 is activated by interaction with this YENPTY motif,
and the activated form of Fe65 potently activates transcription in the nucleus (Cao and
Südhof, 2001, 2004; Kim et al., 2003; Kinoshita et al., 2002). Since APPx is co-localized in
model Hirano bodies, we assessed whether Fe65 is also co-localized in model Hirano bodies
in H4 stable cells expressing CT-GFP fusion protein. In H4 stable cells expressing GFP,
Fe65 was predominantly localized in the nucleus and also diffusely distributed in the
cytoplasm (Figure 1B). Fe65 was also localized in the nucleus of CT-GFP stable cells
(Figure 1B), but concentrated in model Hirano bodies in the cytoplasm of CT-GFP stable
cells. These results show that Fe65 also associates with model Hirano bodies.

Biochemical confirmation of the localization of APPx and Fe65 in Hirano bodies was
obtained through immunoprecipitation using antibody recognizing either the C-terminal
fragment of APP or anti-Fe65. Western blots were probed with an antibody to GFP that
recognizes free GFP and CT-GFP in the control and Hirano body containing cells,
respectively (Figure 2A). The immunoprecipitate obtained with antibody to the C-terminal
fragment of APP contained full length APP (not shown), and C99/C83 (Figure 2B). The
AICD (C57-59) is probably not detectable on this blot due to its low concentration. The 46
kDa CT-GFP fusion protein was detected as a single band in immunoprecipitates prepared
with anti-APPx or anti-Fe65, supporting the conclusion that model Hirano bodies expressing
CT-GFP fusion protein contain sites for accumulation of endogenous Fe65 (Figure 2C) and
APPx including at least the C83 and c99 fragments, and full length APP 695 (Figure 2B).
When immunoprecipitates are prepared with anti-GFP and western blots probed with either
anti-APPx (Figure 4C), endogenous AICD and a high molecular weight form corresponding
to full length APP are present only in the model Hirano bodies. Western blots probed with
anti-Fe65 (Figure 4C) reveal the presence of Fe65 in the model Hirano bodies.

To determine directly whether exogenous AICD (C58) could also associate with Hirano
bodies, H4 stable cell lines expressing GFP or CT-GFP were transiently transfected with
APPc58-myc (AICD), and the localization of APPc58-myc was determined by
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immunofluorescence with anti-c-Myc antibody (Figure 3A). The APPc58-myc showed a
predominantly nuclear localization with diffuse cytoplasmic staining in GFP stable cells
(Figure 3B), in agreement with previous reports of the localization of APPc58 in cells
lacking Hirano bodies (Kim et al., 2003; Kinoshita et al., 2002; von Rotz et al., 2004). By
contrast, the staining with antibody to myc was also partially nuclear in CT-GFP stable cells,
but significantly co-localized with model Hirano bodies in the cytoplasm of these cells
(Figure 3A). Similarly, in cells expressing exogenous HA-Fe65 and APPc58-myc, staining
with antibody to the HA epitope reveals that Fe65 is co-localized with AICD in the model
Hirano bodies (data not shown). Thus, AICD and Fe65 co-localize with Hirano bodies in
cells overexpressing APPc58-myc.

Biochemical confirmation of the molecular interaction of Hirano bodies and AICD was
performed by immunoprecipitation from total cell lysates of cells stably expressing GFP or
CT-GFP to induce model Hirano bodies, and either APPc58-myc or HA-Fe65 (Figure 4).
Cell lysates were immunoprecipitated with anti-c-Myc antibody to APPc58-myc (AICD) or
anti-HA antibody to HA-Fe65, and western blot analysis was performed with anti-GFP or
anti-34 kDa (B2C) antibody. The 46 kDa CT-GFP fusion protein was detected as a single
band in immunoprecipitates prepared from Hirano body containing cells but not from
control cells (Figure 4). In addition, total cell lysates of cells stably expressing CT-GFP and
transfected with either APPc58-myc (AICD) or APP695 were immunoprecipitated using
anti-GFP, and western blot analysis was performed with anti-APPx or anti-Fe65 antibodies
(Figure 4c). These results confirm that model Hirano bodies contain sites for accumulation
of APP695, and endogenous or exogenously expressed forms of both Fe65 and AICD.

