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tonal activation of 114 became evident 30 minutes after TCR stimu-
lation and the transcript accumulated gradually in proportion to the
duration of TCR stimulation. This result furcher confirmed that NKT
cells require alonger TCR stmulus for IFN-y expression.

Transcription of IFN=y genes depends on c-Rel expression in NKT cells.
To further investigate the functional involvement of c-Rel in the
transcription of JFN-y gene in NKT cells, we next examined wheth-
er forced expression of wild-type c-Rel or of its loss-of-function
mutant could affect IFN-y production by NKT cells. For this, we
used bicistronic retroviral vectors expressing c-Rel along with GFP
(PMIG/c-Rel) or a c-Rel dominant negative mutant that lacks the
C-terminal transactivation domain but retains an intact Rel homol-
ogy domain of c-Rel protein (pMIG/c-RelATA) (21) (Figure 6A). We
infected liver-derived mononuclear cells with either retrovirus and
stimulated sorted GEP-positive NKT cells with immobilized mAb to
CD3 toanalyze cytokine production. Retroviral transduction led to
expression of GFP in approximately 10% of NKT cells (Figure 6B).
Upon stimulation with mAb to CD3, GFP-positive cells from pMIG/
c-Rel-infecred cultures showed slightly augmented IFN-y produc-
tion compared with that of control pMIG-infected cells (Figure 6C).
In contrast, GFP-positive cells from pMIG/c-Rel ATA-infected cul-
tures secreted almost no IFN-y after TCR stimulation (Figure 6C).
These results demonstrate that inhibition of ¢-Rel function, via the
introduction of a mutant form of c-Rel, abolishes [FN-y production
and that functional c-Rel is important for effective producton of
IFN-y in activated NKT cells.

Discusslon

In this study, we investigated the molecular mechanism for differen-
tial production of IFN-y and IL-4 by activated NKT cells through a
comparative analysis using the prototypic NKT cell ligands aGC and
OCH. Treatment with aGC induced expression of both IFN-y and
IL-4 simultaneously, but OCH induced selective expression of IL-4 by
NKT cells. Furthermore, we demonstrated that the CD1d-associated
glycolipids with variouslipid chain lengchs showed differenchalf-lives
for NKT cell stimulation when applied in an endosome/lysosome-
independent manner and induced the differendal cytokine produc-
don by NKT cells in a lipid length-dependent manner. Accordingly,
we demonstrated that IFN-y production by NKT cells required lon-
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Figure 4

Differential sensitivity to CsA and CHX for tran-
scriptional upregulation of [FN-y, /L4, and other
cytokines. (A) Sorted NKT cells were pretreated
with CsA (1 pg/ml) or with CHX (10 ug/ml) or with-
out either reagent for 10 minutes and were then
stimulated with immobilized mAb to CD3 for the
indicated periods of time. Total RNA was extracted
from each sample and analyzed for the relative
amount of transcript of IFN-y or IL-4. Data are pre-
sented as the amount of transcript in each sample
relative to GAPDH. (B) Sorted NKT cells wers pre-
treated with CsA (1 pg/mi) or with CHX (10 ug/ml)
or without either reagent as shown in A, Total RNA
was extracted from each sample and was analyzed
for the relative amount of transcripts of /IL-2, GM-
CSF, or TNF-a. Data are presented as the relative
amount of transcript in each sample.
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ger TCR stimulation than did [1.-4 production and depended on de
novo protein synthesis. An NF-xB family transcriprion factor gene,
the ¢-Rel gene, was inducibly transcribed in aGC-stimulated but not
in OCH-stimulated NKT cells. Retroviral transduction of a loss-of-
function mutant of ¢-Rel revealed the functional involvement of
c-Rel in IFN-y production by ligand-activated NKT cells. These
results have provided a new interpretation of NKT cell activation
— that the duration of TCR stimulation is critically influenced by the
stability of each glycolipid ligand on CD1d molecules, which leads to
the differential cytokine production by NKT cells.

We have previously demonstrated that administration of OCH
consistently suppresses the development of EAE by inducing a Th2
bias in autoimmune T cells and that this Th2 shift is probably medi-
ated by selective IL-4 production by NKT cells in vivo (9). Here we
directly evaluated the cyrokine profile of OCH-stimulated NKT
cells using quantitative PCR analysis. Consistent with the previous
assumption, NKT cells stimulated with OCH induced rapid produc-
tion of IL-4 but led o only marginal induction of IFN-y, confirming
the presumed mechanism for the effect of OCH on EAE and CIA. As
the “fold induction” of IFN-y transcript after 1.5 hours of stimulation
with 0GC in microarray analysis was relatively low (fivefold for liver
NKT cells and fourfold for spleen NKT cells) compared with the in
vivo data, there are several possibilities to explain these results, First,
quiescent transcripts of IEN-y pre-existing in resting Vaul 4-invariant
NKT cells (22) may raise the baseline of signal intensity in samples
from untreated animals, resulting in a relative decrease in “fold
induction” after glycolipid treatment. Second, detection of [FN-y
transcription in G C-stimulated NKT cells might not be optimal,
as injection of «GC induced a rapid elevation in IL-4 with the peak
valueat 2 hours and a delayed and prolonged elevation in JEN=yin B6
mice (9). Third, «GC treatment significantly induces transcription
of CD154 (18.0-fold for aGC vs. 5.4-fold for OCH; data not shown),
whose promoter has a functional NF-AT binding site and CD28
responsive element (CD28RE) (23, 24). Thus, augmented CD40/
CD154 interaction may induce IL-12 expression by APCs, resulting
in additional IFN-y production (25). Finally, NKT cells are not neces-
sarily the only source of IFN-y after in vivo stimulation with «GC.
The “serial” prod action of TFIN-y by NKT cells and NK cells has been
demonstrated (6, 26). In particular, 2 C-glycoside analog of «GChas
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Differential gene expression patterns in aGC-treated and OCH-treated murine NKT cells

