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phospholipase C (PI-PLC; Sigma, St. Louis, MO). The culture
supernatan{ was harvested and concentrated at a 1/30 volume
by centrifugation on a Ceniricon-10 filler (Millipore, Bedford.
MA). Human cell lines such as HEK293 embryonal kidney
cells, U-373MG astrocyloma, and NTera2 {eratocarcinoma
were obfained from the RIKEN Cell Bank (Tsukuba, Japan)
and the American Type Culture Collection (Rockville, MD). In
limited experiments, human astrocyfes and U-373MG cells
were incubated for 4 to 8 days in the serum-free Dulbecco’s
Modified Eagle’s medium /F-12 medium supplemenied with
an insulin-transferrin-selenium supplement (Invitrogen) with
or without inclusion of recombinant human IL-1f or TNFo
(PeproTech EC, London, UK).

For expression of transgenes, the human Nogo-4 gene
(GenBank accession no. NM_020532) encoding the Nogo-A-
specific scgment (NAS; amino acids 186-1004) and the
human NgR gene (NM_023004) encoding the full-length NgR
after a cleavage of the N-terminal signal peptide (amino acids
27-473) were amplified by PCR using PfuTurbo DNA
polymerase - (Stratagene, La Jolla, CA) from c¢DNA of
NTera2-derived human neurons (32) using sense and antisense
primer sets (5’ gatgagacccititigetettce13’ and 5’ tcalgaagtitiact-
cagcletgetga3’ for Nogo-A and 5'acgatggagagggcglecgetg-
gag3’ and 5'gcagggeccaageactigtecacageac3’ for NgR). The
Nogo-4 or NgR gene was cloned in an expression veclor
pcDNA4/HisMax-TOPO containing a N-terminal Xpress tag
for detection of the recombinant protein or in pEF6/V5-His-
TOPO containing a C-terminal V5 tag (Invitrogen), respec-
tively. The vectors were translected into HEK293 cells by
using Lipofectamine 2000 reagent (Invitrogen). At 48 hours
afler transfection, the cells were processed for Western blot
analysis.

For RT-PCR analysis, cDNA was amplified for 30 cycles
by PCR using sense and antisense primer sels specific for the
human NgR gene (5'cagtaceigaggetcaacgacaac3’ and 5 ac-
clgagectictgagicaccagtd’; product size 588 bp) or the human
glyceraldehyde-3-phosphate dehydrogenase (G3PDH) gene
{NM_002046; 5'ccatgticgtcatgggtgigaacca3’ and 5'gccagla-
gaggcagggalgatgtic3’; the product size 251 bp) (32).

Western Blot Analysis

To prepare total protein extract, the cells and tissues
were homogenized in RIPA lysis buffer composed of 50
mmol/L Tris-HCL, pH 7.5. 150 mmol/L NaCl, 1% Nonidet
P40, 0.5% sodium deoxycholate, 0.1% SDS, and a cocktail of
profease inhibitors (Roche Diagnostics, Mannheim, Germany),
followed by centrifugation at 12,000 rpim for 20 minutes al RT.
The supernatant was collected for separation on a 6%, 8%. or
12% SDS-PAGE gel. The prolein concentration was deler-
mined by a Bradford assay kit (BioRad, Hercules, CA). After
gel electrophoresis. the protein was transferred onto nitrocel-
lulose membranes and immunolabeled at RT overnight with
rabbit anti-Nogo-A or anti-NgR antibody. The membranes were
incubated at RT for 30 minutes with horseradish peroxidase-
conjugated anti-rabbil 1gG (Santa Cruz Biotechnology, Sania
Cruz. CA). The specific reaction was visualized with a Western
blot delection system using a chemiluminescent substrate
(Pierce. Rockford, IL). Afier the antibodies were stripped by
incubating the membranes at 50°C for 30 minutes in stripping
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buffer composed of 62.5 mmol/L Tris-HCl, pH 6.7, 2% SDS,
and 100 mmol/L 2-mercaptoethanol, the membranes were
processed for relabeling with goat anti-HSP60 antibody fol-
lowed by incubation with horseradish peroxidase-conjugated
anti-goat IgG (Santa Cruz Biotechnology), or with mouse
monoclonal anti-Xpress or auti-V5 antibody (Invitrogen)
followed by incubation with horseradish peroxidase-conju-
gated anti-mouse IgG (Santa Cruz Biotechnology).

RESULTS

Characterization of Anti-Nogo-A and
Anti-NgR Antibodies

To characterize the specificity of polyclonal anti-Nogo-
A antibody (sc-25600) and anti-NgR antibody (AB5615)
(Table 2), we investipated Nogo-A and NgR expression in
brain homogenates by Western blot analysis. The antibody sc-
25600 was raised against a peptide consisting of amino acids
700~1,000 of the human Nogo-A that represents a Nogo-A-
specific internal segment not shared with Nogo-B or Nogo-C.
This antibody reacted with a single band of 190-kDa protein in
human and mouse brain and spinal cord homogenaltes (Fig.
LA). This size corresponds to that of the full-length Nogo-A of
the rat oligodendrocyte lysate (11). The antibody sc-25600
recognized a 140-kDa recombinant NAS prolein with an
Xpress tag in the vector-transfected HEK293 cells but did not
reacl with any proteins in nontransfected HEK293 cells (Fig.
1C). The antibody AB5615 was raised against a recombinant
mouse NgR. This antibody reacted with a 64-kDa profein in
human and mouse brain and spinal cord homogenates (Fig.
I1B). This size corresponds to that of the full-length NgR
identified in the NgR gene-transfected CHO-K1 cells and
SH-SYSY cells (33. 34). The anlibody AB5615 recognized
nol only a 64-kDa endogenous NgR profein constitutively
expressed in nontransfected HEK293 cells but also reacted
with several bands immunoreactive for a V5 tag in the vector-
transfected HEK293 cells (Fig. 1D). The latter might represent
postiranscriptionally modified NgR isoforms. In agreement
with detection of NgR in HEK293 cells on immunoblot, RT-
PCR analysis using NgR-specific primer sets, which do. not
amplify NgR homologues NgRH1 and NgRH2 (33). identified
the constitutive expression of NgR mRNA in HEK?293 cells
(data not shown).

Nogo-A Expression on Oligodendrocytes in
Demyelinating Lesions of MS

To investigate Nogo-A expression in MS lesions. the
brain, spinal cord, and optic nerve sections of 4 progressive
MS patients and 12 non-MS$ control cases (Table 1) were
processed for immunohistochemistry using the antibody sc-
25600. Adjacent scctions were stained with the antibodies
againsi cell type-specific markers. In all MS cases. a substantial
population (20%-~60%) of surviving oligodendrocytes and
remaining myelin sheath at the edge of chronic active demy-
elinating lesions, where numerous CD68' macrophages/mi-
croglia accumulated (Fig. 2a inset), expressed an intense
immunoreactivity for Nogo-A (Table 3; Figure 2a and 2b inset).
In contrast, a smaller population (< 20%) of oligodendrocytes
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FIGURE 1. Nogo-A and NgR expression
in human brain, cultured astrocytes,
transfected HEK293 cells. (A, B) Immu-
noblot of brain homogenates with anti-
Nogo-A (A) or anti-NgR (B) antibody.
Human (lane 1) or mouse brain (lane
2), and mouse spinal cord (lane 3), 20
ng of protein each. (C, D) Immunoblot
of HEK293 cells expressing Nogo-A-
specific segment (NAS) (C) or NgR (D)
with (Ca) anti-Nogo-A, (Cb) anti-
Xpress, (Da) anti-NgR, (Db} anti-V5,

or (Cc and D¢) anti-HSP60 antibody.
Nontransfected (lane 1) and trans-
fected (lane 2) HEK293 cells, 120 ng

(C) or 4 ug (D) of protein each. (E) RT-

PCR analysis of (Ea) NgR and (Eb)
G3PDH mRNA in human astrocytes,
astrocytoma, and teratocarcinoma cell

lines. The cells were incubated for 8 days
in serum-free (lanes 2, 5) or 10% FBS-
containing (lanes 1, 3, 4, 6) medium.
NTera2 (lane 1), cultured human as-
trocytes (lanes 2-4), and U-373MG
(lanes 5, 6) with (lanes 1-3, 5, 6) or

1

! without (lane 4) inclusion of RT step.
2 (F) Immunoblot of cultured human

astrocytes with (Fa) anti-NgR or (Fb) anti-HSP60 antibody. The cells were incubated for 4 days in serum-free (lanes 1-3) or
10% FBS-containing (lanes 4-6) medium with inclusion of 100 ng/mL IL-1p (lanes 2, 5) 100 ng/mL TNF-« (lanes 3, 6) or without
cytokines (lanes 1, 4), 30 pg of protein each. (G) Immunoblot of supernatant of cultured human astrocytes with anti-NgR
antibody. The supernatant of (lane 1) untreated and (lane 2) PI-PLC-treated astrocytes.

distributed in the white matter of the brains of neurologically
normal subjects displayed a fairly weak immunoreactivity for
Nogo-A (Fig. 2¢). An intense Nogo-A immunoreactivily was
also found in surviving oligodendrocytes at the lesion border
of acute and old cerebral infarction (Fig. 2d inset). The number
of Nogo-A-expressing oligodendrocytes was much smaller in
the center of demyelinaling lesions and in the normal-
appearing white matler of MS brajns (Fig. 2d} and in the
necrotic lesions of cerebral infarction. Double labeling
immunohistochemistry verified a close association between
Nogo-A-expressing oligodendrocyles and MBP, an interacting
parter of Nogo-A (35) in MS lesions (Fig. 2b inset). In all MS
and non-MS cases. variable Nogo-A immunoreactivity was
identified in a small population (< 20%) of neurons widely
distributed in the whole CNS, including motor neurons in the
spinal cord with its location in the perikarya and neurites
(Table 3; Fig. 2f). suggesting that not all but a substantial
population of neurons in the adult human CNS express Nogo-
A constitutively. In contrast, Nogo-A expression was un-
detectable in GFAP" reactive astrocytes (Fig. 2a. ¢). CD68"
microglia/macrophages. ependymal cells, or CD3" T lympho-
eyles in chronic active demyelinating Jesions of M8, ischemic
lesions of cerebral infarction, and other cascs (Table 3).