3.2 Inhibition of AICD-induced apoptosis by Hirano bodies
AICD and Fe65 associate with Tip60 and other factors in the nucleus to modify
transcription, and to promote apoptosis by inducing GSK-3β and p53 (Alves da Costa et al.,
2006; Kim et al., 2003; Kim et al., 2004; Kinoshita et al., 2002; Lu et al., 2003). In this
study, we investigated the physiological effect of the presence of Hirano bodies on cell death
and caspase-3 activity in GFP and CT-GFP expressing H4 cells transfected with different
concentrations of APPc58-myc DNA. Immunoblotting was used to verify increases in
expression of APPc58-myc with increasing concentration of plasmid used for transformation
(Figure 5). In cells transfected with 0.5 and 1 μg of APPc58-myc, the percentage of dead
cells measured by staining with propidium iodide 24 h after transfection was significantly
lower in CT-GFP stable cells (10±0.9% and 25.9±2.5%) than in GFP stable cells (13±1.5%
and 41.8±3.6%), respectively (means ± S.E.M; p < 0.01) (Figure 5A). Thus, AICD-induced
cell death is reduced in CT-GFP expressing H4 cells that contain model Hirano bodies.

To confirm the effect of model Hirano bodies on AICD-induced cell death, we assessed the
caspase-3 enzyme activity at the same conditions. H4 stable cells were co-transfected with 0,
0.5, and 1 μg of APPc58-myc containing 0.25 μg of βgal DNA to control for transfection
efficiency. Caspase-3 activities in GFP stable cells were significantly increased depending
on the concentration of APPc58-myc DNA. By contrast, caspase-3 activities in CT-GFP
stable cells were not significantly elevated after expression of APPc58-myc DNA (Figure
5B). Further, caspase-3 levels were significantly lower in CT-GFP stable H4 cells as
compared to GFP stable H4 cells over the entire range of concentrations of APPc58-myc
DNA (Figure 5B; p ≤ 0.001). Taken together, these results show that the presence of model
Hirano bodies decreases AICD-induced apoptosis.
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3.3 Hirano bodies down-regulate Fe65 dependent transcriptional activity of APP-Gal4 and
APPct-Gal4 in HEK293T cells

Since AICD and Fe65 accumulated in model Hirano bodies in H4 cells (Figures 1-4), we
hypothesized that Hirano bodies might be able to modulate transcriptional activity. As
reported by Cao and Südhof (2001, 2004), Fe65 interacts with the YENPTY binding motif
of the C-terminal domain of APP and activates transactivation of APP-Gal4 and APPct-
Gal4. We examined whether model Hirano bodies regulate transcriptional activity of AICD
in the presence or absence of Fe65. Transcriptional activity was measured in HEK293T
stable cells using a dual luciferase reporter method and a Gal4/UAS transactivation assay
using 4 different APP and APPct constructs fused to Gal4 (Figure 6C), and further
normalized with control Gal4 transcriptional activity. We measured Gal4 transcriptional
activity in the absence (Figure 6A) or presence (Figure 6B) of exogenous Fe65 in HEK293T
cells stably expressing either GFP or CT-GFP. In the absence of exogenous Fe65, there was
a >10 fold enhancement of reporter activity in APPct-Gal4 transfected cells as compared to
other constructs, and this enhancement was not observed following transfection with the
APPct*-Gal4 mutant bearing a mutation in the YENPTY motif that mediates binding to
Fe65 (Figure 6A). The transcriptional activation in the absence of exogenous Fe65 was
consistently less in cells with Hirano bodies as compared to control cells, but the fold
activation is relatively small and the differences were not statistically significant (Figure
6A). In the presence of exogenous Fe65 expression, transcriptional activation induced by
APP and APPct was enhanced by 300- and 700- fold, respectively, in cells expressing GFP
(Figure 6B). This dramatic enhancement was not observed following transfection with the
APP*-Gal4 and APPct*-Gal4 bearing a mutation in the YENPTY motif. These results are
consistent with previous reports that Fe65 is required to increase transcriptional activity of
APP-Gal4 and APPct-Gal4 (Cao and Südhof, 2001, 2004; Perkinton et al., 2004; von Rotz et
al., 2004; Zhao and Lee, 2003). Most importantly, APP-Gal4 and APPct-Gal4
transcriptional activity in the presence of exogenous Fe65 was significantly decreased in
CT-GFP stable cells as compared to GFP stable cells (Figure 6B, p<0.001). These results
indicate that Hirano bodies greatly down-regulated APP-Gal4 and APPct-Gal4
transcriptional activity, suggesting a physiological role of Hirano bodies in regulation of
AICD- and Fe65-dependent transcriptional regulation.