Liver CD3+NK1.1+

Spleen CD3*NK1.1+

Untreated oGl OCH Unireated oGl OCH

Common GenBank 1.5h 12h 1.5h i2h 1.5h 12h 1.5h 12h
nams

IFN-y KO0083 1.0 P 50 P 03 P 12 P 01 P 1.0 P 40 P 23 P 07 P 10 P
IL-2 mi6762 1.0 A 3914 P 12 A 123 P 13 A 1.0 A 234 P 02 A 10 A 03 A
-2 K02292 1.0 A 1206 P 06 A 328 A 11 A 1.0 A 161 A 07 A 10.7 A 15 A
GM-CSF X03020 1.0 P 380 P 04 A 41 P 01 A 1.0 A 157 P 14 A 27 A 21 A
IL-4 X03532 1.0 P 2768 P 25 P 473 P 02 A 10 A 3649 P 351 P 388 P 47 P
L4 M25892 1.0 P 382 P 02 P 77 P 01 A 1.0 P 686 P 76 P 91 P 11 P
IL-4 X03532 1.0 A 348 P 39 A g4 A 19 A 10 A 22 A 42 A 11 A 07 A
IL-13 M23504 1.0 A 993.0 P 14 A 561 P 18 A 1.0 A 1407 P 123 A 191 A 23 A
TNFa D84196 1.0 P 308 P 21 P i7 P 12 P 10 P 165 P 25 P 18 P 26 P
Lymphotoxin A M16819 1.0 P 69 P 02 A i4 P 01 A 10 P 25 P 1.7 P 12 P 09 P
iL-Ta M14639 1.0 P 251 P 58 P 31 P 44 P 1.0 P 67 P 58 P 11 P 27 P
IL-1p Mi5131 1.0 P 80 P 98 P 13 P 79 P 1.0 P 33 P 22 P 06 P 15 P
IL-1RA 132838 1.0 P 109 P 152 P 11 A 13 P 1.0 P 53 P 280 P 09 P 234°P
IL-3 Ko1668 1.0 A 332 P 26 A 47 A 12 A 1.0 A 40 A 11 A 14 A 17 A
1L-6 X54542 1.0 A 348 P 165 P 88 P 107 P 1.0 A 191 P 178 P 1.8 A 122A

Real-time PCR analyses were conducted for IFN-y and /-4 as well as for other selected cytokine genes listed in Figure 4 (data not shown) to confirn the
correlation with those obtained from microarray analysis. Each probe was assigned a “call” of present (P; expressed) or “absent” (A; not expressed) using
the Affymetrix decision matrix. GenBank, GenBank accession number; IL-1RA, /L~ receptor antagonist.

recently been shown to induce Thi-type activity superior to that
induced by aGC, and IL-12 is indispensable for the Th1l-skewing
effect of the analog (27), indicating the importance of IL-12. in aug-
menting IEN-y production in vivo (14, 28). Interestingly, the C-gly-
coside analog induces production of IFN-y and IL-4 by NKT cells
less strongly than does aGC at 2 hours after in vivo administration.
Given that aGC and C-glycoside analog have the same structure for
their lipid tails, they might be expected to have comparable affinity
for CD1d molecules, and the slightly “twirled” a-anomeric galac-
tose moiety between C-glycoside and O-glycoside may modulate the
agonistic effect of these glycolipids. Furthermore, the C-glycoside is
more resistant to hydrolysis in vivo and may have an advantage for
effective production of IL-12 by APCs. In fact, OCH induces margin-
al IL-12 production after in vivo administration (data not shown),
which makes it unable to induce IFN-y production by various cells.
Therefore, the beneficial fearure of OCH as an immunomodulator
is that it does not trigger production of IFN-y in vivo.