To invesligate a possible association of Nogo-A-
expressing oligodendrocytes with damaged axons in active
MS lesions, adjacent scetions were stained with the antibody
against amyloid precursor profein (APP), a sensitive marker
for acule axonal injury (21). However, APP-immunoreactive
axons were hardly detectable in any cases examined (Fig. 3b).

€ 2005 American Association of Newropathologists, Inc.

and these axons did not colocalize with Nogo-A-expressing
oligodendrocytes (not shown).

NgR Expression on Reactive Astrocytes and
Microglia in Demyelinating Lesions of M$S

To investipale NgR expression in MS lesions, the brain,
spinal cord, and optic nerve sections ol 4 MS patients and 12
non-MS control cases (Table 1) were processed {or immuno-
histochemisiry using the antibody AB5615. In all MS and
cerebral infarction cases, a large population (> 60%) ol GFAP
reactive astrocytes and CD68" microglia/macrophages that
accumulated in chronic active and inactive demyelinating
lesions or in ischemic lesions expressed an intense immuno-
reactivity for NgR (Table 3; Fig. 4a. d. e). Furthermore, a faitly
small number of GFAP' astrocytes and CD68" microglia,
occasionally found in the brains of neurologically normal
subjects, were also stained intensely with anti-NgR antibody
(Fig. 4d inset). These ohservations suggest that both astrocytes
and microglia express high levels of NgR. parlicularly when
they become activated. Double-labeling immunohistochemis-
try verified coexpression ol NgR and GFAP on reactive
astrocyles in demyelinating lesions of MS (Fig. 3c, d). In all
MS and non-MS cases, variable NgR immunoreactivity was
identified in a large population (> 60%) of neurons and their
neurites widely distributed in the whole CNS (Table 3; Fig. 41),
suggesting that not all but a wide variety of neurons in the adult
human CNS constitutively express high levels of NgR. Among
them. cerebral cortical neurons and spinal cord motor neurons
coexpressed Nogo-A and NgR (Figs. 21, 4f). In addition,
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FIGURE 2. Nogo-A expression on oligodendrocytes in demyelinating lesions of MS. immunohistochemistry. (a) No. 744 MS,
Nogo-A, the edge of chronic active demyelinating lesions (DM) in the subcortical white matter of the frontal lobe (inset, CD68). (b)
No. 744 MS, MBP, the adjacent section of panel a (inset, no. 791 MS, double immunolabeling for Nogo-A as red and MBP as
brown). (¢) No. 744 MS, GFAP, the adjacent section of panel a. (d) No. 744 MS, Nogo-A, the normal-appearing white matter of
the frontal lobe (inset, no. 786 acute cerebral infarction, Nogo-A, the lesion border in the subcortical white matter of the parietal
lobe). (e) No. A2647 neurologically normal subject, Nogo-A, the subcortical white matter of the frontal fobe. (f) No. 791 MS,

Nogo-A, motor neurons in the spinal cord.

ependymal cells constitutively expressed intense NgR immu-
noreactivity, while NgR expression was notl found in oligo-
dendrocytes (Table 3; Fig. 4a, ¢) or CD3" T lymphocyles.

In confrast to widespread distribution of NgR in the
luman CNS, the NgR coreceptor p75N™ inununoreactivity
was identified in fairly restricted regions: most prominently
expressed in nerve fibers of substantia gelatinosa in the spinal
cord (Fig. 3a). tractus solitarius in the brainsiem. and found in
the vascular wall in the cerebrum. p75™™ was not expressed
on oligodendrocytes. astrocyles, or microglia/macrophages in
any cases examined (not shown).

Constitutive Expression of NgR in Cultured
Human Astrocytes

Because a previous study did not identify NgR on
astrocytes in the human CNS (15), NgR expression was

studied in cultured human astrocytes to verify the present
observations. RT-PCR analysis using NgR-specific primer sefs
identified a substantial level of NgR mRNA in human
astrocyles in culture, along with U-373MG and NTera2 cells
(Fig. 1E). No products were amplified when total RNA was
processed for PCR omitling RT step, confirming that
a conlamination of genomic DNA was excluded (Fig. IE,
lane 4). By Western blot analysis, NgR protein levels were
unaltered in cultured human astrocytes by exposure 1o IL-18
or TNF« under the serum-free or serum-coniaining culture
condition, when standardized against the levels of HSP60,
a housekeeping gene product, detected on the identical blots
(Fig. 1F). Double labeling immunocytochemistry verified
coexpression of NgR and GFAP in cultured human astrocytes,
where a substantial NgR immunoreactivity was identified in
the cytoplasm (Fig. 3e. ). Furthermore. a large amount of NgR
profein was detected in the supernatant of PI-PLC-treated

TABLE 3. Differential Expression of Nogo-A and Nogo Receptor in Glial Cells and Neurons in MS and Control Brains

Brain Astrocytes Microglian/Macrophages Oligodendrocytes Neurons
MS OND NNC MS OND NNC MS OND NNC MS OND NNC
Nogo-A  n(-) n{-) ) nt-) n{-) n{-) met Yy omit 1) s st/ 1) st s(+)
NgR 144y ) PHA +) R I+ 1) P +) 0 n(-) n{-) n-) 47+ 1) 1A ) It7i4 1)

The present study includes 4 MS cases, 6 non-MS neurologic and psychiatric disease cases (OND). and 6 newrologically normal cases (NNC ), as shown in Table 1. The population

size of immunorcactive cells per lotal i

expressed as [1] arge (60%); [m] maderate (60 20%): {s] small (<<20%). [n] almost none. and [1*] Jarge population but small number. The

intensity of immunoreactivity is graded as (—) negative, (1) weak, (44 intense, and (1/44) vanable,
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FIGURE 3. NgR expression

on reactive astrocytes and microglia in demyelinating lesions of MS. Immunohistochemistry. (a) No. 744 M5,

NgR, the edge of chronic active demyelinating lesions in the subcortical white matter of the frontal lobe. (b) No. 744 MS, GFAP, the
adjacent section of panel a. (c) No. 744 MS, MBP, the adjacent section of panel a. (d) No. 791 MS, NgR, chronic active demyelinating
lesions in the pons (inset, no. A2647 neurologically normal subject, NgR, the subcortical white matter of the frontal lobe). (e) No. 744
MS, NgR, chronic active demyelinating lesions in the pons. (f) No. 744 MS, NgR, motor neurens in the spinal cord.

human astrocyle cultures (Fig. 1G, lane 2), although a small
amount of NgR was found in that of untreated cultures (Fig.
1G, lane 1). .

DISCUSSION

The present study showed that Nogo-A expression was
markedly upregulated in surviving oligodendrocytes, while
NgR expression was greatly enhanced in reactive astrocyles
and microglia/macrophages in chronic aclive demyelinating
lesions of MS and ischemic lesions of acute and old cercbral
infarction, when compared with their expression in the brains
of neurologically normal controls. Both Nogo-A and NgR
were also identified in a subpopulation of neurons in the brain
and spinal cord, consistent with previous observations (4-9,
14, 15). In conirast, Nogo-A was undetectable in reactive
astrocytes and microglia/macrophages, and NgR was not
virtually expressed on oligodendrocytes. Previous studies
suggested that Nogo-A released from injured oligodendro-
cytes and damaged myelin sheath in the CNS lesions acts on
neighboring NgR-expressing neurons and their axons (306).
Our observations Taise an alfernative possibility that Nogo-A
expressed on surviving oligodendrocyles interacts directly
with NgR presented by reactive astrocyles and micro-
glia/macrophages at the site of active demyelinating lesions
of MS. A possible tole of NgR on reactive astrocytes and
microglia includes an inhibition of their proliferation. down-
regulation of cylokine production. and sequestration ol Nogo-A
released from damaged oligodendrocytes by acting as a non-
functioning decoy receplor.