4. Discussion
The amyloid cascade is the most prominent hypothesis proposed to explain the initiation and
progression of Alzheimer's disease (Hardy and Selkoe, 2002), while other hypotheses posit
important roles of other factors including oxidative stress (Butterfield et al., 2002), axonal
transport (Stokin et al., 2005), presenilin (Tu et al., 2006), tau (Lee et al., 2001; Ballatore et
al., 2007), and AICD (Galvan et al., 2006; Saganich et al., 2006). AICD is released from
APP by the presenilin-dependent gamma-secretase, and interacts with a number of adaptor
proteins that function in signal transduction, to modulate the metabolism and internalization
of APP, the secretion of Aβ, and to promote gene transactivation (King and Turner, 2004;
Kinoshita et al., 2002; McLoughlin and Miller, 2008; Raychaudhuri and Mukhopadhyay,
2007; Sastre et al., 1998). Further, two of these adaptor proteins, CP2 and Fe65, have
genetic polymorphisms that are correlated with Alzheimer's disease (Hu et al., 1998;
Lambert et al., 2000). Induction of cell death by AICD (Kinoshita et al., 2002) requires
Fe65-dependent gene transactivation (Cao and Südhof, 2001), and is likely mediated by
enhanced expression of known neurotoxic agents including GSK3β and p53 (Alves da Costa
et al., 2006; Kim et al., 2003; Xu et al., 2007), implying that p53-dependent apoptosis is
involved. In addition to its role in initiation of apoptosis, AICD can also lead to changes in
calcium signaling, growth factor and NF-kB pathway activation, the production, trafficking,
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and processing of APP, and neuronal development and differentiation (Raychaudhuri and
Mukhopadhyay, 2007).

We initiated this work by revisiting the report (Munoz et al., 1993) that epitopes from the
carboxy-terminus, but not the amino-terminus of APP are associated with Hirano bodies.
Epitopes from the C-terminus of APP (APPx) and the adapter protein Fe65 have been
localized to model Hirano bodies using both immunofluorescence and immunoprecipitation
(Figures 1,2). Direct demonstration that AICD itself can associate with model Hirano bodies
was obtained in cells transfected with epitope tagged APPc58-myc (Figures 3, 4). Our
findings demonstrate conclusively that both endogenous and exogenous AICD and Fe65 can
associate with model Hirano bodies. In addition, cells with model Hirano bodies had
reduced susceptibility to AICD-induced programmed cell death as revealed by enhanced
survival and reduced activation of caspase 3 following expression of AICD (Figure 5).
Finally, gene transactivation initiated by expression of APP-Gal4 and APPct-Gal4 is Fe65-
dependent, and is significantly reduced in cells bearing model Hirano bodies (Figure 6).
These findings have considerable significance with regard to the AICD hypothesis.