As described previously, NKT cells recognize glycolipid antigens
in the context of the nonpolymorphic MHC class I-like melecule
CD1d (4). Crystal structure analysis revealed that the mouse CD1d
molecule has a narrow and deep binding groove with extremely
hydrophobic pockets, A’ and F' (29). Thus the two aliphatic hydro-
carbon chains would be captured by this binding groove of CD1d
and the more hydrophilic galactose moiety of aGC or OCH would
be presented to TCR on NKT cells. As OCH is an analog of aGC
with a truncated sphingosine chain, it could be predicted that trun-
cation of the hydrocarbon chain would make it more unstable on
CD1d, which mighrt then affect the durarion of TCR stimulation
on NKT cells. We demonstrated in this study that OCH detached
from the CD1d molecule more rapidly than did aGC after a short-
terim pulse in which the glycolipids were segregated from the endo-
somal/lysosomal pathway. Accordingly, we showed that the initia-
tion of IFN-y production by NKT cells required more prolonged
TCR stimulation than was required for IL-4 production. Methods
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such as surface plasmon resonance were not appropriate for direct
assessment of the interaction between glycolipids and CD1d, pos-
sibly because of unpredictable micelle formation and the poor solu-
bility of glycolipids in aqueous solvents (30). The half-life of the
interactdon of glycolipids and CD1d was reported to be less than 1
minute by surface plasmon resonance (31), contradicting function-
al assays suggesting a much longer half-life. Therefore, we applied
a biological assay to evaluate the stability of these glycolipids on
CD1d molecules, as described previously (13).

The characteristics of OCH are somewhat analogous to those
of an altered peptide ligand (APL) that has been shown to induce
a subset of functional responses observed in intact peptide and,
in some cases, induce production of selected cytokines by T cells
(32-34), Thus, OCH and possibly other «GC derivatives could
be called “altered glycolipid ligands” (AGLs). Although the bio-
logical effects of APLs and AGLs could mediate a series of similar
molecular events in target cells, it should be noted that APLs and
AGLs differ in their “conceptual features.” That is, APLs are usu-
ally altered in their amino acid residues to modify their affinity for
TCRs, whereas AGLs have truncation of their hydrocarbon chain
responsible for CD1d anchoring. This paper has highlighted the
duration of NKT cell stimulation by CD 1d-associated glycolipids
as being a critical factor for determining the nature of AGLs for
selective induction of cytokine productdon by NKT cells.

Given that IL-4 secretion consistently precedes IFN-y production
by NKT cells after TCR ligation, we speculated there were critical
differences in the upstream transcriptional requirements for the
IFN=+ and IL-4 genes in NKT cells. In support of this speculation,
CHX treatment specifically inhibited the transcription of [FN-f but
not that of IL-4. In contrast, transcription of both cytokines was
abolished by CsA treatment, indicating that TCR-mediated activa-
tion of NF-AT is essential for the production of both cytokines, TCR
signal-induced NF-AT activation occurs promptly corresponding to
calcium influx (35). Meanwhile, the protein expression of specific
Volume 113 Number {1
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Figure 5

Induction of NF-xB family members In activated
NKT cells. (A) Plotted values represent data
of Affymetrix microarray analysis for the indi-
cated genes.The uGC-stimulated {red lines)
or OCH-stimulated (green lines) cells as well
as unstimulated liver NKT celis were analyzed
at the same time points and the data are pre-
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L cells when the value in NKT cells derived from
untreated animals was defined as 1. (B) Real-

time PCR analysis for the same genes as in
A, Data are presented as described in Figure
4. (C) Sorted liver NKT cells were pretreated
with CsA or CHX and were stimulated with
immobilized mAb to CD3, and comparative
values of ¢-Rel transcripts relative to GAPDH
were determined. (D) Sorted liver NKT cells
were stimulated with immobilized mAb to CD3

vy

teqressrisiel el orelrsris ’ ’J ? i

5. g
Yime (h)

o ehemes:
B Gk

Arbirany unfis
3

%of_ﬁmgsxpressiea.c
% of BNA exprassion

|
j

o
3

.z & YU w6 v
Stirmutation timeé {hy . Stienedution e {ming

transcription factors takes more time to accomplish. The require-
ment for prolonged TCR stimulation for initiation of IFN= tran-
scription may be due to its dependency on specific gene expression.

Recently, Matsuda et al. have shown using cytokine reporter
mice that Vol4-invariant NKT cells express cytokine transcripts
in the resting state, but express protein only after stimulation (22).
We obtained a similar result with our microarray analysis, in that
many cytokine transcripts including IFN=y and IL-4 were detectable
in unstimulated NKT cells derived from liver or spleen, because
most of them were assigned a “call” of “present” by the Affymetrix
decision matrix, which means they were significantly expressed.
The mechanism of translation of pre-existing cytokine transcripts
after activation of NKT cells remains to be investigated.