The regulatory mechanism for Nogo-A and NgR ex-
pression remains largely unknown. Several studies suggested

& 2005 American Association of Newropathologists, Inc.

that Nogo-A and NgR levels are not substantially altered in the
adult rodent CNS following injury (4, 6, 14). The CNS injury
is ofien accompanied by a local infiltration of lymphocytes and
macrophages and an activation of microglia and astrocytes, all
of which provide a source of reaclive oxygen species, pro-
inflammatory cytokines, and neurotrophic factors. Previously,
we found that Nogo-A and NgR mRNA levels are unafTected
in human neurons in culture by exposure to basic FGF, BDNF,
GDNF, IL-18. or TNF-q. despite their expression of specific
receplors  (32). The present study revealed that human
astrocyles in culture constitutively express NgR. whose levels
remain unchanged by treatment with IL-18 or TNFo. Recent
studies showed that the expression of Nogo-A but not of NgR
is regulated by stress-inducing stimuli. Global ischemia
enhances Nogo-A expression on the myelin sheath in the
adult rat brain (37). supporting the present obscrvations. In
contrasl. neonatal hypoxia reduces Nogo-A protein levels on
oligodendrocytes in a mouse mode] (38). Nogo-A expression
is markedly reduced at CNS paranodes in the rats affected with
experimental autoimmune encephalomyelitis (39). Nogo-A
expression 3s upregulated around the lesion site, whereas NgR
is maintained atl constant levels in the adult mouse and rat
spinal card following injury (5, R). Nogo-A mRNA levels are
clevated in the adult rat hippocampal neurons afier kainate-
induced seizure (40). Furthermore, Nogo-A is induced in
hippocampal neurons of the patients with temporal lobe
epilepsy (41). Nogo-A is upregulated in denervated and inner-
valed mouse skeletal muscle and in postmortem and biopsied
muscles of amyotrophic lateral sclerosis patients (42, 43).
The human Nogo-A/B promoter lacks a typical TATA-box
and consensus sequences for known oligodendrocyte-specific
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FIGURE 4. Coexpression of NgR and
GFAP on reactive astrocytes in MS le-
sions and cultured human astrocytes.
immunohistochemistry and immunocy-
tochemistry. (a) No. 791 MS, p75™™®,
the substantia gelatinosa in the spinal
cord. (b) No. 609 MS, APP, chronic active
demyelinating lesions in the medulla
oblongata. (¢, d) No. 744 MS, double
immunolabeling for NgR (red) and GFAP
(green), chronic active demyelinating
lesions in the subcortical white matter of
the frontal lobe. (e, f) Cultured human
astrocytes, double immunolabeling for
NgR (red) and GFAP (green).

transcription Tactors, but it has a CpG island where a number
of CpG sequences are frequently methylated (10). Such GC-
rich promoters are typically identified in housckeeping genes
whose expression is ubiquitous. However, multiple GC-boxes
within the promoter region might lead to a synergistic
activation by the Spl family of oligodendrocyte-specific or
neuron-specific transcription factors (10). Interestingly. several
nonneural cell lines such as 3T3 fibroblasts and 2 myoblasts
express Nogo-A, where no direct correlation is observed
between Nogo-A mRNA and profein levels (10). On the other
hand, the human NgR promoter has not at present been
characterized. An in situ hybridization study showed that NgR
is undetectable in the spinal cord, and not expressed in
ependymal cells, but identified in a subpopulation of neurons
in the neocortex. hippocampus, amygdala. and the dorsal root
ganglia in the adult uman CNS (15). The discrepancy be-
tween this study and our own is attributable to the differences
in brain tissues cxamined and the methods applied for

identification of NgR. Recent studies showed that a subset of

CNS ncurons. including motor neurons in the adult rat and
mouse spinal cord. coexpress NgR and Nogo-A (4. 8, 14),
supporting the present observations. In addition, both Nogo-A
and NgR are identified in the human spinal cord during
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development when Nogo-A does not play a negative role in
regeneration {44). Most importantly. NgR expression is not
confined to neurons. US7MG human glioblastoma cells ex-
press a greal amount of endogenous NgR, through which
Nogo-66 modulates their growth and migration (45). Although
the LRR, LRRCT, and LRRNT subdomains of NgR are all
involved in Jligand binding (46), the DNAQLR motif located in
the third LRR domain is identified as the principal epitope
recognized by a monoclonal anti-NgR antibody capable of
blocking binding of all NgR ligands (47). We found that
a substantial NgR immunoreactivity was located in the cylo-
plasm of cultured human astrocytes, in addition to the detec-
tion of NgR profein in the supernatant of PI-PLC-treated and
untreated cultures. The intraccllular localization of NgR
appears unusual, but it might reflect the changes in cell—cell
inferactions under culture conditions (44). Supporting our
observations, an immunoelectron microscopic analysis showed
that NgR is Jocated at both presynaptic and postsynaptic
regions where NgR-immunoreactive products distribute dil-
fusely among cytoplasmic elements including synaptic vesi-
cles, mitochondria, and microtubules (5). Furthermore, in
human neuroblastoma cells. NgR is constitutively cleaved in
a post-ER compartment by zine metalloproteinases, and a
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resulting soluble N-terminal fragment is released into the
culture medium (34).

The NgR coreceplor p75™'™ transducing the signals
from Nogo-66, MAG, and OMgp via NgR (16, 17) acls as a
displacement factor that releases Rho from the Rhio GDP disso-
ciation inhibitor (Rho-GDI) (48). Neurons lacking p75™™
neither show RhoA activation nor exhibit neurite growth in-
hibition in the presence of myelin components (16). In general,
p75M® is expressed at high levels in neurons and glial cells
during development, while its expression level declines o
background levels in the adult CNS (49). However, p75™ is
reexpressed in the adult CNS following injury, ischemia, and
inflammation (50). Previous studies by immunochistochemistry
using a polyclonal anti-p75™™ antibody (G323A. Promega)
showed that p75™™ is expressed on oligodendrocytes and
microglia/macrophages in active MS lesions (51, 52). In
contrast, the presenl study using the monoclonal antibody
ME20.4 showed thal p75™™® expression was limited in some
regions such as substantia gelalinosa in the spinal cord, as
described previously (53). A recent study showed that the
antibody G323A exhibils a broad reactivity with numerous
cross-reactive bands in PNS and CNS homogenates (54). Our
observations support the view that NgR and p758™®
distribution does not always overlap in the CNS. NgR is
identified in many cell types in the adult CNS that exhibit little
or no p75~"® expression, whereas p75™ *-expressing central
cholinergic neurons in the medial septal nucleus do not
express NgR (14). The depletion of p75N"™ does not promote
axonal regeneration after spinal cord injury (55). suggesting
that an unidentified coreceptor for NgR might act as an
alternative - transducer of ncurite growth-inhibitory signals
{49). Another possibility exists that no alternative coreceptor is
expressed in NgR-expressing cells where NgR acts as a
nonsignaling receptor fo lake up an excessive amount of
extracellularly released Nogo. Importantly. the NgR/p75~N'™
receptor complex is not required for mediating the neurite
growlh-inhibitory activity of the NAS domain of Nogo-A (56).

In conclusion, Nogo-A expression was upregulated in
surviving oligodendrocyles. while NgR expression was en-
hanced in reactive astrocyles and microglia/macrophages in
chronic active demyelinating lesions of MS, although the
functional significance ol these observations remains to be
further investigated.
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The 14-3-3 Protein Forms a Molecular Complex with Heat Shock
Protein Hsp60 and Cellular Prion Protein
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Abstract

The 14-3-3 protein family consists of acidic 30-kDa proteins
composed of 7 isoforms expressed abundantly in neurons and glial
cells of the central nervous system (CNS). The 14-3-3 protein
identified in the cerebrospinal fluid provides a surrogate marker for
premortem diagnosis of Creutzfeldt-lakob disease, although an active
involvement of 14-3-3 in the pathogenesis of prion diseases remains
unknown. By protein overlay and mass spectrometric analysis of
protein extract of NTera2-derived ditferentiated neurons, we
identified heat shock protein Hsp60 as a 14-3-3-interacting protein.
The 14-3-37 and +y isofornis interacted with Hsp6(), suggesting that
the interaction is not isoform-specific. Furthermore, the interaction
was 1dentified in SK-N-8H neuroblastoma, U-373MG astrocyloma.
and HeLa cervical carcinoma cells. The cellular prion protein (PrPC)
along with Hsp60 was coimmunoprecipitated with 14-3-3 in the
human brain protein extract. By protein overlay, 14-3-3 interacted
with both recombinant human Hsp60 and PrPC produced by
Escherichia  coli, indicating that the molecular interaction is
phosphorylation-independent.  The 14-3-3-binding domain  was
located in the N-terminal half (NTF} of Hsp60 spanning amino acid
residues 27-287 and the NTF of PrPC spanning amino acid residues
23-137. By immunostaining, the 14-3-3 protein Hsp60 and PrPC
were colocalized chiefly in the mitochondria of human neuronal
progenitor cells in culture, and were coexpressed most prominently in
neurons and reactive astrocytes in the human brain. These
observations indicate that the 14-3-3 protein forms a molecular com-
plex with Hsp60O and PrPC in the human CNS under physiological
conditions and suggest that this complex might become disintegrated
in the pathologic process of prion diseases.

Key Words: 14-3-3, Hsp60, Mass spectrometry, Prion protein.
Protein overlay.
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INTRODUCTION

The 14-3-3 prolein family consists of evolutionarily
conserved. acidic 30-kDa proteins composed of seven
isoforms named B. . €. {. m. 6. and ¢ in eukaryotic cells.
A homodimeric or heterodimeric complex composed of the
same or distincl isoforms constitutes a large cup-like structure
possessing an amphipathic groove with two ligand-binding
capacity (1. 2). The dimeric complex acts as a molecular
adaplor that inferacts with key signaling molecules involved in
cell differentiation. proliferation. transformation. and apopto-
sis. The 14-3-3 protein regulates the function of target proteins
by restricting their subcellular Jocation, bridging them to modu-
late catalytic activity and protecting them from dephosphory-
lation or proteolysis (3. 4). Although the 14-3-3 protein is widely
distributed in neural and nonneural tissues. it is expressed most
abundantly in neurons in the central nervous system (CNS).
where it represents [% of total cytosolic proleins (5).