First, how could the presence of Hirano bodies modulate AICD-induced apoptosis and gene
transactivation? The simplest model is that Hirano bodies sequester AICD and Fe65, and
reduce the concentration of these agents available to stimulate transcription. While the
mechanism of the regulation of transcription by AICD and Fe65 is controversial, the
presence of Fe65 in an active conformation in the nucleus is required for AICD-dependent
transcriptional activation (Cao and Südhof, 2004), so the sequestration of Fe65 in Hirano
bodies is as significant as the presence of AICD. Fe65 interacts with other nuclear proteins,
CP2/LSF/LBP1 and Tip60, and plays a major role in activation of transcription (Cao and
Südhof, 2001; Kim et al., 2003; Zambrano et al., 1998). The sequestration of Fe65 in Hirano
bodies can also impact the metabolism of APP, and may inhibit production of Aβ and of
AICD (King and Turner, 2004), and may also interfere in other cellular functions of Fe65
(McLoughlin and Miller, 2008). In addition, Hirano bodies could impact the course of
apoptosis and gene expression by sequestration of other molecules whose presence in
Hirano bodies has been reported previously including iNOS (Lee et al., 1999), PKC ι/λ
(Shao et al., 2006), and other transcriptional regulators including FAC1 (Jordan-Sciutto et
al., 1998), and p130 (Previll et al., 2007). Sequestration of such signaling molecules could
impact the results of AICD-induced gene transactivation directly, or indirectly by affecting
the metabolism, trafficking, and interactions of AICD at multiple levels. For example, it has
been reported that phosphorylation of AICD at threonine 668 is required for its interaction
with Fe65, import to the nucleus, and for stimulation of neurotoxicity (Chang et al., 2006).
Other transcriptional modulators such as low density lipoprotein receptor related protein
intracellular domain (LRPICD) and NF-κB can inhibit or repress AICD dependent gene
transactivation (Kinoshita et al., 2003; Zhao and Lee, 2003). Finally, in addition to simple
sequestration, the degradation of Hirano bodies would permanently remove AICD, Fe65,
and other signaling molecules that traffic to these cytoskeletal inclusions. Consistent with
this proposal, we have recently found that autophagy contributes to the degradation of model
Hirano bodies (Kim et al., 2009).

A second major question concerns the mechanism of association of AICD and Fe65 with
Hirano bodies. The immunofluorescence and immunoprecipitation assays revealed an
association of AICD and Fe65 with CT-GFP (Figures 3 and 4), and our working model is
that this interaction is indirect. It has been known for some time that Fe65 binds to the actin
associated protein mena (Ermekova et al., 1997). Studies of the localization of Fe65 show
nuclear accumulation, or cytoplasmic staining that is frequently punctate rather than diffuse
(Cao and Südhof, 2001). It is consistent to propose that these punctate foci arise from Fe65
that is anchored to the actin cytoskeleton through mena. In addition, interactions of APP
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with Fe65 and mena in lamellipodia have been proposed to modulate cell movement (Sabo
et al., 2003). One explanation of this effect is that components of the actin cytoskeleton are
major targets of AICD- and Fe65-dependent gene transcription (Muller et al., 2007). It will
be exciting to test the proposal that mena is present in Hirano bodies and could mediate the
association of Fe65 and AICD with Hirano bodies.

The reported association of tau with Hirano bodies (Davis et al., 2008; Galloway et al.,
1987; Peterson et al., 1988) suggests another possible mechanism by which the presence of
Hirano bodies in cells could promote cell survival, and impact the progression of disease.
AICD and Fe65 also induce expression of glycogen synthase kinase-3β that is involved in
the phosphorylation of tau (Kim et al., 2003; Xu et al., 2007). Thus, their sequestration in
Hirano bodies might modulate these interactions. In addition, Fe65 is reported to be co-
localized with tau proteins in neurofibrillary tangles (Delatour et al., 2001). Finally, a recent
study reveals interactions of tau with filamentous actin, and implicates rearrangement of the
actin cytoskeleton in tau-induced neurodegeneration (Fulga et al., 2007). These studies focus
additional attention on the fact that the actin cytoskeleton can modulate pathological
processes that induce neurodegeneration. The molecular basis for such modulation presents
an exciting prospect for future study.

