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The 14-3-3 protein family consists of acidic 30-kd pro-
teins expressed at high levels in neurons of the cen-
tral nervous system. Seven isoforms form a dimeric
complex that acts as a molecular chaperone that in-
teracts with key signaling components. Recent studies
indicated that the 14-3-3 protein identified in the ce-
rebrospinal fluid of various neurclogical diseases in-
cluding multiple sclerosis (MS) is a marker for exten-
sive brain destruction. However, it remains unknown
whether the 14-3-3 protein plays an active role in the
pathelogical process of MS. To investigate the differ-
ential expression of seven 14-3-3 isoforms in MS le-
sions, brain tissues of four progressive cases were
immunoclabeled with a panel of isoform-specific anti-
bodies. Reactive astrocytes in chronic demyelinating
lesions intensely expressed 8, €, {, 5, and ¢ iso-
forms, among which the € isoform is a highly specific
marker for reactive astrocytes. Furthermore, protein
overlay, mass spectrometry, immunecprecipitation,
and double-immunclabeling analysis showed that the
14-3-3 protein interacts with both vimentin and gtial
fibrillafy acidic protein in cultured human astrocytes.
These results suggest that the 14-3-3 protein plays an
organizing role in the intermediate filament network
in reactive astrocytes at the site of demyelinating le-
sions in MS. (Am J Pathol 2004, 165:577-592)

The 14-3-3 protein family consists of evolutionarily con-
served, acidic 30-kd proteing originally identified by two
dimensional analysis of brain protein extract.’-* Seven
isoforms of the 14-3-3 protein named 8, v, €, £, 7, 8 (also
termed as 1), and o have been identified in eukaryotic
cells. Although the 14-3-3 protein is widely distributed in
neural and nonneural tissues, it is expressed most abun-
dantly in neurons in the central nervous system (CNS),
where it represents 1% of total cytosolic proteins.*=7 A

homoedimeric or heterodimeric complex, which is com-
posed of tha same or distinct isoforms of the 14-3-3
protein, constitutes a large cup-like structure with two
ligand-binding sites in its groove. The dimeric complex
acts as a novel molecular chaperone that interacts with
key molecules involved in cell differentiation, prolifera-
tion, transformation, and apoptosis.’* It regulates the
function of target proteins by restricting their subcellular
location, bridging them to modulate catalytic activity,
and protecting them from dephospharylation or proteol-
ysis. =810 in general, the 14-3-3 protein hinds to phos-
phoserine-containing motifs of the ligands such as
RSXpSXP and RXY/FXpSXP in a sequence-specific man-
ner,” 10 More than 100 proteins have been identified as
being 14-3-3 binding partners, including a range of intra-
cellular signaling regulators such as Raf, BAD, protein
kinase C (PKC}, phophatidylinositol 3-kinase (PI3K), and
cdces phosphatase. ' *®-"9 Binding of the 14-3-3 protein
to Raf is indispensable for Raf kinase activity in the Ras/
MAPK signaling pathway, whereas 14-3-3 binding to the
mitochondrial Bcl-2 family member BAD, when phos-
phorylated by a serinefthreonine kinase Akt, inhibits ap-
optosis."™* In addition to the phosphorylation-dependent
interaction, the 14-3-3 protein can interact with a set of
target proteins in a phosphorylation-independent man-
ner.'2 The ¢ isoform binds to p190RhoGEF via a
phosphoserine-independent interaction.?

Previous studies indicated that the 14-3-3 protein has
isoform-specific and nonredundant functions.'™* Synap-
tic transmission and associative learning are impaired in
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Drosophita mutants lacking the ¢ protein.’® The 14-3-3
isoforms have distinct affinities for their target proteins. A
preferential interaction is observed between PKC8 and
the human 14-3-3@ isoform in T cells, ™ IGF1-receptor,
IRS1, and e isoform, '® the apoptosis-inhibitor A20 and the
human B and 7 isoforms,'® and glucocorticoid receptor
and the human 7 isoform.’” The human g and ¢ iscforms
and not y or € isoforms interact with phosphorylated
tau.'® Furthermore, different isoforms show distinct pat-
terns of spatial, temporal, and subcellular distribution.
The human @ and o isoforms are predominantly ex-
pressed in T cells and epithelial cells, respectively.’*'?
The rat e and y isoforms are enriched in the synaptosomal
membranes,?® and the y isoform is the main 14-3-3 pro-
tein tocated in the Gelgi apparatus in mammalian cells.®
In the developing rat brain, defined populations of neu-
rons express B8, v, ¢, and 8 isoforms at specific stages of
development.®7 In the adult mouse brain, 8, vy, 5, and {
isoforms are widely distributed with the localization pri-
marily in neurons, although some glial cells express e, 8,
and ¢ isoforms.?’

Recently, several lines of evidence have indicated that
the 14-3.3 protein is involved in neurodegenerative pro-
cesses. The 14-3-3 protein detected in the cerebrospinal
fluid of Creutzfeldt-Jacob disease has been used as a
biochemical marker for the premortem diagnosis of
Creutzfeldt-Jacob disease in the context of differential
diagnosis of progressive dementia.22-2% In addition, in-
tense immunoreactivity against the ¢ isoform was identi-
fied in amyloid plagques in the Creutzfeldt-Jaceob disease
brain.®® However, several studies including our own
showed that the 14-3-3 protein is occasionally detectable
in the cerebrospinal fluid of infectious meningoencepha-
litis, metabelic encephalepathy, cerebrovascular dis-
eases, and multiple sclerosis (MS) presenting with severe
myelitis, suggesting that it is not a marker specific for
prion diseases but for extensive destruction of brain tis-
sues causing the leakage of 14-3-3 protein into the cere-
brospinal fluid.*22-2527 |n the Alzheimer's disease brain,
neurofibrillary tangles express immunoreactivity against

the 14-3-3 protein.2® The 14-3-3; homodimer interacts
with tau and glycogen synthase kinase-3 (GSK38), and
stimulates GSK3g-mediated tau phosphorylation.2? In the
Parkinson's disease brain, Lewy bodies possess v, €, ¢,
and @ isoforms that interact with a-synuclein.®®3' Dopam-
ine-dependent neurotoxicity is mediated by a soluble
complex composed of the 14-3-3 protein  and
a-synuclein, whose levels are markedly elevated in the
substantia nigra of the Parkinson's disease brain.®2 The
neurotoxicity of ataxin-1, the causative protein of spino-
cerebellar ataxia type 1, is enhanced by € and { isoforms
that bind to and stabilize ataxin-1 phosphorylated by Akt,
thereby slowing its degradation.® Finally, expression of
the 8 isoform is enhanced in the spinal cord of amyotro-
phic lateral sclerosis.®® However, it remains unknown
whether the 14-3-3 protein plays an active rale in the
pathological process of MS,

In the present study, we investigated the differential
expression of seven 14-3-3 isoforms in chronic active
demyelinating lesions of MS. We found that reactive as-
trocytes intensely express B, € £, n, and ¢ isoforms,
amaong which the e iscform provides a specific marker to
identify reactive astrocytes in the MS brain. Furthermore,
the 14-3-3 protein interacts with vimentin and glial fibril-
lary acidic protein {GFAP) in cultured human astrocytes.
These observations suggest that the 14-3-3 protein plays
an organizing role in the intermediate filament (IF) net-
work in reactive astrocytes at the site of demyelinating
lesions in MS.

Materials and Methods
MS and Non-MS Brain Tissues

Ten-u-thick tissue sections were prepared from the brain,
spinal cord, and optic nerve derived from four autopsy
cases of MS numbered 791, 744, 609, and 544. The
clinical and neuroradiclogical profiles of these patients
are shown in a supplementary table on The American

Table 1. Thel4-3-3 Isoform-Specific or Broadly Reactive Antibodies Utilized for Immunochemistry and Western Blot Analysis

Concentration Concentralion

used for used for
14-3-3 Antigen immunohistiochemistry  Western blotting

isoforms  Suppliers  Code peptide Qrigin Specificity {pg/mi} {pg/ml)
Pan SC sc-629  N-terminal Rabbit  Reactive to all isoforms 0.4 0.04
Pan 519 sc-1657  N-terminal Mouse  Reactive to all isoforms 0.4 0.04
B 5C sc-628  C-terminal Rabbit  Reactive predominantly 1o g8 isoform, 0.4 D.04

but crossreactive to other isoforms

to a lesser extent
B IBL 18641  N-terminal Rabkbit Mot crossreactive to other isoforms 2 1
¥ IBL 18647  C-terminal Rabbit  Not crossreactive to other isoforms 5 g2
e IBL 18643  C-terminal Ratbit  Not crossreactive to other isoforms 2 1
e IBL 18644  N-terminal Rabgit  Not crossreactive to other isoforms 2 0.5
n IBL 18645  M-terminal Rabbit  Nol crossreactive to other isoforms 5 1
a7 SC s¢-732  C-terminal Rabbit  Not crossreactive to olher isoforms 0.4 0.04
a(n IBL 10017  Recombinant, Mouse  Minimally crossreactive to o isoform 1 1

whole

o IBL 18642  C-terminal Rabhbit Mot cressreactive to other isoforms 1 1

Abbreviations: SC, Santa Cruz Biotechnology; IBL, Immuncbiclogical Laboratory. The specificity of the antibodies (I1BL) is also shown on

Supplementary Figure 1 at http:/fwww.amjpathol org.
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Journal of Pathclogy website (htip.//www.amjpathol.org).
The tissues were fixed with 4% paraformaldehyde (PFA)
or 10% neutral formalin and embedded in paraffin, For
the controls, tissue sections were prepared from the au-
topsied brains of six non-MS neurclogical and psychiatric
disease cases that include a 47-year-old man with acute
cerebral infarction who died of sepsis (no. 719), an 84-
year-ald man with acute cerebral infarction who died of
disseminated intravascular coagulation (no. 786}, a 62-
year-cld man with old cerebral infarction who died of
pancreatic cancer (no. 789), a 56-year-old man with old
cerebral infarction who died of myocardial infarction (no.
807), a 36-year-old woman with schizophrenia who died
of lung tuberculosis {no. 523), and a 61-year-old man with
schizophrenia who died of asphyxia (no. 826). In addi-
tian, they were prepared from the autopsied brains of six
neurologically normal patients that include a 79-year-old
woman who died of hepatic cancer (no. G6), a 75-year-
old woman who died of breast cancer {no. G7), a 60-
year-old woman who died of external auditory canal can-
cer (no. G8), a 74-year-old woman who died of gastric
and hepatic cancers (no. G9), an 83-year-old woman
who died of gastric cancer and myocardial infarction (no.
A2623), and a 65-year-old man who died of liver cirrhosis
and bronchopneumaonia (no. A2647). Autopsies on all patients
were performed at the Nationa! Center Hospital for Mental,
Nervous, and Muscular Disorders, NCNP, Tokyo, Japan, Writ-
ten informed consent was cbtained in all cases.