Through microarray analysis and real-time PCR, we next identi-
fied a member of the NF-«B family of transcription factors, c-Rel,
as being a protein rapidly expressed after aGC treatment and pos-
sibly responsible for the transcription of IFN-y. Treatment with
aGC selectively upregulated c-Rel transcription 1.5 hours after
stimulation of NKT cells in vivo. OCH treatment, however, showed
no induction of ¢-Rel transcription. Although c-Rel is transcrip-
tionally upregulated after TCR stimulation of T cells (36), tran-
scription of other NF-xB family members such as p65/RelA, RelB,
NFExB1,and NFxB2 was unchanged (datanot shown). CsA treatment
inhibited c-Rel transcription, but CHX did not, indicating thatinduc-
ible transcription of c-Rel was directly controlled by TCR signal-medi-
ated acdvation of NF-AT, which is consistent with a previous report
(19). Although the pre-existing NF-xB proteins in general providea
means of rapidly alrering cellular responses by inducing the destruc-
tion of IkB in order to enable NF-kB to be ftee for nuclear transloca-
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. for the indicated periods of time and then were
cultured without stimulation for up to a total of
120 minutes after the initial stimulation. Total
RNA was extracted from each sample and
analyzed for relative amounts of transcripts of
IFN-y or IL-4 (left}, or c-Re/ (right). The amount
of RNA derived from unstimulated NKT cells
was defined as 100%.

B 5P

tion and DNA binding, most of the nuclear
c-Rel induced after T cell stimulation has
been shown to be derived from newly trans-
lated c-Rel proteins. In contrast, pre-existing
¢-Rel scarcely translocates to the nucleus at
all (36), indicating that the nuclear induction of c-Rel in T lympho-
cyte requires ongoing protein synthesis. The retrovirally transduced
loss-of-function mutant c-Rel (c-RelATA) significantly inhibited
transcription of IFN-y genes, indicating the crucial role of c-Rel in
their transcription after activation of NKT cells. Although it is possi-
ble that the Rel domain of the dominant negative mutant may affect
anumber of NF-xB dimers, it is unlikely, because IEN-y production
by stimulated NKT cells were CHX sensitive and other NK-xB mem-
bers were not induced after stimulation in the microarray analysis.
Retroviral transduction of wild-type c-Rel into NKT cells resulted
in slightly augmented expression of IFN-y after stimulation. Induc-
tion of endogenous c-Rel after in vitro stimulation might reduce the
effect of rerrovirally introduced c-Rel protein.

Whereas c-Rel has been associated with the functions of various
cell types, its role in the immune system was first demonstrated in its
involvement in [L-2 transcription (37), in which it possibly induced
chromatin remodeling of the promoter (38). Recently, the promot-
ers for the genes encoding IL-3, IL-5, IL-6, TNF-ot, GM-CSF, and IFN-y
were shown to contain kB sites or the kB-related CD28RE. Gene
targeting of ¢-Rel in mice revealed that ¢-Rel-deficient T cells have
a defectin the production of IL-2, IL-3, IL-5, GM-CSF, TNF-a, and
TEN-y, although expression of some of the cytokines was rescued by
the addition of exogenous IL-2 (39, 40). Regarding the involvement
of c-Rel in IFN-y production, the c-Rel inhibitor pentoxyfylline (41)
selectively suppresses Th1 cytokine production and EAE induction
(42), and transgenic mice expressing the gans-dominant form of
IxBu have a defect in IFN-y production and the Th1 response (43).
Recently, an elegant study using c-Rel-deficient mice revealed c-Rel
has crudal roles in IFN-y production by activated T cells and conse-
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quent Th1 development by affecting the cellular functions of both T
cells and APCs (20).Thus, the critical involvement of c-Rel for IFN-y
production in NKT cells is consistent with these findings.

Our results indicate that rapid calcium influx and subsequent
NE-AT activation is essential for IFN-y production by activated NKT

o
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Figure 6

Cytokine production after retroviral transduction of c-Rel or c-RelATA
into NKT cells. (A) DNA fragments encoding wild-type c-Rel or its
mutant were cloned into the pMIG(W) bicistronic retrovirus vector. The
mutant form of c-Rel (c-RelATA) lacks the transactivation domain of the
c-Rel protein. LTR, long terminal repeat; IRES, internal ribosome entry
site; eGFP, enhanced GFP. (B) Flow cytometric identification.of celis
transfected with the viral vector. Among the NK1,1+CD3+ liver NKT
cells identified in the let panel, approximately 10% were GFP positive.
The GFP-positive NKT celis were sorted for further analysis. (C) IFN-y .
production by NKT cells transfected with c-Rel or its dominant nega-
tive mutant, The CD3+NK1.1+ NKT cells infected with the viruses were
isolated based on thelr expression of GFP and were stimulated with
immobilized mAb to CD3. For transduction of c-Rel or c-RelATA into
NKT celis, two independent clones of each retroviral vector were used.
The level of IFN-y In the supernatants was measured by ELISA.