It is particularly noteworthy that studies using both mouse models and AD patients have
generated evidence that directly implicates the COOH-terminal regions of APP in the
pathogenesis of AD. AICD can be cleaved at aspartate 664 to generate a small cytotoxic
fragment called APPc31. Expression in mice of a human familial Alzheimer's APP with
alanine inserted in place of aspartate (D664A) at position 664 suppresses loss of synaptic
function in mouse models of AD, even though Aβ42 levels increase and plaque deposits at
normal levels (Galvan et al., 2006; Saganich et al., 2006; Galvan et al., 2008). These results
highlight the potential significance in the progression of AD of the generation of an APPc31
fragment by cleavage of AICD at aspartate 664. Since the APPc31 fragment contains the
YENPTY motif required for interaction with adapter proteins, and induces cell death and
promotes gene transactivation with a potency similar to or slightly less than that of APPc59
(Cao and Südhof, 2004; Kim et al., 2003; Kim et al., 2004), it is possible that Hirano bodies
could affect either this cleavage event, or the localization and biological activity of APPc31.
Further, mice expressing AICD show cognitive decline with no elevation of Aβ or
deposition of plaque (Ghosal et al., 2009). Finally, studies of brain from Alzheimer's patients
do reveal elevated levels of both AICD and of APP cleaved at aspartate 664 offering support
to the conclusions from the mouse models that intracellular regions of APP do promote
disease progression (Banwait et al., 2008; Ghosal et al., 2009).

In summary, studies of cells with model Hirano bodies in cell culture provide direct
evidence that model Hirano bodies do not inhibit cell growth, and are not necessarily
involved in a stage of cell death (Davis et al., 2008; Maselli et al., 2002; Maselli et al.,
2003). Further, we have shown that model Hirano bodies contain sites for accumulation of
AICD as well as Fe65, and that model Hirano bodies suppress apoptosis induced by AICD
and Fe65. Finally, Gal4-transactivation assays confirm that Hirano bodies reduce AICD- and
Fe65-dependent transcription. Thus, our current results strongly support the hypothesis that
the formation of Hirano bodies is an adaptive response involving the actin cytoskeleton that
may play a protective role in the progression of neurodegenerative disease like Alzheimer's
disease. Further studies will be required to explore and to critically test this hypothesis.
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The abbreviations used are