Immunohistochemistry and
Immunocytochemistry -

After deparaffination, the tissue sections were heated by
microwave at 95°C for 10 minutes in 10 mmol/L. citrate
sodium buffer (pH 6.0). They were then treated at room
temperature for 15 minutes with 3% H,0.-containing
methanol. For vimentin immunolabeling, the tissue sec-
tions were pretreated with 0.125% trypsin solution
{Nichirei, Tokyo, Japan) at 37°C for 15 minutes. They
were then incubated with 10% nermal goat serum con-
taining phosphate-buffered saline (PBS}) at room temper-
ature for 15 minutes to block nonspecific staining. The
sections were incubated in a moist chamber at 4°C over-
night with a panel of 14-3-3 isoform-specific antibodies or
with antibodies broadly reactive against all isoforms
listed in Table 1. The antibodies were obtained from
Irmmunobiological Laboratory (IBL), Gumma, Japan, and
Santa Cruz Biotechnology, Santa Cruz, CA. The specific-
ity of the antibodies from IBL is shown in Supptementary
Figure 1 on The American Journal of Pathalogy website,
and additional information on those of Santa Cruz Bio-
technology is available on the supplier's website (www.
scht.comn). After washing with PBS, the tissue sections
were labeled at room temperature for 30 minutes with
peroxidase-conjugated secondary antibodies (Simple
Stain MAX-PO kit, Nichirei) followed by incubation with a
colorizing solution containing diamincbenzidine tetrahy-
drochloride and a counterstain with hematoxylin. To iden-
tify cell types expressing the 14-3-3 protein, adjacent
sections were stained with the following antibodies: rab-
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Figure 1. Constinutive expression of 14-3-3 isoforms in cultured human cells.
Two ug of totad protein extract isofated from brain tissues or cultured cells
incubated in 10% FBS-containing medium were processed for Western blot
amlysis using a battery of 14-3-3 isoform-specific antibodies or the antibod-
ies broadly reactive against all of the isoforms listed in Table 1, or the
antibody against the housekeeping gene product HSPGO. a to 1 indicate the
following antibody specificity: a, all isoforms; b, HSPGO, ¢, B;d, v, e, € 1, ;
g 1 h, & and i, o. Lanes 1 to 4 represent homogenate of the human
cerehrum (lane 1), NTera2-derived differentiated neurons (NTera2-N) (lane
2), 1-373MG astrocytoma cells (lane 3), fetal human astrocytes (AS1477)
{lane 4}, and Hela cervical carcinoma cells (lane §).

bit polyclonal antibody against GFAP (N1506; DAKO,
Carpinteria, CA), rabbit polyclonal antibody against vi-
mentin {H-84; Santa Cruz Biotechnology), mouse mong-
clonal antibody against vimentin (V9; Santa Cruz Biotech-
nolegy), rabbit polyclonal antibody against myelin basic
protein (N1546; DAKO), mouse monoclonal antibody
against CD68 {N1577; DAKO}, and mouse monoclonal
antibody against 70-kd and 200-kd neurcfilament pro-
teins (2F11; Nichirei). For negative controls, sections
were incubated with a rabbit-negative control reagent
{DAKO) instead of primary antibodies. The optimum con-
centrations of these antibodies and incubation periods
were determined according to the supplier’s instruction.

For double-labeling immunocytochemistry, cells on
cover glasses were fixed with 4% PFA in 0.1 mol/L phos-
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phate buffer (pH 7.4) at room temperature for 10 minutes,
followed by incubation with PBS containing 0.5% Triten
X-100 at room temperature for 20 minutes.?® The cells
were then incubated at room temperature for 30 minutes
with a mixture of 14-3-3 isoform-specific antibody and rat
monoclonal anti-GFAP antibedy (2.2B10) or V9 antibody.
Next, they were incubated at room temperature for 30
minutes with a mixture of rhodamine-conjugated anti-
rabbit 1gG and fluorescein isothiocyanate-conjugated an-
ti-rat or mouse IgG (ICN-Cappel, Aurora, OH). After sev-
eral washes, cover glasses were mounted on the slides
with glycerol-polyvinyl alcohol, and the slides were ex-
amined under a Nikon ECLIPSE E8CO universal micro-
scope equipped with flucrescein and rhodamine optics.
Negative controls were processed following these steps
except for exposure to primary antibody.

Celf Culture

Two different sources of cultured human astrocytes were
used. One was fetal human astrocytes named AS1477,
provided by Drs. K. Watabe and S. U. Kim of the Univer-
sity of British Columbia, Vancouver, BC, Canada. They
were maintained in Dulbecco's maodified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum
{FBS), 100 U/ml penicillin, and 100 ug/ml streptomycin
(feeding medium). The other was astrocytes named AS-
BW, whose differentiation was induced from neuronal
progenitor (NP} celis. NP cells igsolated from the brain of a
human fetus at 18.5 weeks of gestation were obtained
from BioWhittaker {Walkersville, MD). NP cells plated on a
polyethyleneimine-coated surface were incubated in
DMEM/F-12 medium containing an insufin-transferrin-se-
lenium supplement (Invitrogen, Carlsbad, CA), 20 ng/ml
recombinant human epidermal growth factor (Higeta, To-
kyo, Japan), 20 ng/ml recombinant human basic fibro-
blast growth factor (PeproTech EC, London, UK), and 10
ng/ml recombinant human leukemia inhibitory factor
{Chemicon, Temecula, CA) (NP medium).*® For the in-
duction of astrocyte differentiation, NP cells were incu-
bated for several weeks in feeding medium instead of NP
medium. This incubation induced vigorous proliferation and
differentiation of astrocytes accompanied by a rapid reduc-
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Figure 2, Growth-dependent expression of various 14-3-3 isoforms in cul-
tured human astrocytes, Human and mouse astrocytes were plated at sub-
confluent density and incubated for 7 days in the serum-free culture medium
or in 10% FBS-containing culture medium, Two ug of total protein exiract
was processed for Western blot analysis using a battery of 14-3-3 isoform-
specific antibodies or with the antibodies broadly reactive against all isoforms
(top). After stripping the antibodies, identical blots were relabeled with the
antibody against HSPGO for the standardization of expression levels (bot-
tom). a to g {top) indicate the expression of 8 (a), y (b), & (¢), { (e), 5 (£,
and 8{(g) in human astrocytes (AS1477); € in human astrocytes (AS-BW) (d);
and B in mouse astrocytes (h), Lanes 1 and 2 represent the cells cultured
under the serum-free growth-arrested condition (Iane 1) or the serum-
containing growth-promoting condition (lane 2). Additional dara are shown
in supplementary Figure 2 on the American Journzl of Pathology website.

tion in nonastroglial cell types. Newborn mouse astrocytes
were prepared as previcusly described.®® In some experi-
ments, cultured human and mouse astrocytes were plated
at subconfluent density and incubated for 7 days in serum-
free DMEM/F-12 medium supplemented with insulin-trans-
ferrin-selenium without inclusion of any other growth factors
or in 10% FBS-containing DMEM/F-12 medium supple-
mented with insulin-transferrin-selenium.