cells and that c-Rel plays a crucial role in IFN-y production as well.
NEF-AT shows quick and sensitive nucleocytoplasmic shuttling after
TCR activation (35). Feske et al. demonstrated that the pattern of
cytokine production by T cells was determined by the duration of
nuclear residence of NF-AT (44) and that sustained NF-AT signaling
promoted IFN-y expression in CD4" T cells (45). Considering the
structural feature of aGC with longer lipid chain, sustained stim-
ulation by aGC induces long-lasting calcium influx, resulting in
sustained nuclear residence of NF-AT, and c-Rel protein synthesis,
which enables NKT cells to produce IRN-y. In contrast, the rather
sporadic stimulation by OCH induces short-lived nuclear residence
of NE-AT, followed by marginal c-Rel expression, which leaves NKT
cells unable to produce IFN-y (Figure 7). Thus, the kinetic and quan-
titative differences between aGCand OCH in the induction of tran-
scription factors, such as NF-AT and c-Rel, determine the pattern
of cyrokine production by NKT cells. As CD1d molecules are non-
polymorphic and are remarkably well conserved among the species,
the preferential induction of IL-4 production through NKT activa-
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Flgure 7

A model! for the differential expression of [FN-y and IL-4 after treatment of NKT cells with aGC or OCH. See text for details.
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tion and subsequent Th2 polarization suggest that OCH may bean
attractive therapeuric reagent to use for Th1-mediated autoimmune
diseases such as multiple sclerosis and rheumatoid arthritis.
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The 14-3-3 Protein e Isoform Expressed in Reactive
Astrocytes in Demyelinating Lesions of Multiple
Sclerosis Binds to Vimentin and Glial Fibrillary Acidic
Protein in Cultured Human Astrocytes
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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 neurological 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
pathological 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
immunolabeled with a panel of isoform-specific anti-
bodies. Reactive astrocytes in chronic demyelinating
lesions intensely expressed B, e, {, 1, and ¢ iso-
forms, among which the ¢ isoform is a highly specific
marker for reactive astrocytes. Furthermore, protein
overlay, mass spectrometry, immunoprecipitation,
and double-immunolabeling analysis showed that the
14-3-3 protein interacts with both vimentin and glial
fibrillary 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 proteins originally identified by two
dimensional analysis of brain protein extract.’™* Seven
isoforms of the 14-3-3 protein named B, v, €, £, 1, 6 (also
termed as 7), and o have been identified in eukaryotic
cells, Although the 14-3-3 protein is widely distributed in
neural and nonneuiral tissues, it is expressed most abun-
dantly in neurons in the central nervous system (CNS),
where it represents 1% of total cytosolic proteins.*™™ A

homodimeric or heterodimeric complex, which'is com-
posed of the 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 dephosphorylation or proteol-
ysis.’" %719 |In general, the 14-3-3 protein binds to phos-
phoserine-containing motifs of the ligands such as
RSXpSXP and RXY/FXpSXP in a sequence-specific man-
ner.”~>° 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
cdc25 phosphatase. ™ *#-1° 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.’®='? The ¢ isoform binds to p120RhoGEF 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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Drosophila mutants lacking the ¢ protein.”® The 14-3-3
isoforms have distinct affinities for their target proteins. A
preferential interaction is observed between PKCH and
the human 14-3-39 isoform in T cells,"* IGF1-receptor,
IRS1, and eisoform,’® the apoptosis-inhibitor A20 and the
human B and 7 isoforms,*® and glucocorticoid receptor
and the human = isoform.”” The human g and ¢ isoforms
and not y or e isoforms interact with phosphorylated
tau.® Furthermore, different isoforms show distinct pat-
terns of spatial, temporal, and subcellular distribution.
The human 6 and o isoforms are predominantly ex-
pressed in T cells and epithelial cells, respectively,*®
The rat e and yisoforms are enriched in the synaptosomal
membranes,®® and the y isoform is the main 14-3-3 pro-
tein located in the Golgi apparatus in mammalian cells.®
in the developing rat brain, defined populations of neu-
rons express B, v, {, and @ isoforms at specific stages of
development.®7 In the adult mouse brain, £, y, 7, and ¢
isoforms are widely distributed with the localization pri-
marily in neurons, although some glial cells express ¢, 8,
and ¢ isoforms.2?

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.2>* In addition, in-
tense immunoreactivity against the ¢ isoform was identi-
fied in amyloid plaques in the Creutzfeldt-Jacob 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, metabolic encephalopathy, 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.*222%27 |n the Alzheimer's disease brain,
neurofibrillary tangles express immunoreactivity against

the 14-3-3 protein.*® The 14-3-3¢ homodimer interacts
with tau and glycogen synthase kinase-38 (GSK38), and
stimulates GSK3p-mediated tau phosphorylation.® Iin the
Parkinson’s disease brain, Lewy bodies possess v, €, ¢,
and gisoforms that interact with a-synuclein.®***" 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.® The
neurctoxicity 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 role in the
pathological process of MS,

In the present study, we investigated the diiferential
expression of seven 14-3-3 isoforms in chronic active
demyelinating lesions of MS. We found that reactive as-
trocytes intensely express B, € {, 71, and « isoforms,
among which the e isoform provides a specific marker o
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 astrocyles.
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 fromthe brain,
spinal cord, and optic nerve derived from four autopsy
cases of MS numbered 791, 744, 609, and 544. The
clinical and neuroradiological profiles of these patients
are shown in a supplementary table on The American