In general. the 14-3-3 prolein interacts with phospho-
serine-containing moltifs of the ligands such as RSXpSXP
{mode 1) and RXXXpSXP (mode 1I) in a sequence-specific
manner (3. 4). More than 300 proteins. amounting to
approximately 0.6% of the human proleome. have been
identified as being 14-3-3-binding partners. They include Raf-1
kinase. Bel-2 antagonist of cell death (BAD), protein kinase
C (PKC). phosphatidylinositol 3-kinase (P13K). cdc25
phosphatase. glycogen synthase kinase-3B (GSK3B). a-
synuclein, and ataxin-1 (6-9). Binding of the 14-3-3 protein
to Raf-1 is indispensable for its kinase activity in the Ras-
MAPK signaling pathway. whereas the interaction of 14-3-3
with BAD. when phosphorylated by a serine/threonine kinase
Akt inhibits apoptosis (1. 2). The larget proteins for 14-3-3 are
distributed in all subcellular compartments (3. 9). In addition
to the phosphorylation-dependent interaction. the 14-3-3
prolein occasionally interacts with a set of targel proteins in
a phosphorylation-independent manner (10-13).

Recently, the 14-3-3 protein detected in the cerebrospi-
nal fluid (CSF) of Creutzfleldt-Jacob discase (CJD) has been
used as a biochemical marker that strongly supports the
diagnosis of CID (14, 15). Furthcrmore. an inlense immuno-
reaclivily against the 14-3-3( isoform was identified in
amyloid plagues in the CJD brain (16). However, it remains
unknown whether the 14-3-3 protein plays an active role in the
development of prion diseases. The great majority of prion
diseases are characlerized by intracerebral accumulation of an
abnormal prion protein (PrPSc) that is identical in the amino
acid sequence to the cellular isoform (PrPC) encoded by the
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PRNP gene. PrPSc differs biochemically from PrPC by its 3
sheet-enriched structure, detergent insolubility. lumited pro-
teolysis by proteinase K. and a slower turnover rate (17).
Previous studies suggest that the conversion of PrPC into
PrPSc is mediated by a homotypic inleraction between
endogenous PrPC and incoming or de novo-generated PrPSc
through an undefined posttranslational process (17).

Heat shock protein (Hsp) acts as a molecular chaperone
that plays an essential role in protein folding. fransport.
degradation. and signal transduction and is pivotal for
recovery from stress-induced protein damage (18). Hsp60.
alternatively named as chaperonin 60 (Cpn60). recognizes
exposed hydrophobic surfaces of various proteins with
globular nonnative conformations. binds them in the central
cavity. and stabilizes them against irreversible denaluration
and aggregation {19, 20). Dysregulation of Hsp function is
supposed to be involved in the pathogenesis of neurodegen-
eralive diseases characterized by an accumulation of in-
tracellular and extracellular protein aggregates (21). A
missense mutation in Hsp60 that causes a loss of chaperone
function is responsible for an autosomal-dominant form of
hereditary spastic paraplegia (22). Several lines of evidence
suggest that Hsp60 promotes the conversion of PrPC to PrPSc
in vitro. although it remains unknown whether PrPC and
Hsp60 could interact in vivo in the same subcellular com-
partment (23. 24).

The present study. by using profein overlay and mass
_ spectrometry analysis. identified Hspé0 as a 14-3-3-interacting
protein in human neurons. Furthermore. PrPC along with
Hsp60 was coimmunoprecipilated with 14-3-3 m the human
brain protein extract. and they were colocalized chiefly in the
mitochondria of human neural cells in culture and coexpressed
most prominently in newrons and astrocyies in the human
brain. These observations indicate that the [4-3-3 protein
forms a molecular complex with Hsp6d and PrPC in the
human CNS. and put forth the hypothesis that this complex
might become disintegrated during the conversion of PrPC
into PrPSc, suggesting a mechanism for elevation of 14-3-3 in
the CSF of prion diseases.

MATERIALS AND METHODS

Cell Culture

11uman cell lines such as NTera2 teratocarcinoma, SKN-
S-H ncuroblastoma. U-373MG astrocyloma. Hela cervical
carcinoma. and HEK293 embryonal kidney cells were
obtained from the RIKEN Cell Bank (Tsukuba, Japan) and
the American Type Culture Collection (Rockville. MD). They
were maintained in Dulbeccos Modified LEagle’s medium
(DMEM; Invitrogen, Carlsbad. CA) supplemented with 10%
fetal bovine serum. 100 U/mL penicillin, and 100 jpg/mL
streptomycin (feeding medium). For the induction of neuronal
differentiation. NTera2 cells maintained in the undifferentiated
state (NTera2-U) were incubated for 4 weeks in feeding
medium containing 107" M all irunsretinoic acid (Sigma. St
Louis. MO). replated twice. and then plated on a surface
coated with Matrigel Basement Membrane Matrix (Becton
Dickinson. Bedford. MA). They were incubaled for another

© 2005 American Association of Newroparhologisis, Inc.

2 weeks in feeding medium containing a cocklail of mitotic
inhibitors. resulting in the enrichment of differentialed neurons
(NTera2-N), as described previously (25).

Human neuronal progenitor (NP) cells isolated {rom the
brain of a human fetus at 18.5 weeks’ gestation were obtained
from BioWhittaker (Walkersville, MD). NP cells plated on
a polyethylenimine-coated surface were incubaied in
DMEM/F-12 medium conlaining an insulin-transferrin-
selenium (1TS) supplement (Invitrogen). 20 ng/mL recombi-
nant human epidermal growth factor (Higeta. Tokyo. Japan),
20 ng/mL recombinant human basic fibroblast growth factor
(PeproTech EC. London. UK.). and 10 ng/mL recombinant
human leukemia inhibitory factor (Chemicon. Temecula. CA)
(NP medium). as described previously (26). Reverse tran-
scriplase—polymerase chain reaction {(RT-PCR) analysis con-
firmed the expression of nestin mRNA, a marker for neural
stem cells, in NP cells (data not shown).

Two-Dimensional Gel Electrophoresis and Mass
Spectrometry Analysis

To prepare total prolein extract for 2-dimensional (2D)
gel electrophoretic analysis, cells and tissues were homoge-
nized in rehydration buffer composed of & M urea, 2%
CHAPS. 0.5% carrier ampholytes (pH 4-7 or pH 5-7). 20 mM
dithiothreitol, 0.002% bromophenol blue. and a cocktail of
protease inhibilors and phosphatase inhibitors (Sigma). Urea-
soluble protein was separated by isoelectric focusing (IEF)
using the ZOOM TPGRunner system (Invitrogen) loaded with
an immobilized pH 4-7 or pH 53-63 gradient strip.
according 1o the methods described previously (26). After
the first dimension of 1EF. the protein was separated in the
second dimension on a NuPAGE 4% to 12% polyacrylamide
gel (Invitrogen). Then. the gel was stained by the Silverquest
silver staining kit {lnvitrogen) or by the Pro-Q Diamond
phosphoprotein gel staining kit that directly labels phosphate
groups of the protein attached to serine. threonire. or tyrosine
residues in the gel (Molecular Probes. Eugene. OR). For
protein overlay analysis. the gel was ftransferred onlo
a polyvinylidene difluoride (PVDF) membrane. The spots of
interest were excised from the gels. trypsinized. and processed
for mass spectrometry (nanoES1-MS/MS) analysis followed
by database searching using MASCOT software (Invitrogen
Proteome. Yokohama. Japan) (26).

Protein Overlay Analysis

To prepare the probe for protein overlay, the open
reading frame of the human 14-3-3¢ isoform gene or 14-3-3y
isoform gene was amplified from ¢DNA of N'Tera2-N cells by
PCR using PfuTurbo DNA polymerase (Stratagene, La Jolla.
CA). and sense and antisense primers listed in the Table. To
prepare the full-length. N-terminal. and C-terminal fragments
of HSP60 and PrPC. the human HSP60 gene or prion protein
pene was amplified by PCR using a panel of primers listed in
the Table. The PCR product was cloned into a prokaryotic
expression vector pTreHis-TOPO or pTreHis2-TOPO (Invi-
trogen) to produce a fusion profein with an N-terminal Xpress
tag or a C-terminal Myc tag. The recombinant proteins were
expressed in Escherichiv coli and purified through a HiTrap
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TABLE. Primers Used for Polymerase-Chain Reaction-Based Cloning