Human cell lines such as U-373MG astrocytoma,
NTera2 teratocarcinoma and Hela cervical carcinoma
were obtained from the RIKEN Cell Bank (Tsukuba, Ja-
pan) and the American Type Culture Collection (Rock-
ville, MD). For the induction of neuronal differentiation,
NTera2 cells maintained in the undifferentiated state
(NTera2-U) were incubated for 4 weeks in feeding me-

Table 2. Differential Expression of Seven 14-3-3 Isoforms in Glial Cells and Neurons in MS and Control Brains

Tal
194?3?2 Astrocyles Microgiia/macrophages Oligodendrocytes Neurons
isoforms/cell

types MS OND NNC MS CND NNC MS OND NNC MS OND NNC
B maj(++) maj(+) no{—) maj{++) maj{++) no{-) min(+) no{-) no{=} maj{++} maj(++) maj{++)
¥ min{++) min(+) no (=) min{++) min {+) no{—=) no(-) no(-) no{-} maj(++) maj{++) maj{++)
3 maj{++) maj{++) min(+) no(~) no{-) no{-) no{-) no (=) no{-} min(+} min {+) min {+})
I3 maj (++) maj{++) nof(-) maj(++) maj{++) no(-) no (-} no (-} no (=) maj(++} maj(++) maj{++)
n maj(++) maj(++) no(-) maj(++) min{++) no(-)} no{-) no (=} no (=) maj{++} maj(++) maj(++)
] min (+) min (+) ne{-) no(-) no (-} no{=) min{++) min{++) min{+) min{+) min (+) min (+)
14 min(++) min(++} min(+} no(-} no(—) no(—) no(-) no{-) nof{-y nof{-) no (-} no{-}

The present study includes four MS cases numbered #791, 744, 608, and 544 whese clinical profiles are given in a supplementary table on the AJP
websils, six non-MS neurological and psychiatric disease cases (OND) composed of #719 acute cerebral infarction, #786 acute cerebral infarction,
#789 old cerebral infarction, #807 old cerebral infarction, #523 schizo,
cormposed of #G6, #G7, #G8, #GY, #A2623, and #A2647, whose profiles are described in the Materials and Methods section,

The population size of the immunoreactive cells is expressed as maj, maijor (large) pepulation; min, minor {smal!) population; and no, almost no
population. The intensity of immunoreactivity is graded as (-) negative, (+) weak. and (+ +) intense,
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Figure 3. The 14-3-3 € isoform is expressed in reactive astrocytes in chronic demyelinating lesions of MS. MS brain tissues were processed for immunohisto-
chemical analysis using € isoform-specific antibody or the antibody against GFAP or vimentin. a 10 f represent the following: a: no. 744 MS, chronic active
demyefinating lesions in the subcortical white matter of the frontal lobe (H&E). b: No. 744 M8, the area correspondling to a (GFAP). Many reactive astrocytes are
stained. ¢z No, 744 MS, the area corresponcling to a ( €). Many reactive astracytes are stained. ds No, 744 MS, a higher magnification view of ¢ (¢). Reactive astrocytes
are stained. €: No. 544 MS, chronic inactive demyelinating lesions in the optic nerve (e}, Reactive ustrocytes and the ghial scar are stained. f: No. 744 M8, chronic
active demyelinating lesions in the subcortical white matter of the frontal lobe (vimentin). Reactive astrocytes are stained.

dium containing 10™° mol/L all trans retinoic 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 incubated
for another 2 weeks in feeding medium containing a
cocktail of mitotic inhibitors, resulting in the enrichment of
differentiated neurons (NTera2-N).2¢

Western Blot Analysis

To prepare total protein extract for Western bfot analysis,
the cells and tissues were homogenized in RIPA lysis
buffer composed of 50 mmol/L Tris-HCI (pH 7.5), 150
mmol/l. NaCl, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate (SDS}, and a cock-
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Figure 4, Expression of various 14-3-3 isofornis in reactive astrocytes and cortical neurons in MS brain, MS brain tissues were processed for immunohistochemical
analysis using a battery of 14-3-3 isoform-specific antibodics. a to Frepresent the following: a: no. 744 M8, chronic active demyelinating lesions in the subcortical
white matter of the frontal lobe (B). Reactive astrocytes are stuined. b No. 744 MS, chronic active demyelinating lesions in the subeostical white matter of the
frontal lobe (). Reactive astrocytes are stained. €z No. 744 M$, the cerebral cortex of the frontal Jobe (). Cortical neurons are stained. d: No. 744 M3, the wrea
corresponding to e (). Cortical nevrons are stuined. e No. 744 M8, the area correspending to ¢ (). Cortical neurons are stuined. £ No. 744 MS, the area

corresponding 10 ¢ (). Cortical nevrons are devoid of suining.

tail of protease inhibitors (Roche Diagnositics, Mann-
heim, Germany), followed by centrifugation at 12,000 rpm
at room temperature for 20 minutes. The supernatant was
collected for separation on a 12% SDS-polyacrytamide
gel electrophoresis (PAGE) gel and the protein concen-
tration was determined by a Bradford assay kit (Bio-Rad,
Hercules, CA). After gel electrophoresis, the protein was
transferred onto nitrocellulose membranes and immuno-

labeled at room temperature overnight with a panel of
anti-14-3-3 protein antibodies listed in Table 1. Then, the
membranes were incubated. at room temperature for 30
minutes with horseradish peroxidase-conjugated anti-
rabbit IgG or anti-mouse 1gG (Santa Cruz Biotechnology).
The specific reaction was visualized with a Western blot
detection system using a chemiluminescent substrate
(Pierce, Rockford, IL). After the antibodies were stripped
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Figure 5. Expression of various 14-3-3 isoforms in reactive ustrocytes, surviving oligndendrocytes, and injured axons in chronic demyelinating lesions of MS and
in infarcted lesions. The brains of MS and non-MS controf cases were processed For immunohistochemical analysis using a battery of 14-3-3 isoform-specific
antihodies, a to f represent the following: a: no, 609 MS, chronic active demyelinating lesions in the medulla oblongata {y). Disrupted axons are stained. b: No.
719 acute cerebral infarciion, infarcted lesions in the partetal cerchral cortex (€), Reactive astrocytes are stained, ¢: No. 791 M, chronic inactive lesions in the pons
{er). Reactive ustrocyles are stained. d: No. 719 acute cerebral infarction, infurcted lesions in the parietal cerebral cortex (o). Reactive astrocytes iare stained. e
No. 609 MS, chronic active demyelinating lesions in the periventricutar white matter of the frontal lobe (8). Surviving oligadendrocytes are stained. £ No. 744 MS,
chronic active demyelinating lesions in the aptic nerve (8). Surviving oligndendrocytes are stained.

by incubating the membranes at 50°C for 30 minutes in
stripping buffer composed of 62.5 mmoYL Tris-HCI (pH
6.7), 2% SDS, and 100 mmol/L 2-mercaptoethanol, the
membranes were processed for relabeling with goat poly-
clonal antibody against human heat shock protein HSP&0
(N-20; Santa Cruz Biotechnology} followed by incubation
with horseradish peroxidase-conjugated anti-goat 1gG
{Santa Cruz Biotechnology). Densitometric analysis was

performed using NIH image version 1.61 software to quan-
tify the intensity of the immunoreactive bands.?®

Immunoprecipitation Experiments

To prepare total protein extract for immunoprecipitation
experiments, the cells were homogenized in M-PER lysis
buffer {Pierce) with a cocktail of protease inhibitors fol-
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Figure 6. Expression of various 14-3-3 isoforms in neurons, astrocytes, oligodendrocytes, and microglia in non-MS brains. The brains of non-MS control cases were
processed for immunohistochemical analysis using a battery of 14-3-3 isoform-specific antibodies. a 10 f represent the following: a: no. G9 neurologically normal
subject, the frontal cerebral cortex (). Cortical neurons are stained. b No. 523 schizophrenia, frontal cerebral cortex (€}, Astrocytes are stained. ¢: No, 826
schizophrenia, the frontal cerebral cortex {n). Microglia are stained. ds No. 786 acute cercbral infurction, the subcortical white matter of the parietal lobe (8).
Surviving oligodendrocytes are stained, e No. G7 neurologically normal subject, the frontal cerebral cortex (o). A few astrocytes are stained, f No, 789 old cerchral
infarction, the frontal cerebral cortex (). The nucle of reactive astrocytes are stained.

lowed by centrifugation at 12,000 rpm at room tempera-
ture for 20 minutes. After preclearance, the supernatant
was incubated at 4°C for 1 hour with a panel of anti-14-
3-3 protein antibodies or the same amount of normal
rabbit 1gG {Santa Cruz Biotechnology). It was then incu-
bated with Protein G Sepharose (Amersham Bioscience,
Piscataway, NJ). After several washes, the immunopre-
cipitates were processed for Western blot analysis using

V9 antibody or mouse monoclonal antibody against
GFAP (GA5; Nichrei).

Two-Dimensional Gel Electrophoresis and Mass
Spectrometry Analysis

To prepare total protein extract for two-dimensicnal gef
electrophoretic analysis, the cells were homogenized in
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Figure 7, Co-expression of the 14-3-3 ¢ isoform and GFAP in reactive astracytes in chronic demyetinating lesions of MS and in cultuted human astrocytes. Cultured
human astrocytes and MS brain tissues were processed for double immunolabeling with anti-GFAP antibody and e isoform-specific antibody followed by labeling
with flucrescein isothiocyanate- and rhodamine-cenjugated secondary antibodies. a to f represent no. 744, chronic active demyelinating lesions in the subcortical
white matter of the frontal lobe (2—¢), cultured human astrocytes (AS-BW) (d~f), GFAP (a, d), £ (b, €), and the overlay (¢, £).

rehydration buffer composed of 8 moliL urea, 2% CHAPS,
0.5% carrier ampholytes {pH 4 to 6), 20 mmal/L dithio-
threitol, 0.002% bromophenol blue, and a cocktail of
protease inhibitors and phosphatase inhibitors (Sigma).
Urea-soluble protein was separated by isoelectric focus-
ing using the ZOOM IPGRunner system (Invitrogen)
loaded with an immcbilized pH 4.5 to 5.5 gradient strip.
After the first dimension of isoelectric focusing, the pro-
tein was separated in the second dimension on a Nu-
PAGE 4 to 12% polyacrytamide gel (Invitrogen). The gel
was stained using Coomassie brilliant blue G-250 solu-
tion or the Silverquest silver staining kit (Invitrogen). It
was transferred onto a polyvinylidene difluoride mem-
brane for prolein overlay and Western blot analysis.
Spots of interest were excised from the gels, trypsinized,
and processed for mass spectrometry {nanoESI-MS/MS)
analysis followed by database searching using MASCOT
software (Invitrogen Proteome, Yokohama, Japan).