APP amyloid-β precursor protein

AICD the C-terminal fragment of amyloid-β precursor protein

APPx all truncated forms of APP that include the C-terminal region

β-gal β-galactosidase

PI propidium iodide

MAP microtubule-associated protein

LRP Low density lipoprotein-related protein
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Figure 1.
The C-terminal domain of the amyloid-β precursor protein is co-localized with Hirano
bodies. H4 cells stably expressing GFP or CT-GFP were stained for the presence of
endogenous forms of APP that include the C-terminus (APPx) (A) or Fe65 (B), and
visualized by TRITC-conjugated secondary antibodies (red). DNA was stained with Hoechst
dye (blue). A. APPx strongly localized with the nucleus and perinuclear region with limited
diffuse cytoplasmic staining in GFP stable cells, and showed extensive co-localization with
Hirano bodies in the cytoplasm in CT-GFP stable cells. Areas of co-localization appear
yellow in the merged image. B. Fe65 co-localized extensively with nuclei in GFP stable
cells and is partitioned between the nucleus and Hirano bodies in CT-GFP stable cells. Scale
bar = 20 μm.
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Figure 2.
Hirano bodies bind to C-terminal fragments of APP (APP695, APPC99/APPC83 and
APPC57-59) and Fe65. A. Cell lysates from wild type, GFP, and CT-GFP stable H4 cells
were analyzed by western blot using antibody against GFP. To verify equal loading of the
different cell lysates, α-tubulin was employed as a control. The 46 kDa CT-GFP fusion
protein (arrow) and 27 kDa GFP protein (arrowhead) are detected as single bands. Marker
proteins are 64.2, 48.8, 37.1, 25.9, and 19.4 kDa. B, C. Cell lysates obtained from GFP and
CT-GFP stable H4 cells were immunoprecipitated with an antibody against the C-terminal
portion of APP (anti-APPx) or with anti-Fe65 antibody, respectively. Products were detected
with either anti-GFP or B2C, a monoclonal antibody against 34 kDa protein. To verify equal
loading of the different cell lysates, α-tubulin was employed as a control as well as APPx
(panel B) and Fe65 (panel C). The immunoprecipitate fraction in panel B contained full
length APP (not shown) as well as C99/C83. The results show a specific interaction of APPx
(B) and Fe65 (C) with CT-GFP in model Hirano bodies, but not with GFP.
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Figure 3.
The C-terminal domain of the amyloid-β precursor protein is co-localized with Hirano
bodies. H4 stable cells expressing (A) CT-GFP or (B) GFP were transiently transfected with
APPc58-myc and visualized by anti-myc, and TRITC-conjugated secondary antibody (red)
for APPc58-myc. DNA was stained with Hoechst dye (blue). A. Areas of specific co-
localization of APPc58-myc with Hirano bodies in the cytoplasm in CT-GFP stable cells
appear yellow in the merged images. B. APPc58-myc is strongly localized in the nucleus in
GFP stable cells. Scale bar = 20 μm.
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Figure 4.
Co-localization of AICD and Fe65 with Hirano bodies. Lysates from cells transfected with
APPc58-myc (A, C) or HA-Fe65 (B) or APP695 (C) were immunoprecipitated with anti-
myc antibody (A) or anti-HA antibody (B) or anti-GFP (C). The immunoprecipitated
proteins were analyzed by western blot with either anti-GFP or anti-34 kDa (B2C) antibody
or anti-APPct or anti-Fe65 (B). To verify equal loading of the different cell lysates, α-
tubulin was employed as a control as well as APPc58-myc in A, C and HA-Fe65 in B. The
results show a specific interaction of APPc58 (A,C), Fe65 (B,C), and APP695 with CT-GFP
in model Hirano bodies, but not with GFP in control cells. The * in C indicates the heavy
chain of IgG arising from the GFP antibody used for the immunoprecipitation.
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Figure 5.
Hirano bodies significantly decrease AICD-induced apoptosis in H4 cells. H4 stable cells
stably expressing GFP or CT-GFP were transiently transfected with APPc58-myc DNA (0,
0.5, or 1 μg DNA), and examined at 24 hours for cell viability (A) and caspase 3/7 activation
(B). A. Cells were stained with propidium iodide (PI) and Hoechst dye 33342 to assess cell
viability. CT-GFP stable cells with Hirano bodies showed a lower percentage of cell death
than GFP stable cells (p < 0.001). B. Caspase-3 activity was measured using a fluorescence
assay that was normalized to β-galactosidase activity as a control for transfection efficiency
of APPc58-myc. Caspase-3 activity represented by relative fluorescence units (RFU) was
significantly decreased in CT-GFP stable cells compared to GFP stable cells (p < 0.001).
Data shown are mean ± S.E.M. of triplicate measurements, and repeated in three
independent experiments. Cell lysates transiently transfected with various concentrations of
APPc58-myc DNA were examined by immunoblotting with anti-c-Myc antibodies (bottom
panel) to verify that expression of APPc58-myc increased with the amount of DNA
transfected.
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Figure 6.
Fe65-dependent transcriptional activity of APP-Gal4 and APPct-Gal4 is down regulated in
HEK293T stable cells with Hirano bodies. HEK293T stable cells (1×104 cells) expressing
GFP or CT-GFP were co-transfected with 0.1 μg of pG5E1B-luc, 0.02 μg of pRL-TK and
one of the following 5 different Gal4 constructs (C): 0.1 μg of pMst (Gal4), 0.1 μg of pMst-
APP695 (APP-Gal4), 0.1 μg of pMst-APP695* (APP*-Gal4), 0.1 μg of pMst-APPct
(APPct-Gal4), and 0.1 μg of pMst-APPct* (APPct*-Gal4) in the absence (A) or presence
(B) of 0.1 μg of HA-Fe65. Plasmids with * contain the NATA mutation instead of NPTY in
the C-terminal domain of APP that binds to Fe65. Transactivation activity was normalized
to the level of transactivation of control Gal4. APP-Gal4 and APPct-Gal4 induced reporter
expression was greatly enhanced by the presence of Fe65 (note the different scale bars in
panels A and B). In the presence of Fe65, reporter expression was significantly lower in CT-
GFP cells as compared to GFP cells (p < 0.001), and was significantly greater for APP-Gal4
and APPct-Gal4 than for the corresponding constructs with the NATA mutation (marked
with *) in the Fe65 binding motif. Data shown are mean ± S.E.M. of triplicate measurements
and repeated in three independent experiments.
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