Genes Proteins (amino acid residues) GenBank Accession No. Sense Primers
YWHAZ 14-3-3¢ isoform (1-245) NM_003406 §atggaiaqaaalgagelgglicagd’
YWHAZ 14-3-3¢ isoform (1-245) NM_003406 S atggatannaaly atlcagd’
YWHAG 14-3-2y isoform (1-247) NM_012479 Salggiggace aactgated’
HSPDI HSP60 full length (1-573) NM_002156 Statgeticggitacecacagteed’
HSPD1 HSPA0O N-terminal fragment (27-287) NM_002]156 5 gecnaagalghviatlggtecal’
HSPD1 HSP60 C-terminal fragment (288-573) NM_002]56 S’ g laggelanaggtiggtettd’
PRNP cellular prion protein PrPC (23-231) NM_000311 S’ nagaagegceeguagec tggagenlggaad’
PRNP PrPC N-terminal fragment (23-137) NM_000311 Sringaagegeecgaagect gra ggalggand’
PRNP PrPC C-terminal fragment (138-231) NM_000311 Salctacatiteggengtmictat3d’

Genes Antisense Primers Cloning Vector
YWHAZ S”tlaalt e leetteteetged’ pTreHis-TOPO
YWHAZ Stuttiteeecteetivteetged’ pTreHis2-TOPO
YWHAG Staatigtigee e ge pTreHis-TOPO
HSPD! 5 Hagaacatgecaceleecatacd’ pTrcHis-TOPO
HSPD1 5" lagaegagigtucilngagelicd’ PeDNA4HIsMax-TOPO
HSPDI 3 ttug gucaceleecalied’ pcDNA4HIsMax-TOPO
PRNP Seagetegalectetelggtaataggeeigd’ pTrcHis-TOPO
PRNP 5’ lcagggeclgelenigaeiactice3’ peDNA4 HisMux-TOPO
PRNP 5 lcagetegalecteleiggliniaggeetgd’ peDNA4-HisMux-TOPO

The PCR product was cloned into o prokaryotic expression vector pTreHis-TOPO or pTieHis2-TOPO to produce a fusion protein with a Xpress g or a Myc g in E. eoli. It was also
cloned into a mammalian expression vector peDNAGHisMan-TOPO w express a fusion protein with a Npress g in HEK293 cells.

chelating HP colunmn (Amersham Bioscience, Piscataway. NJ)
followed by separation on a SDS-PAGE gel. Recombinant
human interferon-stimulated protein 1SG15 (rh1SG15) tagged
with Xpress was prepared for a negative control probe. as
described previously (26).

The PVDF membrane on which the gel was blotled was
incubated at room temperature (RT) overnight with 1 pg/mL
recombinant human 14-3-3¢ (rh14-3-37). 14-3-3y (rh14-3-
3v). or rhISG15. followed by immunolabeling with mouse

FIGURE 1. Two-dimensional gel
electrophoretic analysis of 14-3-3-
binding proteins in NTera2-derived
differentiated neurons. Two hundred
micrograms of total cellular protein
isolated from NTera2-derived differ-
entiated neurons (NTera2-N) was
separated on a 2-dimensional PAGE
gel (p! 5.3-6.3 for isoelectric focusing

monoclonal anti-X press or anti-Myc antibody {Invitrogen) and
HRP-conjugated anti-mouse IgG (Santa Cruz Biotechnology.
Santa Cruz. CA). After the probes and antibodies were
stripped by incubating the membrane at 50°C for 30 minuies in
stripping buffer composed of 62.5 mM Tris-HC1 (pH 6.7). 2%
SDS. and 100 mM 2-mercaptoethanol. the membrane was
relabeled with goat anti-HSP60 antibody (N-20; Santa Cruz
Biotechnology) foliowed by incubation with HRP-conjugated
anti-goat 1gG (Santa Cruz Biotechnology).

[IEF] and 4% to 12% for PAGE),
silver-stained, transblotted onto a
polyvinylidene difluoride  (PVDF)
membrane, and processed for over-
lay with recombinant human 14-
3-3{ protein (rh14-3-3¢) or recombi-
nant human interferon-stimulated
protein  (rhISG15) tagged with
Xpress followed by labeling with
anti-Xpress antibody. After the probe
and antibody were stripped, the blot

was relabeled with anti-Hsp60 antibody. (a) Silver staining, (b) rh14-3-3¢, (c) Hsp60, (d) rhISG1S One major spot labe[ed thh

rh14-3-3( is named spot 1 (arrow).
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FIGURE 2. Mass spectrometric analysis of the 14-3-3-binding protein in NTera2-N cells. Spot 1 labeled with the rh14-3-3{ probe
(Fig. 1) was excised from the gel, trypsinized, and processed for nanoESI-MS/MS analysis. (A) The spectra of MS analysis. Each peak
indicates individual peptide fragments. The positions of several peaks were automatically numbered on the spectra. The fragments
were selected for MS analysis in order of their signal intensity, although autolytic fragments of trypsin (e.g. 412, 421, 523, 737,
762, and 767) were omitted. (B) Amino acid sequence of human Hsp60. Seventeen peptide fragments of spot 1 identified by MS
analysis (shadowed) showed a perfect match with the sequence encompassing amino acid residues 38-493 of human Hsp60. The

number indicated on each fragment represents the position in the horizontal axis of the spectra.

immunoprecipitation Analysis

To express recombinant human proteins in cultured
cells, the PCR product was cloned into a mammalian
expression vector pcDNA4/HisMax-TOPO (Invitrogen) to
produce a fusion protein with an N-terminal Xpress tag. The
vector was transfected in HEK293 cells by Lipofectamine
2000 reagent (Invitrogen).

To prepare total protein extract for immunoprecipitation
(1P) analysis. cells and tissues were homogenized in M-PER
lysis buffer (Pierce. Rockford, IL) with a cocktail of protease
inhibitors and phosphatase inhibitors (Sigma) followed by

€ 2005 American Association of Newropathologisis, Inc.

centrifugation at 12,000 rpm at 4°C for 20 minutes. After
preclearance. the supernatant was incubated at 4°C for 3 hours
with 30 pg/mL rabbit polyclonal anti-14-3-3 protein antibody
(K19)-conjugated agarose {Santa Cruz Biotechnology) or
the same amount of normal rabbil lgG-conjugated agarose
(Santa Cruz Biotechnology). Afier several washes. the im-
munoprecipitates were processed for Western blot analysis
using anti-HSP60 antibody (N-20). mouse monoclonal. anti-
prion protein antibody (3F4: Dako. Carpinteria. CA), mouse
monoclonal anti-14-3-3 protein antibody (H-8; Santa Cruz
Biotechnology). or anti-Xpress antibody.
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FIGURE 3. The interaction of 14-3-3
protein with Hsp60 was not zeta
isoform-specific. Two hundred mi-
crograms of total cellular protein of
NTera2-N was separated on a 2-
dimensional PAGE gel ([a, b]: pi 5.3-
6.3 and 4%-12%; [¢, d]: pl 4-7 and
4%-12%), followed by silver stain-
ing or phosphoprotein staining. The .
gel was processed for overlay with
recombinant human 14-3-3y pro-
tein (rh14-3-3v) tagged with Xpress,
followed by relabeling with anti-
Hsp60 antibody. (a) rh14-3-3;, (b)
Hsp60, (c) silver staining, (d) phos-
phoprotein staining. Spot 1 is in-
dicated by an arrow.

Immunocytochemistry and
Immunohistochemisiry

For double-labeling immunocytochemistry. cells plated
on cover glasses were fixed with 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4) at RT for 10 minutes followed
by incubation with phosphate-buficred saline (PBS) contain-
ing 0.5% Triton X-100 at RT for 20 minules and with PBS
containing 10% normal human serum at RT for 15 minutes. In
some experiments, live cells were labeled with MitoTracker
Red CMXRos (Molecular Probes) before fixation. The cells
were then incubated at RT for 30 minutes with anti-HSP6O
antibody (N-20) followed by incubation with Rhodamine Red-
X-conjugated anti-goat I¢G (Jackson lmmunoResearch. Wesi
Grove. PA). They were then incubaled with rabbit anti-14-3-3¢
isoform antibody (1BL. Gumma. Japan) or mouse monoclonal
anti-prion protein antibody (8G&; Cayman Chemical, Ann
Arbor. M1) followed by incubation with Alexa Fluor
488-conjugated anti-rabbit or anti-mouse 1gG (Molecular
Probes). In limited experiments. the cells were incubaled at RT
for 5 minutes with 4'.6’-diamidino-2-phenylindole (DAPI)
(1:30.000; Molecular Probes). Afler several washes. cover
classes were mounled on the slides with glycerol-polyvinyl
alcohol and examined under a Nikon ECLIPSE E800 universal
microscope. Negative controls were processed following these
steps except for exposure to primary antibody.

For immunohistochemistry. 10-pm-thick serial sections
were prepared Trom several autopsy brains of multiple
sclerosis and cerebral infarction. Detailed clinical profiles of
the patients were described previously (26). The brains were
fixed with 4% paraformaldehyde and cmbedded in paraffin.
After deparaffination, the tissue sections were heated by
microwave at 95°C for 10 minutes in 10 mM citrate sodium
buffer (pH 6.0) followed by incubation al RT for 15 minutes
with 3% H.0:-containing methanol. For prion protein
immunolabeling. the sections were pretreated by boiling for
20 minutes in the citrate sodium buffer according to the
methods described previously (27). The tissue seclions were
then incubated with PBS containing 10% normal goat or rabbit
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serum at RT for 15 minutes to block nonspecific staining. They
were then incubated at 4°C overnight with anti-14-3-3¢
isoform antibody (IBL). anti-HSP60 antibody (N-20). anti-
prion protein antibody (8GR). rabbit anti-glial fibrillary acidic
protein (GFAP) antibody (N1506; Dako). or rabbit ani-
neuron-specific enolase (NSE) antibody (Nichirei. Tokyo.
Japan). Afler washing with PBS. the tissue sections were
labeled at RT for 30 minutes with peroxidase-conjugated
secondary antibodies (Simple Stain MAX-PO kil. Nichirei)
followed by incubation with a colorizing solution containing
diaminobenzidine tctrahydrochloride (DAB) and a counter-
staim with hematoxylin. For negative controls, the seclions
were incubated with a negative control reagent (Dako) instead
of primary antibodies.