Protein Overlay Analysis

To prepare the 14-3-3 protein-specific probe for protein
overlay analysis, the open reading frame of the human
14-3-3¢ isoform gene (YWHAE, GenBank accession No.
NM_006761) was amplified from the ¢cDNA of NTera2-N
cells by the polymerase chain reaction using sense and
anti-sense primers (5'atggatgatcgagaggatctggtgs’ and
S'tcactgatiticgtcttccacgtc3d’). The polymerase chain re-
action product was cloned into a prokaryotic expression
vector pTrcHis-TOPO ({Invitrogen). The expression of re-
combinant human 14-3-3e protein having an N-terminal
Xpress tag for detection {rh14-3-3¢) was induced in Esch-
erichia coli by exposure to isopropyl B-thiogalactoside.
The recombinant protein was further purified through a

HiTrap chelating HP column (Amersham Bioscience) and
by separation on a 12% SDS-PAGE gel. Recombinant
human interferon-stimulated protein 15G15 fused to an
N-terminal Xpress tag (rhISG 15}, a vimentin-binding pro-
tein in human cancer cells, ®” was prepared for the control
probe. The polyvinylidene difluoride membrane on which
the gel was blotted was incubated at room temperature
overnight with 1 pg/ml rh14-3-3¢ or rhISG15 probe, fol-
lowed by immunolabeling with mouse monoclonal anti-
Xpress antibody (Invitrogen) and horseradish peroxi-
dase-conjugated anti-mouse IgG. After the probes and
antibodies were stripped by incubating the membrane at
5G°C for 30 minutes in stripping buffer, it was repeatedty
relabeled with V3 antibody, GAS antibody, or rabbit poly-
clonal antibodies specific for phosphorylated Ser-39,
Ser-72, or Ser-83 epitopes of vimentin (Santa Cruz Bio-
technology), followed by incubation with horseradish per-
oxidase-conjugated anti-mouse or rabbit IgG.

Results

Growth-Dependent Expression of 14-3-3
Isoforms in Culftured Human Astrocytes

To investigate the expression pattern of seven 14-3-3
isoforms in human neural cells, cultured human astro-
cytes, NTera2-N neurons, and U-373MG astrocytoma
cells, all of which were incubated in 10% FBS-
containing culture medium, were processed for West-
ern biot analysis using a panel of isoform-specific an-
tibodies or the antibodies broadly reactive against all
of the isoforms listed in Table 1. Cultured human as-
trocytes, neurong, and astrocytoma cells, along with
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Figure 8. Two-dimensional gel electrophoresis and immunoprecipitation analysis of 14-3-3 € isoform-binding proteins in cultured human astrocytes. A:
Two-dimensional gel analysis. Human astrocytes (AS-BW) were incubated in 10° FBS-containing culture medium. Twenty-one ug of total protein extract was
separated on a two-dimensional PAGE gel, transblotted onto a polyvinylidene difluoride membrane, and processed for overlay analysis with recombinant human
14-3-3¢ protein possessing the Xpress tag (rth14-3-3¢) followed by labeling with anti-Xpress antibody. After the probe and antibody were stripped, the blot was
repeatedly relabeled six times with the antibodies against GFAP, vimentin, and vimentin with specific phosphorylated serine epitopes, and with recombinant
human interferon-stimulated protein ISG15 having the Xpress tag (thISG15). a 1o g represent silver staining (a), rh14-3-3¢ lubeling followed by staining with
anti-Xpress antibody (b), vimentin (¢), vimentin with phosphorylated Ser-39 (d), vimentin with phosphorylated Ser-72 (e), vimentin with phosphaorylated
Ser-83 (f), GFAP (g), and rhISG15 labeling followed by staining with anti-Xpress antibody (h). Two major spots labeled with th14-3-3¢ and amii-vimentin
antibody are named spot no. 1 and no. 2, while a spot labeled with th14-3-3¢ and anti-GFAP antibody is designated spot no. 3. Spots no. 1 and no. 2 were
excised from the gel and processed for mass spectrometry (MS) analysis, B: Immunoprecipitation analysis. Total protein extract of cultured human
astrocytes was immunoprecipitated with e isoform-specific antibody (lanes 1 and 6), [ isoformespecific antibody (lanes 2 and 7), B-isoform-specific
antibody (lanes 3 and 8), with the same amount of normal rabbit IgG (lanes 4 and 9), or untreated with any antibodies (lanes § and 10; 2 ug of total
protein extract before processing for immunoprecipitation). Then, the immunoprecipitates were processed for Western blot analysis using anti-vimentin
(top) or anti-GFAP antibody (bottom).

human brain homogenate, expressed substantial lev-
els of B, v, €, £, m, and Bisoforms (Figure 1, ato h; lanes
1 to 4). In contrast, the o isoform was undetectable in
human neural cells but was identified in Hela cells
(Figure 1i, lanes 1 to 5).

To study the effects of culture conditions on 14-3-3
protein levels, human astrocytes were incubated for 7
days in 10% FBS-containing culture medium or in the
serum-free culture medium, which ied to nearly com-
plete growth arrest. The expression levels of B, ¥, €, £,
n, and @ isoforms were elevated in human astrocytes
incubated in the serum-centaining growth-promoting
condition. The expression was enhanced 3.3-, 1.6-,
2.2-, 10.0-, 18.7-, or 4.6-fold, respectively, compared

with the levels under the serum-free growth-arrested
condition when standardized against the levels of
HSP60, a housekeeping gene product on the identical
blots {(Figure 2, a to ¢, e to g; top and bottom panels,
lanes 1 and 2). The serum-induced up-regulation of
14-3-3 isoforms was also observed in a different cul-
ture of human astrocytes (Figure 2d, top and bottom
panels, lanes 1 and 2) and mouse astrocytes in culture
{Figure 2h, top and bottom panels, lanes 1 and 2; and
additional data shown in Supplementary Figure 2 on
The American Journal of Pathology website at http://
www.amjpathol.org). These results indicate that cul-
tured human astrocytes constitutively express all iso-
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Figure 9, Mass spectrometry analysis of the 14-3-3 ¢ isoform-binding proteins in cultured human astrocytes. Spots no. 1 2nd no. 2 [abeled with the rth14-3-3¢ probe
(Figure 84, a and b) were excised from the gel, trypsinized, and processed for nancESI-MS/MS analysis. A: The spectra of nanoESI-MS/MS analysis of spot no.
1. Each peak indicates individual peptide fragments. The position of severa] peaks was automatically numbered on the spectra. Peptides derived from the autolytic
fragmenys of trypsin (eg, 412, 421, and 523) were omitted te be processed for further analysis. The peptide fragments were selecied for MS analysis in order of
their signal intensity. B: Amine acid sequence of human vimentin. Eight peptide fragments of spot no. 1 identified by nanoESI-MS/MS analysis (shadowed)
showed a perfect maich with the amino acid sequence encompassing residues 51 to 466 of vimemzin. The number indicated on each fragment represents the

posiion in the horizontal axis of the spectra (A).

forms except for o, whose levels were elevated in a cell
growth-dependent manner.

Differential Expression of 14-3-3 Isoforms in
Reactive Astrocytes in Demyelinating Lesions
of MS

To investigate the differential expression of seven 14-3-3
isoforms in M3 lesions, the brain, spinal cord, and optic
nerve of four progressive MS patients (no. 791, no. 744,
no. 609, and no. 544} and 12 non-MS control cases were
processed for immunchistochemistry using a panel of
isoform-specific antibodies. In chronic active and inac-
tive demyelinating lesions of MS, the majerity of GFAP™
hypertrophic astrocytes intensely expressed 8, ¢ £, and
7 isoforms, whereas a small pepulation of reactive astro-
cytes displayed immunoreactivities against v, 6, and o
isoforms (Table 2; Figure 3, a to e; Figure 4 a and b).
Reactive astrocytes immunoreactive against the 14-3-3
protein exhibited the most dense accumulation at the
lesion edge, althcugh they were widely distributed in
demyelinating lesions and in the normal appearing white
matter. A glial scar was also intensely labeled with the
antibodies against B, €, £, and n isoforms (e shown in
Figure 3e and the others not shown). In MS and non-MS
brains, a major population of cerebral cortical neurcns
constitutively expressed high levels of B, v, ¢, and n
isoforms, and to a lessor degree, # isoform, whereas they
hardly showed immunaoreactivity for the o isoform, and a
small population of cerebral cortical neurons in MS and
non-MS brains occasicnally expressed weak immunore-

activity for the e isoform, althcugh these findings varied
among brains for different cases (Table 2; Figure 4, c to
f; and Figure 6). Disrupted, distorted, and swollen axons
found in the active demyelinating lesions of MS exhibited
strong immunoreactivity against y and ¢ isoforms (y
shown in Figure 5a and the other not shown).