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

Concentration Concentration

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

isoforms  Suppliers  Code pepticte Origin Specificity - {ug/ml) (ag/mil}
Pan SC sc-629  N-terminal Rabbit  Reactive to all isoforms 0.4 0.04
Pan SC sc-1657  N-terminal Mouse  Reactive to all isoforms 0.4 0.04
I sC sc-6286  C-terminal Rabbit  Reactive predominantly to g isoform, 0.4 0.04

but crossreactive to other isoforms

{0 a lesser extent
J 1BL 18641  N-terminal Rabbit  Not crossreactive to other isoforms 2 1
b IBL 18647  C-terminal Rabbit  Not crossreactive to other isoforms 5 0.2
€ IBL 18643  C-terminal Rabbit  Not crossreactive to other isoforms 2 1
4 IBL 18644  N-terminal Rabbit  Not crossreactive to other isoforms 2 0.5
1 IBL 18645  N-terminal Rabhit  Not crossreactive to other isoforms 5 1
i (r) sC sc-732  C-terminal Rabhit  Not crossreactive to other isoforms 04 0.04
#(7) I1BL 10017 Recombinant, Mouse  Minimally crossreactive to o isoform 1 1

whole

x IBL 18642  C-terminal Rabbit  Not crossreactive to other isoforms 1 q

Abbreviations: SC, Santa Cruz Biotechnology: IBL, Immunobiological Laberatory. The specificity of the antiboclies (IBL) is also shown on

Supplementary Figure 1 at http//vww.amjpathol.org.
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Journal of Pathology website (http.//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 neurological and psychiatric
disease cases that include a 47-year-old man with acute
cerebral infarction who died of sepsis (no. 719), an 84-
year-old man with acute cerebral infarction who died of
disseminated intravascular coagulation (no. 786), a 62-
year-old 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-
tion, 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 bronchopneumonia (no. A2647), Autopsies on all patients
were performed at the National Center Hospital for Mental,
Nervous, and Muscular Disorders, NCNP, Tokyo, Japan. Writ-
ten informed consent was obtained 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% normal 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
Immunobiological Laboratory (IBL), Gumma, Japan, and
Santa Cruz Biotechnology, Santa Cruz, CA. The specific-
ity of the antibodies from 1BL is shown in Supplementary
Figure 1 on The American Journat of Pathology website,
and additional information on those of Santa Cruz Bio-
technology is available on the supplier's website (www.
scbt.com). 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 diaminobenzidine 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. Constitutive expression of 14-3-3 isoforms in cultured human cells.
Two pg of total protein extrct isolated from brain tissues or cultured cells
incubated in 10" FRS-containing medium were processed for Western ot
analysis using a battery of 14-3-3 isoform-specific antibodies or the antibod-
jes broadly reactive against all of the isoforms listed in Table |, or the
antibody against the housekeeping gene product HSPOO. a o 1 indicate the
fellowing antibody specificity: a. all isoforms: b, HSPOO; ¢, [ d. v e & £ 4
g v h, # and 1. o Lanes 1 1o 4 represent homogenate of the human
cerebrum (lane 1), NTera 2-derived differentiated neurons «NTera 2-No (lane
2), U-373MG astrocytama cells (lane 3), fetal human astrocytes CASI4T7)
{lane 4), and Hela cervical carcinoma cells (lane 5).

bit polyclonal antibody against GFAP (N1506; DAKO,
Carpinteria, CA), rabbit polyclonal antibody against vi-
mentin (H-84; Santa Cruz Biotechnology), mouse mono-
clonal antibody against vimentin (V9; Santa Cruz Biotech-
nology), rabbit polyclonal antibody against myelin basic
protein (N1546; DAKO), mouse monocional antibody
against CD68 (N1577; DAKO), and mouse monoclonal
antibody against 70-kd and 200-kd neurofilament 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% Triton
X-100 at room temperature for 20 minutes.*® The celis
were then incubated at room temperature for 30 minutes
with a mixture of 14-3-3 isoform-specific antibody and rat
monoclonal anti-GFAP antibody (2.2B10) or V9 antibody.
Next, they were incubated at room temperature for 30
minutes with a mixture of rhodamine-conjugated anti-
rabbit IgG 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 E800 universal micro-
scope equipped with fluorescein and rhodamine optics.
Negative controls were processed following these steps
except for exposure to primary antibody.