RESULTS

ldentification of Hsp60 as a 14-3-3-Binding
Protein in Human Neurons

To identify 14-3-3-binding proteins in human neurons.
we performed a profein overlay analysis using recombinant
human 14-3-3¢ protein (rh14-3-30) tagged with Xpress as
a probe. Total protein extract of NTera2-derived differentiated
neurons (NTera2-N) was separated on a 2D-PAGE gel and
transferred onte a PVDF membrane (Fig. 1). The rh14-3-3¢
probe reacted strongly with several spots on the blol. among
which a major 60-kDa spot was designated spot 1 (Fig. 1b). In
contrast. the rhISGIS probe did not label any of these spots.
excluding nonspecific binding of rhl4-3-3¢ through the
Xpress tag (Fig. 1d). Spot I was excised [rom the original
gcl. trypsinized. and processed for nanoESI-MS/MS analysis
(Fig. 2A). Sevenleen peptide fragments derived from the spot
I showed a perfect match with the sequence covering amino
acid residues 38-493 of human Hsp60 (Fig. 2B). This
indicates that spot | corresponds to the ncarly full length of
Hsp60. Anti-Hspo0 antibody labeled spot 1. verifying the
results (Fig. lc). Furthermore, the rhi4-3:3y probe also

© 2005 American Association of Newropathologisis, Ine.



J Neuropathol Exp Neurol e Volume 64, Number 10, October 2005 14-3-3/Hsp60/PrPC Complex

FIGURE 4. The interaction of 14-3-3 protein with Hsp60 was universal in neuronal and nonneuronal cells. Two hundred
micrograms of total cellular protein of human cell lines and brain homogenate was separated on a 2-dimensional PAGE gel ([a-!]:
pl 5.3-6.3 and 4% to 129%,; [m-r]: pl 4-7 and 4% to 12%) followed by silver staining (the left panels). The gel was processed for
overlay with the rh14-3-3( probe tagged with Xpress or Myc (the center panels) followed by relabeling with anti-Hsp60 antibody
(the right panels). (a—) Undifferentiated NTera2 teratocarcinoma (NTera2-U), (d—f) SK-N-SH neuroblastoma, (g-i) U-373MG
astrocytoma, (j-1) Hela cervical carcinoma, (m-o) human neuronal progenitor (NP) cells, (p-r) brain homogenate.

© 2005 American Association of Newopathologisis, Ine. 863
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FIGURE 5. The interaction of 14-3-3
protein with both Hsp60 and PrPC. (A)

(D)

(A) The 14-3-3-binding domains of
Hsp60 and PrPC. Either the N-terminal
half (NTF) (lanes 1-3) or the C-
terminal half (CTF) (lanes 4-6) of (a)

recombinant human HSP60 or (b)
PrPC tagged with Xpress was sepa- }
rately expressed in HEK293 cells. The
celiular protein extract was processed

for immunoprecipitation (IP) with (2,
5) anti-14-3-3 protein antibody (K-19)
or (3, 6) rabbit 1gG, followed by

immunoblotting with anti-Xpress an-
tibody. The lanes (1, 4) indicate the
input control. (B) Coimmunoprecipi-
tation of 14-3-3 with Hsp60 and PrPC.

Human brain homogenate was pro-
cessed for IP with (2) K-19 or (3) rabbit
IgG followed by immunoblotting with
(a) anti-Hsp60 antibody (N-20), (b)
anti-prion protein antibody (3F4), or

(c) anti-14-3-3 protein antibody (H8).
Lane (1) indicates the input control.
(C) The interaction of 14-3-3 with
PrPC. Two hundred micrograms of

human brain protein extract was
separated on a 2-dimensional PAGE 1
gel (pl 4-7 and 4%-12%), silver-
stained, and processed for overlay

T
1 2 3

with the rh14-3-3{ probe tagged with Myc followed by relabeling with anti-prion protein antibody (3F4). (a) Silver staining,
(b) rh14-3-3¢, (¢) PrPC. (D) Phosphorylation-independent interaction of 14-3-3 with Hsp60 and PrPC. Xpress-tagged recombinant
proteins of (1) human Hsp60, (2) LacZ fragment, and (3) human PrPC produced by Escherichia coli were processed for overlay with
(a) the rh14-3-3{ probe tagged with Myc, followed by relabeling with (b) anti-Hsp60 antibody (N-20), (c) anti-prion protein

antibody (3F4), or (d) anti-Xpress antibody.

reacted with spot 1. suggesting that the interaction of 14-3-3
with Hsp60 is not ¢ isoform-specific (Fig. 3a. b). Hsp60 does
no! possess a substantial amount of phosphorylated amino acid
residues. because spot | was not labeled by the phosphopro-
tein gel stain (Fig. 3c. d).

To study whether the interaction of 14-3-3 with Hsp60 is
a neuron-specific event. protein extracts of undifferentiated
NTera2 (NTera2-U). SK-N-SH neuroblastoma. U-373MG
astrocytoma. HeLa cervical carcinoma. human NP cells. and
human brain homogenate were separated on a 2D-PAGE gel
and processed for protein overlay with the thi14-3-3¢ probe
tagged with Xpress or Mye. This identified Hsp60 as
a universal binding partner for the 14-3-3 protein (Fig. 4a—r).

The 14-3-3-Interacting Domain Was Located in
N-Terminal Half of Hsp60

To identify the 14-3-3-binding site of Hsp60. either the
N-terminal half with cleavage of the mitochondrial imporl
signal (NTF; amino acid residues 27-287) or the C-lerminal
half (CTF; amino acid residues 288~573) of human Hsp60 was
separately cxpressed in HEK293 cells. Then, total cellular
protein was processed for immunoprecipitation (IP) with anti-
14-3-3 protein antibody. The NTF but not CTF of Hsp60 was
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coimmunoprecipitated. indicating that the 14-3-3-interacling
domain is located in the NTF of Hsp60 (Fig. 5A. panel a).

Phosphorylation-Independent Interaction of
14-3-3 Protein With Hsp60 and PrPC

By IP of human brain protein with anti-14-3-3 protein
antibody. cellular prion protein (PrPC) along with Hsp60
was coimmunoprecipitated with 14-3-3 (Fig. 5B. panels a—c).
In contrast, Raf-1, one of the well-known 14-3-3-binding
partners. was nol coimmunoprecipitaled with 14-3-3 in the
human brain homogenate {data not shown). By protein overlay
of human brain homogenate. the rhi14-3-3¢ probe reacted
with PrPC. suggesting that PrPC is another 14-3-3 protein-
interacting protein (Fig. 5C. panels a-c). Furthermore. the
th14-3-37 probe labeled both recombinant human Hsp60
(66 kDa) and PrPC (32 kDa). but did not label a LacZ fragment
(44 kDa). all of which were produced by E. coli as non-
phosphorylated forms tagged with Xpress (Fig. SD. panels a—d).
This indicates that the molecular interaction of 14-3-3 with
Hsp6O and PrPC is direct but phosphorylation-independent.
To identify the 14-3-3-binding site of PrPC, cither the NTF
(amino acid residues 23-137) or the CTF (amino acid residucs
138-231) of human PPC was separately expressed in
HEK293 cells. Then. total cellular protein was processed

© 2005 American Association of Newropaithologists, Inc.
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FIGURE 6. Colocalization of 14-3-3 protein, Hsp60, and PrPC in the mitochondria of human neuronal progenitor cells. Human
neuronal progenitor (NP} cells were immunolabeled with 14-3-3( isoform-specific antibody, anti-Hsp60 antibedy, anti-prion
protein antibody (8G8), MitoTracker Red CMXRos, or DAPI followed by staining with secondary antibodies. (a) 14-3-3L, (b)
Hsp60, (c) merge of (a) and (b); (d) 14-3-3, () CMXRos, (f) merge of (d) and (e) labeled with DAPI; (g) PrPC, (h) Hsp60, (i)

merge of (g) and (h).

for IP with anti-14-3-3 protein antibody. The NTF but not CTF
of PrPC was coimmunoprecipitated. indicating that the {4-3-3-
interacting domain is located in the NTF of PrPC (Fig. 5A,
panel b).