A very small population of reactive astrocytes in de-
myelinating lesions of M3, which occasionally showed a
binucleated morphology, intensely expressed the o iso-
form, whose expression was not detected in cultured
human astrocytes (Figure 5¢). A number of reactive as-
trocytes that appeared in the ischemic lesions of cerebral
infarction expressed strong immunoreactivity against €, £,
and 7 isoforms (Table 2; Figure 5b), and the & isoform
was again strongly expressed in a very small number of
reactive astrocytes (Figure 5d). The immunoreactivity
against the n isoform was often concentrated in the nu-
clear region of reactive astrocytes in MS lesions {not
shown) and the ischemic lesions (Figure 6; a to f). Fur-
thermore, some GFAP* astrocytes occasionally identi-
fied in the brains of schizophrenia and neurologically
normal patients expressed e and o isoforms at variable
levels (Table 2; Figure 6, b and e). CD68* macrophages
and microgtia, with the greatest accumulation identified
in the center and edge of active demyelinating lesions of
MS and necrotic lesions of cerebral infarction, expressed
B, ¢, and m isofarms, whereas they did not show substan-
tial immunoreactivity against €, 8, or o isoforms {Table 2;
Figure 6¢). CD3" lymphocytes found in the perivascular
cuffs of active MS lesions expressed variable immunore-
activities for g and ¢ isoforms (not shown). A substantial
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Figure 10, Co-expression of the 14-3-3 ¢ isvform and vimentin in cultured human astrocytes und reactive astrocytes in chronic demyelinating lesions of MS.
Cultured human astrocytes and M$ brain tissues were processed for double immunaelabeling with anti-vimentin antibody and e isoform-specific antibody or
anti-GFAP antibody fotfowed by labeling with fluorescein isothiocyanate- and rhodamine-conjuged secondary antiboclies. a 1o £ represent cultured human
astrocytes (AS-BW) (a-d); no. 744, chronic active demyelinating lesions in the subcontical white matter of the frontad lobe (e, £); vimentin (a, ¢, €); € (b, £); and

GFAP (d).

population of oligodendrocytes, which survived in
chronic active demyelinating lesions of MS and ischemic
lesions of cerebral infarction, expressed intense immu-
noreactivity against @ isoform (Table 2; Figure 5, e and f;
and Figure 6d). These results suggest that markedly
up-regulated expression of the ¢ isoform is the most
reliable marker for identifying reactive astrocytes in M3
and non-MS brains. Co-expression of the ¢ isoform and
GFAP was verified in reactive astrocytes in MS lesions

{(Figure 7; a 1o ¢) and cultured human astrocytes (Figure
7, d to f} by double immunolabeling.

Binding of the 14-3-3e Isoform to Vimentin and
GFAP in Cultured Human Astrocytes

To identify the binding partner of the 14-3-3 protein in
human astrocyles, we performed a protein overlay anal-
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Figure 11. Putative role of the 14-3-3 protein in reacrive gliosis in MS,
Reactive gliosis is characterized by hypertrophy and proliferation of astro-
cyles associated with enhanced expression of GFAP (green) and vimentin
(orange), which are co-polymerized in assembled filiments. Cultured human
astrocytes expressed B, ¥, € Z, 7, and # isoforms, whose levels were
markedly up-regulated under the growth-promoting culture condition, in
which the 14-3-3 protein (red) interacted with vimentin (crange) and GFAP
(green). These observations suggest that the 14-3-3 protein (red) might act as
an adapior that connects vimentin {orange) and GFAP {green) in reactive
astrocyles at the site of demyelinating lesions in MS.

ysis using recombinant human 14-3-3¢ protein with the
Xpress tag (rh14-3-3¢) as a probe. Human astrocytes
were incubated in 10% FBS-containing culture medium.,
Total protein extract was separated on a two-dimensional
PAGE gel (Figure 8A, a) and transferred onte a polyvi-
nylidene difluoride membrane (Figure 8A, b to h). The
th14-3-3¢ probe strongly reacted with several spots on
the blot, among which two major 54-kd spots were des-
ignated spots no. 1 and no. 2 (Figure 8A, b). In contrast,
the rhlSG 15 probe did not react with these spots, exclud-
ing nonspecific binding of rh14-3-3¢ via the Xpress tag
(Figure 8A, h). Spots no. 1 and no. 2 were excised from
the original gels, trypsinized, and processed for nanoESI-
MS/MS analysis (Figure 9A). Among the peaks detected,
eight peptide fragments derived from spot no. 1 and six
from spot no. 2 showed a perfect match with the amino
acid sequence covering residues 51 to 466 of human
vimentin (Figure 9B), suggesting that these spots corre-
spond to nearly full-length vimentin. Intense vimentin im-
muncreactivity was also identified in reactive astrocytes
in demyelinating lesions of MS (Figure 3f). Furthermore,
anti-vimentin monoclonal antibody reacted with spots no.
1 and no. 2, although this antibody labeled three addi-
tional, more acidic spots having smaller molecular
weights (Figure BA, ¢). The latter might represent post-
translationally modified iseforms or degradation products
of vimentin. Because vimentin is heavily phosphorylated
at multiple serine residues in various mesenchymal cells,
the phosphorylation state was characterized by repeated
relabeling of the blot with three different antibodies spe-
cific for phosphorylated serine epitopes of vimentin.
Phosphorylated Ser-39-, Ser-72-, and Ser-83-specific an-
tibodies strongly reacted with spots no. 1 and no. 2,
along with three additional spots unlabeled with rh14-3-
3¢, suggesting that these serine residues are not involved
in the interaction of the e isoform with vimentin {(Figure 8A,
d to f). Protein overlay analysis using the rh14-3-3e probe
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identified a distinct spot, designated spot no. 3 (Figure
8A, b). This spot was labeled with anti-GFAP antibody,
indicating that GFAP is ancther binding pariner of the
14-3-3 protein (Figure 8A, g). A more acidic spot having
a smaller molecular weight immunoreactive for GFAP and
weakly labeled with rh14-3-3¢ might represent a post-
translationally moditied isoform or a degradation product
of GFAP {Figure 8A, b and g}. Vimentin and GFAP were
detected in the immunoprecipitates of cultured human
astrocyte protein extract, when the lysate was incubated
with the e, B, or ¢ isoform-specific antibody {Figure 8B,
top and bottom panels, lanes 1 to 3, 6 to 8). In contrast,
only marginal bands were found in those with normal
rabbit 1gG (Figure 8B, top and bottom panels, lanes 4
and 9}. Co-expressicn of the e isoform with vimentin and
GFAP was verified in cultured human astrocytes (Figure
10; a to d) and in reactive astrocytes in demyelinating
lesions of MS {Figure 10, e and f) by double immunola-
beling.

Discussion

The present study showed that seven 14-3-3 isoforms are
differentially expressed in reactive astrocytes in demyeli-
nating lesions of MS. Human astrocytes in culture also
expressed B, v. €, {, 7, and # isoforms whose levels were
markedly elevated under the growth-promoting culture
condition. In demyelinating lesions of M3, the majority of
GFAP™ hypertrophic astrocytes intensely expressed B, e,
¢, and n isoforms, although the expression of these iso-
forms was found in reactive astrocytes appearing in
non-MS brains. Previous studies showed that the o iso-
form expression is confined to differentiated squamous
epithelial cells."®® However, we found that some reac-
tive astrocytes in MS and non-MS brains intensely ex-
pressed this isoform. Neurons constitutively expressed 8,
v. £, and 7y isoforms but they did not constantly express ¢
or o isoforms. Macrophages and microglia in MS and
non-MS lesions intensely expressed B, ¢, and n iscforms,
but they did not express ¢, 8, or ¢ isoforms. A substantial
population of oligodendrocytes, surviving in active demy-
glinating lesions of MS and ischemic lesions of cerebral
infarction, intensely expressed the 8 isoform, consistent
with the expression of this isoform in the white matter of
the developing rat CNS.” These observations are in
agreement with our previcus findings that the 14-3-3
protein is expressed not only in neurons but also in as-
trocytes, microglia, and oligodendrocytes in mouse brain
cell cultures.?® The present observations suggest that
up-regulated expression of the ¢ isoform could be used
as an immunohistochemical marker to identify reactive
astrocytes at least in demyelinating lesions of MS and
ischemic lesions of cerebral infarction. However, Lewy
bodies in the Parkinson's disease brain®® and a minor
population of neurons in MS and non-MS brains express
the € isoform, indicating that this isoform is not astrocyte-
specific.

The biolegical role of e and ¢ isoforms in human astro-
cyte function remains unknown. Increasing evidence in-
dicates that isocform-specific function regulates the devel-
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opment and differentiation of neural and nonneural cells.
Particularly, the € isoform plays a role in the regulation of
various cellular signaling events. The 14-3-3¢ gene is
deleted in the patients with Miller-Dieker syndrome, a
human neuronal migration disorder presenting with the
most severe form of lissencephaly (LIS) associated with
facial abnormalities.®? e Isoform-deficient mice are defec-
tive in neuronal migration during brain development.*
The multimolecular complex composed of the e isoform,
LIS1 and nudE nuclear distribution gene E homoleg-like 1
(NUDEL) regulates the activity of dynein, a cytoplasmic
motor protein, suggesting a role of e in neuronal migra-
tion.*? Somatic homozygous deletion of the 14-3-3e gene
is frequently found in small cell lung cancers, supporting
the idea that the € isoform serves as a tumor suppressar
gene.*! The 14-3-3¢ isoform, by binding to the intracel-
lular domain of the p75 neurotrophin receptor (NTR} in a
NGF-dependent manner, promotes p75NTR-associated
cell death executor (NADE)-mediated apoptosis.*2 Dur-
ing apoptosis, the e protein is cleaved by caspase-3 at a
cleavage site located in the C-terminal hydrophobic tail,
where the amino acid sequence is highly variable ameng
different 14-3-3 isoforms.*® The ¢ iscform interacts with
cdc25A and cdc25B phosphatases, key enzymes re-
quired for cell-cycle progression by activating cyclin-
dependent kinases.** Phosphorylation-dependent inter-
action of the eisoform with heat shock transcription factor
HSF1 restricts the location of HSF1 in the cytoplasm by
keeping it in an inactive form.*® The e isoform catalyzes
the depolymerization and unfolding of mitochondrial pre-
cursor proteins in an ATP-dependent mannet.*® Based
on these observations, we propose that the e isoform
plays a regulatory role in proliferation, apoptosis, and
stress responses in reactive astrocytes.