Cell 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 modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 U/mi penicillin, and 100 ug/ml streptomycin
(feeding medium). The other was astrocytes named AS-
BW, whose differentiation was induced from neuronal
progenitor (NP) cells. NP cells isolated 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 insulin-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).3® 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-

(a) B thyy (e)e e
1433 | oo @ || oo @ || we @ || o em
HSPeo | @m een || en me || emun || ones
1 ] i 1 ) § ) |
I 2 1 2 1 2 1 2
(w0 (h) B
14-3-3 . N P
HSPeO | v s [ e
v ] [ H 1 t i \ '
1 2 | 1 2 1 2

Figure 2. Growth-dependent expression of vagous 14-3-3 jsoforms in cul-
wred human astrocytes. Human and mouse astrocyles were plated at sub-
confluent density and incubated for 7 days in the serum-free culture medium
or in 10% FBS-contining culture medium. Two pg of total protein extract
was processed for Western blot analysis using a battery of 14-3-3 isoform-
specific antibodies or with the antibodies broadly reactive against all jsof orms
(top). After stripping the antibodies, identical blols were relabeled with the
antibody against HSPGO for the stndardization of expression levels (bot-
tom). a to g ({op) indicate the expression of £ (a). 4 (b etc), Je), iy (),
and # (g) in human astrocytes (AS1477 1 ¢ in human l\ll()(‘\’w\ (AS-BY' )(d)
and B in mouse astrocyies (hi. Lanes 1 and 2 represent the cells culiured
under the seruni-iree growth-arested condition ilane 1) or the serum-
conaining growth-promoting condition (kane 23, Additional data are shown
in supplementary Figure 2 on the American Journal of Pathelogy websie.

tion in nonastroglial cell types. Newborn mouse astrocytes
were prepared as previously described.®® In some experi-
ments, cullured 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 [4-3-3 Isoforms in Glial Cells and Neurons in MS and Control Brains

rains

‘134:_3 Astrocytes Microglia/macrophages Oligodendlrocytes Neurons

isoforms/ceill

types MS OND NNC MS ORND NNC MS OND NNC MS OND NNC
A maj (++) maj{+) no{-) ma{++) maj(++ Y min(+) no(—) no(-} maj(++) maj{++) maj(++)
3 min ¢+ sy min{+) no(-} min{++) min{+) no(-) no{-) no(-) no(~) maj(++) maj{++) maj(++)
e maj (++) maj{++) min(+) no(-) no(~) no(-) no{-) no(-) ne(-Y min(+) min () min (<)
¢ maj (++) maj{++) no(-Y maj(++) maj{++) noi{-) no(-) no{-) ( Y omaj(+4) maj(+ v) maj {+ )
7 maj (++) maj{++) no(~) maj(++) min(++) no{-) no(-) no(-) =Y omai(++) maj(+) maj ()
] min (+) mir {+) no(-) no{(-) no(-) no{=) min(++) min(+4) min ( i) min(+) min (+) min (+)
I min (++4) min{++) min(+) no(-) no(-) no{-) no(-) no () no(-) no(-) no(-) no(-)

The present stucly includes four MS cases numbered #791, 744, 609, and 544 whose clinical profiles are given in a supplemertary table on the AJP
website, six non-MS neurclogical and psychiatric disease cases (OND) composed of #719 acute cerebral infarction, #786 acute cerebral infarction,
#789 old cerebral infarction, #807 olcl cerebral infarction, #523 schizophrenia, and #826 schizophrenia, and six neurologically normal cases (NNC)
composed of #G6, #G7, #G8, #G9, #A2623, and #A2647, whose profiles are described in the Materials and Methodls section.

The population size of the immunocreactive cells is expressed as maj, major (large) population: min, minor (small) 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 expr
chemical analysis using e isoform-specif

demyelinating lesions in the subcortical white matter of the frontal lobe (HKE). b No. 734 M§, the arey corresponding to
s are stained. d: No. 744 MS, a igher magnific
are stained. e No. 544 MS, chronic inactive demvelinating lesions in the optic neve (€). Reactive astrocytes and the glial scar are sttined.

stained. ¢ No. 744 MS, the area comresponding to ar( ¢). Many reactive astrocyt
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ad in reactive astrocytes in chronic demyelinating lesions off MS. MS brain tissues were pr
antibody or the antibody against GFAP or vimentin. a 1o { represent the following: as ne, 744 MS. chronic active

essed for immunohisto-

3FAP Y Many reactive astroc
ation view of ¢ (). Reactive astrocyles
G, 744 M3, chronic

active demyelinating lesions in the subcortical white matter of the frontal Jobe (vimentin). Reactive astrocytles are stained.

dium containing 10~° mol/L all trans retinoic acid (Sigma,
St. Louis, MQ), replated twice and then plated on a
surtace coated with Matrige! Basement Membrane Matrix
(Becton Dickinson, Bedford, MA). They were incubated
tor another 2 weeks in feeding medium containing a
cocktail of mitotic inhibitors, resulting in the enrichment of
differentiated neurons (NTera2-N).*®

Western Blot Analysis

To prepare total protein extract for Western blot analysis,
the cells and tissues were homogenized in RIPA lysis
buffer composed ot 50 mmol/L Tris-HC! (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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L

Figure 4. Expression of various §4-3-3 isoforms in reactive astrocvies and cortical neurons in MS brain. MS brain tissues were processed for immunohistochemical
analysis using a battery of 14-3-3 isoform-specific antibodies. a 10 £ represent the following: a: no. 744 MS, chronic active demyelinating lesions in the subcortical
white mauter of the frontal lobe (/). Reactive astrocytes are stained. b: No. 744 MS, chronic active demyelinating lesions in the subconical white matter of the

frontal 1obe (. Reactive astrocvies are stained. € No. 744 MS,

COIT

cotresponding 10 € Ce). Cortical neurons are devoid of staining.