Coexpression of 14-3-3 Protein, Hsp60,
and PrPC in Vitro and in Vivo

To determine whether 14-3-3. Hsp60. and PrPC are
colocalized in the same subcellular compartment. cultured
human NP cells were double-immunoclabeled with the 14-3-3¢
isoform-specific antibody. anti-Hsp6( antibody, and anti-prion
protein anfibody. An intense immunoreactivity for 14-3-3 was
located chiclly in the eyloplasm. and less abundantly in the
nucleus and the plasma membrane. whereas Hsp60 immu-
nolabeling was found almost exclusively in the cytoplasm
(Fig. 6a, b). Hspal showed a granular distribution pattern
identical to the location of the mitochondria. where both
14-3-3 and Hsp60 were found to be colocalized (Fig. 6¢). A
considerable overlap was lound between the 14-3-3 immuno-
reactivity and the staining of a milochondrial dye. being

© 2005 American Association of Newropathologists, Inc.

devoid of the nucleus (Fig. 6d—f). Furthermore. PrPC was
colocalized with Hsp60 {Fig. 6g—i). These results indicate that
the 14-3-3 protein. Hsp6t. and PrPC are colocalized chiefly in
the mitochondria of human neuronal progenitor cells in
culture. although an extramitochondrial coexpression of these
proteins at very low levels could not be excluded.

In the human brain sections. nearly all of NSE™ cortical
neurons and GFAP™ reactive astrocytes showed an intense
cyloplasmic immunoreactivity for 14-3-3. Hsp60 and PrPC,
suggesting that these three profeins are coexpressed most
prominently in neurons (Fig. 7a-d) and reactive astrocytes
(Fig. Ba—d) and to a lessor degree in microgha/macrophages
(ot shown) in the human CNS in vivo.

DISCUSSION
The present study, by protein overlay. mass spectrom-
etry. and immunoprecipitation analysis. identified Hsp60 and
PrPC as 14-3-3-inferacting proteins. PrPC along with Hsp60
was coimmunoprecipitated with 14-3-3 from the human brain
homogenate. The 14-3-3-binding domain is located in the NTF
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FIGURE 7. Coexpression of 14-3-3
protein, Hsp60, and PrPC in neurons
in the human brain. Serial sections
derived from autopsied brains of
multiple sclerosis were processed
for immunohistochemistry using
14-3-3¢ isoform-specific antibody,
anti-Hsp60 antibody, anti-prion pro-
tein antibody (8G8), or anti-neuron-
specific enolase (NSE) antibody. (a-
d) The cerebral cortex of the frontal
lobe of #791 MS: (a) 14-3-3{, (b)
Hsp60, (c) PrPC, (d) NSE.

of Hsp60 and the NTF of PrPC in HEK293 cells over-  immunohistochemistry. The interaction of 14-3-3 with Hsp60
expressing the transgenes. The 14-3-3 protein. Hsp60. and  and PrPC was phosphorylation-independent. because Hsp60
PrPC were colocalized chiefly in the mitochondria of human was found to be nol substantially phosphorylated by the
NP cells in culture. and they were coexpressed most obviously — phosphoprotein gel stain. and the 14-3-3 probe reacted with
in neurons and reactive astrocytes in the human brain by nonphosphorylated forms of recombinant Hsp60 and PrPC by

FIGURE 8. Coexpression of 14-3-3
protein, Hsp60, and PrPC in reactive
astrocytes in the human brain. Serial
sections derived from autopsied
brains -of - multiple sclerosis were
processed for immunohistochemis-
try using 14-3-3( isoform-specific
antibody, anti-Hsp60 antibody, an-
ti-prion protein antibody (8G8), or
anti-GFAP antibody. (a—-d) Chronic
active demyelinating lesions in the

" subcortical  white matter of the
frontal lobe of 744 multiple sclerosis:
(a) 14-3-3¢, (b) Hsp60, (<) PrPC, (d)
GFAP.
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FIGURE 9. A possible mechanism for
elevation of 14-3-3 protein in the
cerebrospinal fluid of prion diseases.
When affected with the pathoge-
netic prion, the molecular complex
composed of 14-3-3, Hsp60, and
PrPC becomes disintegrated during
the conversion of PrPC into PrPSc
aggregates, which displace the 14-
3-3 protein from the complex,
resulting in the release of 14-3-3

from degenerating neurons into the
cerebrospinal fluid.

protein overlay analysis. These observations indicate that the
14-3-3 protein forms a molecular complex with Hsp60 and
PrPC in the human CNS.

PrPC is a glycosylphosphatidylinositol (GPI) anchored
cell-surface protein. expressed al highest levels in neurons and
al substantial levels in astrocytes in the CNS (28 29).
Although a low level of extramitochondrial coexpression
could not be excluded. the present study showed the sub-
stantial colocalization of 14-3-3. Hsp60. and PrPC in the mito-
chondria of human NP cells. not in agreement with the
predominant location of PrPC on the cell surface. However,

several recent studies showed that defined populations of

newrons express PrPC in the cytoplasm as well as on the
plasma membrane (27, 30). PrPC interacts with the C-terminus
of Bel-2 in the mitochondrial transmembrane region (31). and
transgenic mice overexpressing wild-type PrPC show the
expression of PrPC in the mitochondria (32). suggesting that
the mitochondrial location of PrPC in cultured human NP cells
does not seem unlikely. Increasing evidence suggests that the
conformational conversion of «-helix-rich PrPC into B-sheet-
rich PrPSc involves a molecular chaperone-like factor. A
previous study using a yeast 2-hybrid system showed that
Hsp60 interacts with PrPC. where the docking sile was
mapped between amino acid residues 180 and 210 of PrPC
(33). GroEL. a homolog of eukaryotic Hsp60. mediates the
aggregation of recombinan{ PrPC and promotes the conversion
of PrPC into PrPSc in an ATP-dependent manner (23, 24).
Furthermore. Hsp60 ol the Brucellu abortus divectly binds
PrPC of the host macrophages. and this binding promoles the
aggregation of PrPC on the cell-surface lipid rafls (34).
Interestingly. circulating antibodies against  Spiroplusimu
Hsp60 were detected exclusively in patients with CID.
suggesting that the bacterial Hsp60. highly homologous to
the host Msp60. might play an active role in the pathologic
process of prion diseases (35). Heatl shock elements were
identified in the promoter region of prion protein gene (36).
PrPC exhibits an antioxidant activity (37). and stress-inducing
stimuli such as reactive oxygen species. heal shock, and

& 2005 American Association of Newropathologists, Inc.

normal neurons

degenerating neurons

proinflammatory cylokines clevale the levels of PrPC
expression in cultured cells (36, 38, 39). These observations
suggest that PrPC and endogenous cellular Hsp are co-
ordinately upregulaled in certain cell types under pathologic
conditions.

Supporting the present observations. several recent
studies identified Hsp6( as one of 14-3-3-interacling proteins
in HelLa and HEK293 cells by immunoaffinity purification (9.
40. 41). Hsp60 constitutes a heplameric cylindrical complex
composed of identical subunits stacked back o back. forming
a double-ring structure. The Anfinsen cage ol Hspo() contains
a central cavity where subsirate proteins are sequestered and
properly folded in cooperation with the Hspl10 family protein
(19. 20). In addition. several proteins that are too large to fit the
cage are processed for chaperoning outside the cage (42).
Hsp60 is located primarily in the milochondrial matrix. where
it mediates the folding of newly imported mitochondrial
malrix proteins and the assembly of large multiprotein
complexes (43). Importantly. the 14-3-3 protein that does
not have a mitochondrial targeting signal is also identified
within the mitochondria (44). A recent study showed that an
exposure {o cisplatin upregulates simuitaneously Hsp60 and
14-3-3 expression in human squamous cell carcinoma (45).
Kinase suppressor of Ras (KSR), a regulator of the Ras-MAP
kinase pathway. forms a mullimolecular signaling complex
composed of Hsp90. Hsp70. Hsp6&. ps0P . MEK 1, MEK2.
and 14-3-3 proteins. where a panel of Hsp serve to stabilize
KSR (46). It is worthy to note that the fevels of expression of
the cytosolic chaperonin CCT6A are reduced in the brain of
14-3-3+ isoform-knockout mice. although these mice show
a clinical course similar to the wild-type mice afler inoculation
of scrapie prion (47). Because the 14-3-3 protein acts as an
allosteric regulator that stabilizes the binding partners in
a particular conformation (3. 4). we could suggest the
following scenario (Fig. 9). The interaction of 14-3-3 with
PrPC might prevent PrPC [rom the autocatalytic conforma-
tional change under physiological conditions. When alfected
with the pathogenetic prion, PrPSc aggregates displace 14-3-3
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protein from the molecular complex during the conversion of

PrPC into PrPSc that is promoted by Hsp60. resulting in the
release of 14-3-3 from degenerating neurons into the CSF.
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Abstract

The 14-3-3 protein family consists of acidic 30-kDa proteins conposed of seven isoforms in mammalian cells, expressed abundantly in neurons
and glial cells of the central nervous system (CNS). The 14-3-3 isoforms form a dimer thatactsasa molecular adaptor interacting with key signaling
components involved in cell proliferation, transformation, and apoptosis. Until present, more than 300 proteins have been identified as 14-3-3-
binding partners, although most of previous studies focused on a limited range of 14-3-3-interacting proteins. Here, we studied a comprehensive
profile of 14-3-3-binding proteins by analyzing a high-density protein microarray using recombinant human 14-3-3 epsilon protein as a probe.
Among 1752 proteins immobilized on the microarray, 20 were identified as 14-3-3 interactors, most of which were previously unreported 14-3-
3-binding partners. However, 11 known 14-3-3-binding proteins, including keratin 18 (KRT18) and mitogen-activated protein kinase-activated
protein kinase 2 (MAPKAPK 2), were not identified as a 14-3-3-binding protein. The specific binding to 14-3-3 of EAP30 subunit of ELL complex
(EAP30), dead box polypeptide 54 (DDX54), and src homology three (SH3) and cysteine rich domain (STAC) was verified by immunoprecipitation
analysis of the recombinant proteins expressed in HEK293 cells. These tesults suggest that protein microarray is a powerful tool for rapid and

comprehensive profiling of 14-3-3-binding proteins.
© 2005 Published by Elsevier B.V.