The o isoformm constitutes a component of the G,/M
cell-cycle checkpoint machinery.*” Exposure of the cells
to DNA-damaging agents results in p53-dependent in-
duction of the o isoform, which in turn arrests the cells in
the G,/M phase by sequestering the cdc2-cyclin B1 com-
plex in the cytoplasm.*® Therefore, o isoform-deficient
cells are unable to maintain cell-cycle arrest.*” Selective
down-regulation of the o iscform because of the hyper-
methytation of CpG islands in its promoter region is re-
sponsible for the malignant transformation of breast can-
cer cells,*® whereas reduced expression of the ¢ isoform
allows human epidermal keratinocytes to escape replica-
tive senescence.> These observations raise the possi-
bility that a population of reactive astrocytes with strong
immunoreactivity against the « isoform might represent
the cells responding to DNA damage at the site of de-
myelinating lesions in MS and ischemic lesions of cere-
bral infarction.

Reactive gliosis is characterized by hypertrophy and
proliferation of astrocytes associated with enhanced ex-
pression of GFAP and vimentin, accompanied by in-
creased production of growth factors, cytokines, neu-
ropeptides, and extraceliular matrix molecules.®'%?
Astrocytes play a role in the repair of the blood-brain
barrier, protection of neurons from glutamate excitotox-
icity, and enhancernent of neuronal survival by supplying
neurotrophic factors.®? On the other hand, reactive astro-

cytes strongly inhibit neurite outgrowth by forming glial
scars after CNS injury and inflammation.®*#* Through
protein overlay and nanoESI-MS/MS analysis, we showed
that vimentin is the major 14-3-3 protein-interacting pro-
tein expressed in cultured human astrocytes. Consistent
with previous observations,®®%® we identified vimentin
expression in reactive astrocytes in demyelinating lesions
of MS. Astrocytes isolated from vimentin-deficient mice
possess an abnormal filamentous network of GFAP.57-5%
Furthermore, mice lacking vimentin and GFAP do not
form proper glial scars after CNS injury, indicating that
the type 11! IF family proteins play a pivotal role in cy-
toskeleta! organization in astrocytes.®® .

In our study, the rh14-3-3¢ probe strongly reacted with
two distinet spots named no. 1 and no. 2 among five
phosphovimentin-immunoreactive spots on the blot, Vi-
mentin was immunoprecipitated with the £ and g isoforms
along with e. These observations suggest that the inter-
action between vimentin and the 14-3-3 protein is not
isoform-speacific, and that the 14-3-3 protein-binding do-
main in vimentin might not include phosphorylated Ser-
39, Ser-72, and Ser-83 epitopes. Protein overlay analysis
identified GFAP as another binding partner of the 14-3-3¢
isoform. Immunocprecipitation experiments verified the in-
teraction between GFAP and the €, £, or £ iscform. How-
ever, a different spot strongly immunoreactive against
GFAP but much weakly labeled with rh14-3-3e was iden-
tified on the two-dimensional gel blot, This suggests that
a substantial pool of cytoplasmic vimentin and GFAP
proteins steadily interact with the 14-3-3 protein in human
astrocytes.

Qur observations raise the possibiiity that the 14-3-3
protein acts as an adaptor that connects vimentin and
GFAP in cu'tured human astrocytes (Figure 11). Previous
studies showed that vimentin and GFAP are co-ex-
pressed and co-polymerized in assembled filaments in
astrocytes,59€0 supporting the view that the 14-3-3 pro-
tein not only bridges vimentin and GFAP one by one, but
also bundles both of them in the same assembled fila-
ments. All these proteins are expressed at much higher
levels in reactive astrocytes, which require more efforts to
coordinate the IF network compared with resting astro-
cytes (Figure 11}, Several other binding partner candi-
dates for vimentin in astrocytes include «a-crystaliin,
which inhibits the in vitro assermbly of GFAP,®' and the
multiple endocrine neoplasia type 1 (MEN1) gene prod-
uct named menin, which binds to vimentin and GFAP in
glioma ceils.®? The 14-3-3y isoform interacts with F-actin
and Raf kinase in cultured mouse astrocytes, indicating
its role in cytoskeletal rearrangement during cell growth
and division.53%* |mportantly, a recent study using
COS-7 cells overexpressing the 14-3-3 protein showed
that phosphorylated vimentin binds to the 14-3-3 protein
and limits the interaction of 14-3-3 with other 14-3-3-
binding partners, thereby modulating Raf-dependent in-
tracellular signaling.®® This study also found that vimentin
does not have typical consensus 14-3-3-binding motifs.®°
However, a close interaction of the 14-3-3 protein with
phosphorylated vimentin affects the phosphorylation and
dephosphorylation state of vimentin.®®> Site-specific
phosphorylation of vimentin and GFAP is mediated by
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a range of protein kinases, including Rho kinase, cdc2
kinase, Ca®* calmedulin-dependent kinase |l, protein
kinases A and C, and Aurora-B kinase.®0-%%-%% They
coordinately regulate dynamic equilibrium between the
assembly and disassembly of IF proteins during mito-
§is.99-95-89 Fyrthermore, these kinases are identified
as binding partners for the 14-3-3 protein.'™* There-
fore, our observations suggest that the 14-3-3 protein
plays a role in the organization of IF proteins and
iF-related kinases during conversion from resting as-
trocytes to reactive astrocytes. Arole for 14-3-3 protein
in IF dynamics is supported by our preliminary obser-
vations that suggest the effects of difepein, ™ a specific
inhibitor of 14-3-3 protein/ligand interaction, on the
morphological characteristics of cultured human astrg-
cytes.
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A Structural Basis for the Association of DAP12 with Mouse,

but Not Human, NKG2D'

David B. Rosen,* Manabu Araki,?’ Jessica A. Haomerman,* Taian Chen,* Takashi Yamamura,

and Lewis L. Lanier**

T

Prior studies have revealed that alternative mRNA splicing of the mouse NKG2D gene generates receptors thal associale with
either the DAP10 or DAP12 transmembrane adapter signaling proteins. We report that NKG2D functior is normal in homan
patients lacking functiocnal DAP12, indjcating that DAP10 is sufficient for human NKG2D signal transduction. Further, we show
that human NKG2D s incapable of associating with DAP12 and provide evidence that structurat differences in the transmembrane
of mouse and human NKG2D account for the species-specific difference for this immune receptor. The Journal of Immunology,

2004, 173: 2470-2478.

r I N he activity of NK cells is regulated by & balance of pos-
itive and negative signals transduced, respectively, via ac-
tivating and inhibitory cell surface receptors (1, 2). The

activating receptor NKG2D, a C type-like lectin and type II trans-

membrane (TM)* protein (3), is expressed on all NK cells, y&

TCR" T cells, and human CD8™ T cells and is induced on acti-

vated mouse CD8™ T cells (4). NKG2D recognizes several MHC-

related ligands, including the UL16-binding protein and MHC
class I-related chain family of proteins in humans (5, 6) and H60,

RAE-1, and MULT-1 in mice (7~10). These NKG2D ligands,

though vsually absent from or expressed at low levels by normal

adult tissues, are often induced on stressed, infected, or tumor cells
in adult life (reviewed in Ref. 11). In this fashion, leukocytes express-
ing NKG2D can directly recognize transformed or infected cells.

Activation through NK(G2D can have muitiple outcomes including
the production of IFN-y and (he triggering of cell-mediated cytotox-
icity (5. 12). In a8 TCR™ T cells, NKG2D has been suggested to
provide a costimulatory role similar to CD28, enhancing TCR-medi-
ated signaling events (13, 14} In vivo NKG2D is involved in antitu-
mor as well as antiviral immunity (reviewed in Ref. 15).

NKG2D itself lacks intrinsic signaling capabililies. Like the
TCR. NKG2D contains a positively charged amino acid within its
TM region and requires association with adapter signaling proteins
for cell surface expression. These adapter proteins contain com-
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plementary negatively charged amino acids within their TM re-
gions that provide a salt bridge with NKG2D. Both in mice and
humans, NKG2D homodimers associate with and signal through
homodimers of the TM adapter protein DAP10 (12, 16). Signaling
throegh DAPL10 involves phosphorylation of its cytoplasmic
YXXM motif, recruitment of the p85 subunit of phosphatidylino-
sitol-3 kinase, and downstream signaling through AKT (16-18).

In mice, altemative mRNA splicing generates two functionally dis-
tinet isoforms of the NKG2D protein (12). The mouse NKG2D long
{mNKG2D-L) protein comprises 232 amino acids, whereas the mouse
NKG2D short (mnNKG2D-8) protein facks the first 13 N-lerminal
amino acids and initiates translation at a second methionine in the
cyvtoptasmic domain of this type Il protein. This shorter isoform is
expressed in activated, but not resting, mouse NK cells and is capable
of pairing with homodimers of either DAP10 or DAP12, an ITAM-
containing TM adapter protein. Like other ITAM sequences, DAPI2
intracellular Y XXLg_g: YRXALT motif recruits Syk family Kinases
(19). Mouse NKG2D-L pairs exclusively with DAP10 (12). Both
DAPI0 and DAPI2 signaling contribute to NK cell-mediated cylo-
toxicity, whereas DAPL2 signaling also definitively stimulates cyto-
kine production, such as IFN-y (12, 16, 20, 21).

The ability of the mouse NKG2D to generate identical receptors
with distinct signaling properties by virtue of association with dif-
ferent adapter proteins prompted the question of whether human
NKG2D also demonstrates this property. In this study, we have
examined NKG2D expression and functional activity in human
PBMCs of patients lacking a functional DAPI2 gene and have
explored the structural basis for association of human and mouse
NKG2D with the DAP10 and DAPI2 adapter proteins.

Materials and Methods
Characterization of patients with Nasu-Hakola

The DAPI2 (tyrobp) gene in a patient with Nasu-Hakola, designated NHE,
has a single base mutation in the start codon of exon 1 that has recently
been identified in Japanese patients (22). Patients NH2 and NI3 have a
single base deletion in exon 3 (22, 23). Loss of DAP12 protein expression
in these patients was coufinmed by Western blotting as previously de-
seribed (22). Studies of all these subjects were conducted according to the
institutional guideline.

Cytotoxicity assays

PBMC were prepared from peripheral blood samples of healthy individuals
and three patients with Nasu-Hakola disease using densily gradient cen-
trifugation by using Ficoll-Hypaque Flus (Amersham Pharmacia Biotech,
Uppsala, Sweden). PBMC were resuspended at 2 X 10%m1 in RPMI 1640

0022-1767/0-+802.00
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medivm supplemented with 10% FCS, 2 mM 1-glutamine, HEPES, peni-
cillin/streptomycin, and 2-ME. PBMC were plated into 24-well plates in
the presence of 100 U/mi 1L.-2, for mAb-induced redirected cytolytic as-
says, or 1000 U/mi 1ll.-2, for BaF/3 cytotoxicity assays rIl.-2 (Shionogi,
Osaka, Japan). A lower concentration of IL-2 was used for assays with
P815 target cells as high doses of IL-2 cause considerable background
cytotoxicity against P8135, likely due to lymphokine-activated killer activ-
ity. Activated PBMC were harvested after 48-h colfture, then used in 4-h
¢t release cytotoxicity assays as described (24), Bal’3, Baki3 cells ex-
Eressing MICA*0019, and FeR™ P815 cells were labeled with 100 pCi of
'Cr (PerkinElmer, Boston, MA) for 2 h at 37°C, washed three times, and
used as target cells in cell-mediated cytotoxicity assays. For mA b-induced
redireeted cytotoxicity assays using P815 target cells, PBMC were cultured
in the presence of medium only, control mAb anti-CD36 mAb (Leul9; BD
Immunecytometry Systems, San Jose, CA) or anti-NKG2D mAb (made in
collaboration with Dr. J. Houchins; R&D Systems, Minneapolis, MN).
Monoclonal Abs were used at a final concentration of 2.5 pg/ml.

cDNAs, chimneras, and plusmids

Hunan “shont” NKG2D, human truncated NKG2D. mouse truncated
WKGZD, mouse-human NKG2ID chimeras (mTM hEC), and NKG2I-CD69
chimeras were created by standard PCR mutagenesis. TM regions were de-
termined by using the following TM prediction programs and a consensus
sequence was obtained by comparison of the anulyses: Tmap (hutp://srs.ebi.
ac.ukistsbin/egi-bin/wgetz?-page +Launch +-id+ ldvsK IMjgHZ +-appl+
tmap+-launchFrom+top); DAS {(btip:/iwww.sbhe.suse/~miklos/DAS/);
Tmpred (htp:/iwww.chembnelorg/'sofiware/ TMPRED_form. html);
IIMMTOP (http/'www.enzim. hw/hmmtop/htmUsubmit html); SOSUT (hittp:i/
sosui.proteome. bio.tuat.ac jp/cgi-bin/sosui.c gi¥sosui_submit. himl); and
TMIDVIMM  (httpr/rwww.chs.d.dkservices TMIIVIVY. Protein chimeras
and truncations were created using the following amino acids: mANKG2D
begins at K48, hANKG2D at R47, and ACD6% al V39 {(with numbering
beginning at the first amino acid in the mNKG2D-L isoform and the human
NKGID and CIX69 sequences). Mouse NKG2D TM construct consists of
amino acids K48-V84 and the human NKG2ID> TM constructs span R47-Ns0.
Human NKG2D extracellular (EC) construct begins at 1.82, and the human
D69 EC construct at G635, The human NKG2D short intracellular region
construct consists of MI15-E48, the human long intracellular construct of
MI-E48 and the mouse NKG2D tail construct spans M1-F13, CD69 ¢<DNA
was synthesized [rom mRNA isolated from Jurkat T cells stimubated 24 h with
25 ng/ml PMA (Calbiochem, Darmstadt, Germany) by reverse transcriplion
with Superscript I {Invitrogen Lile Technologies, Carlsbad, CA). Site-directed
mutagenesis was performed using a Quick Change kit (Invitrogen Life Fech-
nologies), according 1o the manufacturer's instructions. Al constructs were
confirmed by DNA sequencing, ¢DNAs were subcloned into pMx-pie (con-
taining a puromycin resistance gene, an intemnal ribosomal entiy site (IRES)
element, and the enbanced GIFP gene) or pMX-puro retrovirl vectors (23).

Cells and transfectanis

Plasmid constructs were transfected with Lipofectamine 2000 (nvitrogen
Life Technologies) into the Phoenix packaging cell lines (generous gifis
from Dr. G. Nolan. Stanford University, Palo Alto, CA) (26) to produce
retroviruses, Retroviruses in medium containing 8 pg/m! polybrene (Sig-
ma-Aldrich, St. Louis, MO) were used to infect BaF/3 reporter cells.
Bricfty, polybrene was added to retroviral supernatants and the mixture was
used to resuspend BaF/3 reporter cells. Following centrifugation of the
cells in the retrovirus-containing medium (1300 X g for 2.5 h), transfected
reporter cells were incubated for 48 h at 37°C and then assayed for trans-
gene expression. Bal3 reporter cells were created from the mouse pro-B
BaF3 cell line. Dr. 5. Tangye {Centenary Institute, Sydney, Australia)
generously provided Bal/3 cells transfected with a mouse 1L.-3 cDNA to
permit autocrine production of this requisite growth factor. To create Myc-
DAPI10 reporter cells, IL-3* BaFi3 cells were infected with retroviruses
(pMX-puro vector) containing a ¢DNA including the human CDS8 leader
segment, followed by the Myc epitope (EQKLISEEDL) joined to the EC
N-terminal domain of human DAPI0 (27). Similaily, to create Flag-
DAPI2 reporter cells. IL-3” Bal¥/3 cells were infected with retrovirses
(pMX-puro vector) containing ¢DNA including the kuman CD8 leader
segment, followed by the Flag epitope (DYKDDDDK) joined to the EC
N-terminal domain of human DDAPI2, as described (19, 28). Infected cells
were then selected in RPMI 1640 medium supplemented with 10% FCS, 2
mM r-glutamine, and 1 pg/ml puromycin,

Filow cytometry and Abs

For immunoflucrescence analysis of transfected myc-DAP10 BaF!3 re-
porter cells, 1 X 10° cells were stained with anti-myc mAb 9E11 (gener-
ously provided by Dr. G. Evan, University of California, San Francisco.
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CA), followed by a donkey anti-mouse 13G secondary Ab conjugated to PE
(Jackson ImmunoResearch Laboratorics, West Grove, PA). Cells were then
preincubated in 10% normal mouse seram before being stained with either
biotin-conjugated mouse anti-human NKG2D mAb (clone (49810, R&D
Systems), biotin-conjugated rat anti-mouse NKG2D mAb CXS, or allo-
phycocyanin-conjugated mouse anli-human CD69 mAb Leu23 (BD
Pharmingen, San Diego, CA). Biotin-conjugated Abs were detected with
CyChrome-conjugated or allophycocyanin-conjugated streptavidin (BD
Pharmingen). For immunofluorescence amalysis of transfected Flag-
DAP12 BaF/3 reperter cells, 1 X 10° ¢ells were stained with biotin-con-
jugated anti-Flag mAb M2 (Sigma-Aldrich), followed by CyChrome-con-
jugated streptavidin (BD FPharmingen). Cells were also stained prior with
PE-conjugated mAb to mouse NKG2D (CX5), anti-human NKG2D, or
anti-CD6% (Len23; BD Phamingen) followed by doukey anti-mouse IeG
PE. Live cells were gated based on forward and side scatter profiles. Ret-
rovirus-infected cells were gated based on GI'P fluorescence. Cells were
analyzed by using a FACSCaliber (BD Biosciences, San Jose, CA) or a
small desktop Guava Personal Cytometer with Guava ViaCount and Guava
Express software (Hayward, CA).