Keywords: 14-3-3-Binding protein; Immunoprecipitation; Protein microarray; Protein-protein interaction; STAC

1. Introduction

The 14-3-3 protein family consists of evolutionarily con-
served, acidic 30-kDa proteins composed of seven isoforms
named B, ¥, €, £, M, 8, and ¢ in mammalian cells. A homodimeric
or heterodimeric complex composed of the same or distinct iso-
forms constitutes a large cup-like structure possessing an amphi-
pathic groove with two ligand-binding capacity (Fu et al., 2000;
van Hemert et al., 2001). The dimeric complex acts as a molecu-
lar adaptor that interacts with key signaling molecules involved
in cell differentiation, proliferation, transformation, and apop-
tosis. It regulates the function of target proteins by restricting
their subcellular location, bridging them to modulate catalytic
activity, and protecting them from dephosphorylation or pro-
teolysis (Dougherty and Morrison, 2004; MacKintosh, 2004).
Although 14-3-3 is widely distributed in nevral and non-neural
tissues, it is expressed most abundantly in neurons in the central

* Corresponding author. Tel.: +81 42 341 2711; fax: +81 42 346 1753
E-mail address: satoj@ncnp.go.jp (1.-1. Satoh).

0165-0270/% — see front matter © 2005 Published by Elsevier B.V.
doi:10.1016/}. jneumeth.2005.09.015

nervous system (CNS), where it represents 1% of total cytosolic
proteins (Berg et al., 2002). Aberrant expression and impaired
function of 14-3-3 in the CNS are associated with pathogenetic
mechanisms of Creutzfeldt-Jacob disease, Alzheimer disease,
Parkinson disease, spinocerebellar ataxia, amyotrophic lateral
sclerosis, and multiple sclerosis (Chen et al., 2003; Kawamoto
et al., 2002; Layfield et al., 1996, Malaspina et al., 2000; Satoh
el al., 2004; Zerr et al., 1998).

In general, the 14-3-3 protein interacts with phosphoserine-
containing motifs of the ligands such as RSXpSXP (mode
I) and RXXXpSXP (mode II) in a sequence-specific manner
(Dougherty and Morrison, 2004; MacKintosh, 2004). Previ-
ously, more than 300 proteins have been identified as being
14-3-3-binding partners. They include key signaling compo-
nents, such as Raf-1 kinase, Bcl-2 antagonist of cell death
(BAD), protein kinase C (PKC), phophatidylinositol 3-kinase
(PI3K), and cdc25 phosphatase (Fu et al,, 2000: van Hemert
et al., 2001). Binding of 14-3-3 to Raf-1 is indispensable for
its kinase activity in the Ras-MAPX signaling pathway, and
the interaction of 14-3-3 with BAD, when phosphorylated by
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a serine/threonine kinase Akt, inhibits apoptosis. Recent studies
indicate that the 14-3-3 protein could interact with a set of tar-
get proteins in a phosphorylation-independent manner (Dai and
Murakami, 2003; Henriksson et al., 2002; Zhai et al., 2001).
Increasing knowledge of interactions between 14-3-3 and inter-
acting molecules would help us to understand the biological
function and pathological implication of the 14-3-3 protein net-
works.

The yeast two-hybrid (Y2H) system is a powerful approach
to identify novel protein-protein interactions. However, Y2H
screening requires a lot of time and effort, and is often criticized
for detecting the interactions unrelated to the physiological set-
ting and obtaining highi rates of false positive interactors caused
by spontaneous activation of reporter genes and self-activating
bait proteins (Vidalain et al., 2004; Zhang et al., 2004). Affin-
ity purification coupled with mass spectrometry (APMS) is an
alternative approach to identify the components of protein com-
plexes on a large scale. This approach has been taken to identify
a wide variety of 14-3-3-interacting proteins involved in cell
proliferation, metabolism, and survival (Benzinger et al., 2005,
Jin et al., 2004; Meek et al., 2004; Pozuelo Rubio et al., 2004).
Although the APMS procedure detects binding partners of phys-
iological significance, it is laborious and has a difficulty in
detecting transmembrane proteins and loosely associated com-
ponents that might be lost during purification (von Mering et
al., 2002). Recently, protein microarray technology has been
established for rapid, systernatic, and less expensive screening of
thousands of proten—protein, protein-lipid, and protein—nucleic
acid interactions in a high-throughput fashion. This approach has
important applications in the areas not only of basic biological
research but also of drug discovery research, including identifi-
cation of the substrates of protein kinases and the protein targets
of small molecules (Chan et al., 2004; MacBeath and Schreiber,
2000; Michaud et al., 2003; Zhu et al., 2001).

The present study was designed for the first time to identify
a comprehensive profile of human 14-3-3-binding proteins by
analyzing a high-density protein microarray.

2. Materials and methods
2.1. Preparation of a probe for microarray analysis

Human embryonic kidney cells HEK293 whose genome was
modified for the Fip-In system (Flp-In 293) were obtained from
Invitrogen, Carlsbad, CA. Flp-In 293 cells contain a single Flp
recombination target (FRT) site targeted for the site-specific
recombination, integrated in a transcriptionally active locus of
the genome, where it stably expresses the lacZ-Zeocin fusion
gene driven from the pFRT/lacZeo plasmid under the control
of SV40 early promoter. Flp-In 293 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 U/ml of penicillin, and
100 pg/ml of streptomycin (feeding medium) with inclusion of
100 pg/mi of Zeocin (Invitrogen) as described previously (Satoh
and Yamamura, 2004).

To prepare the probe for protein microarray analysis, the open
reading frame (ORF) of the human 14-3-3¢ gene (YWHAE) was

amplified from cDNA of NTera2-N cells (Satoh and Kuroda,
2000) by PCR using PfuTurbo DNA polymerase (Stratagene,
La Jolla, CA, USA) and the primer sets listed in Table 1. The
PCR product was then cloned into a mammalian expression
vector pSecTag/FRT/V5-His TOPO (Invitrogen) to produce a
tusion protein with a C-terminal V5 (GKPIPNPLLGLDST) tag,
a C-terminal polyhistidine (6 x His) tag, and an N-terminal Ig k-
chain secretion signal. This vector, together with the Flp recom-
binase expression vector pOG44 (Invitrogen), was transfected
in Flp-In 293 cells by Lipofectamine 2000 reagent (Invitrogen).
A stable cell line was established after incubating the trans-
fected cells for approximately 1 month in the feeding medium
with inclusion of 100 wg/ml of Hygromycin B (Invitrogen). It
was named 293 V5. The recombinant protein was secreted into
the culture medium of 293 eV5 cells after the Ig x-~chain secre-
tion signal sequence was processed by an endogenous signal
peptidase-mediated cleavage.

To purify the recombinant 14-3-3¢ protein, the culture super-
natant of 293 eV5 cells incubated for 484 in the serum-free
DMEM/F-12 medium was harvested and concentrated at an 1/40
volume by centrifugation on an Amicon Ultra-15 filter (Milli-
pore, Bedford, MA). It was then purified by the HIS-select spin
column (Sigma, St. Louis, MO) and concentrated at an 1/10 vol-
ume by centrifugation on a Centricon-10 filter (Millipore). The
protein concentration was determined by a Bradford assay kit
(BioRad, Hercules, CA). The purity and specificity of the probe
were verified by Western blot analysis using mouse monoclenal
anti-V5 antibody (Invitrogen) and rabbit polyclonal antibody
specific for the 14-3-3¢ isoform (IBL, Gumma, Japan).

2.2. Protein microarray analysis

ProtoArray human protein microarray (v1.0) commercially
available from Invitrogen was utilized in the present study. Tt
contains 1752 human proteins of various functional classes
spotted in duplicate on a nitrocellulose-coated glass slide. To
prepare target proteins immobilized on the microarray, an N-
terminal glutathione-S transferase (GST)-6x His fusion protein
derived from the genes selected from the human ultimate ORF

clone collection (Invitrogen) was expressed in Sf9 insect cells -

by using the baculovirus expression system (Invitrogen). Either
the full-length or the partial fragment of recombinant proteins,
was purified under native conditions by glutathione affinity
chromatography in the presence of protease inhibitors, then pro-
cessed for spotting on the slides. The proteins were printed in
an arrangement composed of 4 x 12 subarrays equally spaced
in vertical and horizontal directions (Fig. 1a). Each subarray
included 16 x 16 spots, composed of 48 control spots (C), 80
human proteins (H), and 128 blanks (B) (Fig. 1c). The control
proteins (C) were composed of 14 positive control spots and
34 negative control spots. The former includes four spots of an
Alexa Fluor 647-1abeled antibody (rows 1, 8; columms 1, 2), six
spots of a concentration gradient of a biotinlyated anti-mouse
antibody with a capacity to bind to mouse monoclonal anti-VA
antibody conjugated with Alexa Fluor 647 (row 8; columns 3-8),
and four spots of a concentration gradient of V5 protein (row
8: columns 13-16). The latter includes six spots of a concentra-
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