Immunoprecipitations and Western blots

A total of 50 X 10 tansfected Bab3 cells were solubilized in 1 ml Brij-
Nonidet P-30 lysis bufTer (0.875% Bnj 97, .125% Nonidet P-40, 10 1M
Tris base, 150 mM NaCl (pH 8.40). and protease inhibitors; all Sigma-
Aldrich). Cell lysates were precleared with 60 ul of protein G-Sepharose
beads (Antershain Pharmacia Biotech) for 1 h at 4°C, Anti-human NKG2D
(clone 149810; R&D Systems) or isotype-matched control mAb were
cross-linked to protein G beads by incubation in PBS for 30 min, followed
by incubation in 10 mM dimethy) pimelimidate dihydrochloride (DMP;
Pierce, Rockford, I1.}, 200 mM triethanolamine (Sigma-Aldrich) pH 8.2 for
43 min and extensive washing. Monoclonal Ab-coated heads were used for
immunoprecipitation of precleated lysates for 3 h at 4°C. After washing,
immunoprecipitates were eluted by adding nonreducing sample buffer and
incubating for 30 min at room temperature. 2-MFE (Sigma-Aldrich) was
added, samples were boiled, and analyzed by 15% SDS-PAGE. Samples
were transferred o Immobilon P membrane (Millipore, Bedford, MA),
blocked and probed with goat anti-human DAP10 Ab N-17 (Santa Cruz
Biotechnology, Santa Cruz, CA) or anti-human DAPI2 mAb DX37 (27,
followed by HRP-conjugated donkey anti-goat IpG (Amersham Phammacia
Biotech) or goat anti-mouse IgGG (Amersham Pharmacia Biotech), respec-
tively, and vistalized with chemiluminescent substrate (Pierce).

Results
PBMCs from DAP12™" patients display normal NKG2D

Junction

Only the counterpart of the mNKG2D-L isoform has been de-
seribed in humans and has been shown to coimmunoprecipitate
with DAP1Q, but not DAPI2 (16, 27). Nonetheless, this does not
exclude a weak or indirect association between human NK@G2D
and DAP12 that may contribute to NKG2D receptor function in
human lymphocytes. Therefore, studies were undertaken to ad-
dress formally a potential role for DAPI2 in human NKG2D re-
ceptor-dependent NK cell activation. Nasu-Hakola disease, also
called polycystic lipomembranous osteodysplasia with sclerosing
leukoencephalopathy, is a globally distributed recessively inher-
ited disease caused by loss of function mutations in the DAPIZ
(also called nyrobp) gene (23). In this report, we analyzed PBMC
of three Japanese patients with Nasu-Hakola disease for their
NKG2D-mediated cytolytic function. Each of these patients has a
single point mutation in their DAPJ2 gene that catses premature
stop codons and results in a complete lack of detertable DAP12
protein (see Materials and Methods). We examined the peripheral
blood CD3~CD36™ NK cells of these patients and found that the
expression of NKG2D on the cell surface of their NK cells was
indistinguishable from normal, healthy individuals (Fig. la). Pre-
viously, we reported that loss of function mutations in human
DAP12 did not affect expression of the closely linked DAPI0 gene
(23); however, in this prior study NKG2D receptor-dependent
functions were not directly analyzed.

To formally address the activity of the NKG2D receptor in pa-
tients lacking DAP12, we tested the ability of PBMCs from these
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FIGURE 1. NKG2D expression and function in Nasu-Hakola patients.
a, NKG2D levels on NK cells are identical in normal bealthy humans and
patients with Nasu-Hakola discase. CD37CD56™ NK cells from PBMC of
a normal, healthy individual, and Nasu-Hakola patients (NH1, NH2, and
NH3) were stained with mAb against {D3, (D56, and NKG2D or appro-
priate control Ig and were analyzed by flow cytometry. Representative data
from onc Nasu-Hakola patient are shown. Isotype-matched g control
(dashed line) and anti-NEKG2D (bold lines) are shown_ b, PBMC from a
normal, healthy individual and three Nasu-llakola patients (NI, NI12,
and NH3) were cultured for 48 h in IL-2 and assayed for mAb-induced
redireeted cytotoxicity against FeR™ P815 target cells in the absence or
presence of anti-NKG2D mAb or anti-CD36 mAb (used as a negative
controf). ¢, IL-2-activated FBMC from a normal, healthy individual, and
three Nasu-Hakofa patients (NHI, NH2, and NH3) were assayed for cy-
tolytic activity against mouse Ba/F3 target cells or Ba/F3 cells stably trans-
fected with MICA*0019, a human NKG2D ligand.

patients to kill target cells by the NKG2D-dependent pathway.
This was achieved by using an anti-NKG2D mAb-induced redi-
rected cytotoxicity assay and by using mouse target cells trans-

fected with a human NKG2D ligand, MICA*0019. PBMCs from
the three patients with Nasu-Hakola disease, as well as a normal,
healthy individual, were cultured for 48 h in [L-2 and then used as
effector cells in these cytotoxicity assays. Using *'Cr-labeled
FcR* P85 largel cells, anti-NKG2D mAb induced cytotoxicity
mediated by PBMCs of healthy individuals and patients with
Nasu-Hakola disease, whereas the anti-CI)56 mAb used as a neg-
ative control failed to augment lytic activity (Fig. 15). No signif-
icant difference was seen in NKG21>-mediated cytotoxicity levels
between the patient and control cells. To further characterize
NKG2D function in patients with Nasu-Hakola disease, we per-
formed cytotoxicity assays against Bal/3 mouse pro-B cells stably
transfected with MICA¥0019, a physiological ligand of human
NKG2D. Although minimal cytotoxicity was seen against untrans-
fected, parental BaF/3 cells, BaF/3 cells stably expressing MICA
stimulated elevated cytotoxicity from activated PBMCs of both
normal individuals and patients with Nasu-Hakola disease. No sig-
nificant differcnce was observed in cylotoxicity levels mediated by
PBMCs of healthy individuals and Nasu-flakola patients against
MICA-beanng target cells. Thus, NKG2D expression on NK cells
and NKG2D-dependent functions were indistinguishable among
healthy individuals and the patients with Nasu-Hakola disease.
These experiments demonstrate normal human NKG2D function
in the absence of DAP12.

Unlike mouse NKG2D.-8, human NKG2D does not associate
with DAPI2

Many NK receptors, including NKG2D, KIR2DS, Ly49D, NKR-
PIC, NKp30, NKpd4, NKp16, and CD94/NKG2C, are multisub-
unit receptor complexes that convey signals via the TM adapters
FeceRly, CD3¢ DAPILO, or DAPL2 (reviewed in Ref. 29). All of
these adapters have a negatively charged aspartic acid residue in
their hydrophobic TM domain, which is critical for interaction
with an oppositely charged basic residue in their associated ligand-
binding receptors. For NKG2D, this basic residue is a conserved
arginine in the TM region (Fig. 2a, starred residue). The human
and mNKG2D-L receptors have been shown to pair and signal
through DAFP10, but not DAPI2 (12, 16).

Recently, a second isoform of mouse NKG2D was discovered
that lacks the first 13 N-terminal cyteplasmic amino acids and uses
an alternative methionine start site due to alternative splicing of the
transeript (12, 30). This shorter murine NKG2D isoform is capable
of pairing and signaling with both DAP10 and DAPI2 adapters
(12, 30). Examination of the predicted amino acid sequence of
human NKG2D reveals that it also contains a second N-terminal
methionine residue that could potentially act as an alternative start
site (Fig. 2a). Although to date no alternatively spliced human
transcript involving the NKG2D cytoplasmic domain has been
identified (31), it is impossible to exclude the existence of such
isoforms at a Jow abundance or that they are only expressed in
certain conditions of activation or in selected cel} types. Therefore,
we have addressed the issue using a different approach. In this
model, we ask whether a theoretical short human NKG2D isoform
lacking the first 14 amino acids could be able to pair with DAP12,

To address this experimentaily, we artificially created a short
human NKG2D using the second methionine residue as the start
site and tested its ability to pair with DAP10 and DAP12. For these
assays, we used mouse BaF/3 reporter cells stably transfected with
Mye epitope-tagged human DAP10 or with Flag epitope-tagged
human DAPI2. In the absence of an associated receptor, Mye-
DAPI0 and FLAG-DAPI2 were expressed at only low levels on
the cell surface of the reporter cells. These reporter cells were
infected with retroviruses encoding the wild-type human NKG2D
(in cur study designated as hNKG2D-L), the artificially created
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FIGURE 2. Human and mouse
NKG2D comparisons and receptor a .
construets, ¢, Alignment of predicted 3
mouse and human NKG2D amino acid
sequences. Identical residues (shaded)
in the mouse and human proteins are
shown, An amow indicates the methi-
onine (M) beginning of the mouse
NKG2D-short isoforn and the artifi-
cial human “NKG2D-Shost” protein.
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human “short” NKG2D (or hNKG2D-S), mNKG2D-L, and
mNKG2D-S or an empty retroviral vector. The pMX-pie retroviral
vector used in these experiments harbors an IRES-GFP element
downstream of the inserted ¢cDNA. allowing for infected cells to be
readily detected by the expression of green fluorescence.

Cells were stained with mAbs against the appropriate epitope
tags and either human or mouse NKG2D. Infected cells, detected

' Rat

by gating on GFP-positive cells using flow cytometry, were then
analyzed for coexpression of NKG2D and the epitope-tagged
adapter protein of interest. Coordinate expression of NKG2D and
ils associated adapter protein on the susface of transfected cells is
indicated by the “diagonal” relationship observed in the bivarnate
dot plots. The lorg NKG2D proteins of both species and the
mNKG2D-§ protein paired with DAPIO, as would be expected
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FIGURE 3. Unlike mNKG2D-8, human short NKKG2I2 docs not pair with DAP12. Ba/F3 reporter cells stably expressing Myc-DAP10 (upper panels)
or Flag-DAPI2 (Jower panels) were infected with retroviruses with the indicated NKG2D constructs in a vector containin g an IRES-GIP element. Samples
were stained with the relevant anti-NKG2D and anti-epitope tag mAbs and anatyzed by flow cytometry. Data shown are gated on GIP* cells, which
confirmed expression of the construct in the infected cells. Results shown are representative of at least three independent experiments.
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