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-polyacrylamicle
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 nitrocellutose membranes and immuno-

the cerebral cortex of the fromal lobe (v, Cortical neurens are stained. & No. 744 M8, the area
sponding 1o © (41, Cortical neurons are siained. @ No. 744 MS§, the area comresponding 1o ¢ (). Cottical neurons are stained. £ No. 744 MS. the area

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 IgG (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 isofoms in reactive astrocyles. surviving oligodendrocytes. and injured axons in chronic demyelinating lesions of MS and
in infarcted lesions. The brains of MS and non-M$ control cases were processed for immunohistochemical analysis using a battery of 14-3-3 isoform-specitic
antibodies. 2 1o f represent the following: & no. 609 MS. chronic active demyelinating lesions in the medulla oblongata (). Disrupled axons are stained. b No.
719 acute cerebral infarction. infarcted lesions in the parietal cerelaral corlex (¢). Reactive astrocyles are stained. ¢x No. 791 MS. chronic inxctive lesions in the pons
(). Reactive astrocvies are stained. d: No. 719 acute cerebral infarction, infarcted lesions in the parietal cerebral cortex (o). Reactive astrocytes are siained. &
No. 609 M$, chronic active demvelinating lesions in the periventicular white matter of the fromalobe (#). Surviving oligodendrocytes are stained. fi No. 744 M§,
chronic active demyelinating lesions in the optic nerve (#), Surviving oligodendrocytes are stained.

by incubating the membranes at 50°C for 30 minutes in performed using NIH image version-1.61 software to quan-
stripping buffer composed of 625 mmol/L. Tris-HCl (pH tify the intensity of the immunoreactive bands.®®

6.7), 2% SDS, and 100 mmol/L 2-mercaptoethandl, the

membranles were 'Jl:ooessed for relabeling with goat poly- Immunoprecipitation Experiments

clonal antibody against human heat shock protein HSP60

{N-20; Santa Cruz Biotechnology) followed by incubation To prepare total protein extract for immunoprecipitation
with horseradish peroxidase-conjugated anti-goat 1gG experiments, the cells were homogenized in M-PER lysis
(Santa Cruz Biotechnology). Densitometric analysis was buffer (Pierce) with a cocktail of protease inhibitors fol-
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Figure 6. Expression of various 14-3-3 isoforms in neurons.
processed for immunohistechemical a
~uh|c\1 the frontal cerebral conex (yv).

schizophrenia, the frontal cerelral conex | u) Microglia are siained. d: No.

\un iving oligodendrocytes are stuined. e £

trocytes, oligodendrocyvt
sis using a battery of 14-3-3 isafornrspecific antibodies. a w £ represent the following: a: no. GY neurcogically normal
ostical neurons are stained. be No. 523 schizophrenia, frontal cerebial corex (e). Astrocvies are slained. ¢ No. 820
7RO acule cerebral infarction. the subcortical white matter of the parietal lobe Ta),
= neurclogically nommal suliject. the frontul cerebral conex (07, A few astyocytes are stained. fi No. 789 old cerebral

s, and microglit in non-MS brains. The brains of non-MS control cases

infarction, the frontal cerebral cortex h]) "Ihv: nuclei of reactive astracyies 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 1IgG (Santa Cruz Biotechnologyy). 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-dimensional gel
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 astrocytes in chronic demyelinating lesions of MS and in cultured human astrocytes. Cultured
human astrocvies and MS brain tssues were processed for double immunolabeling with anti-GFAP antibody and e isoform-specific antibody followed by labeling
with fluorescein isothiocyanate- and rhodamine-conjugated secondary antibodies. a 1o f represent no. 744, chronic active demyelinating lesions in the subcortical
white matter of the frontal lobe (a—c), culiured human astrocvies (AS-BW) (d-f), GFAP (a, d). ¢ (b, e). and the overlav (¢, ).

rehydration buffer composed of 8 mol/L. urea, 2% CHAPS,
0.5% carrier ampholytes (pH 4 to 6), 20 mmol/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 immobilized 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% polyacrylamide gel (Invitrogen). The gel
was stained using Coornassie brilliant blue G-250 solu-
tion or the Silverquest silver staining kit (Invitrogen). It
was transferred onto a polyvinylidene difluoride mem-
brane for protein 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’'atggatgatcgagaggatctggtgd’ and
5'{cactgatittcgtcticcacgic3’). The polymerase chain re-
action product was cloned into a prokaryotic expression
vector pTicHis-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 isopropyt p-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 1SG15 fused to an
N-terminal Xpress tag (rhiSG15), 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 ug/mi th14-3-3e or rhiSG15 probe, fol-
lowed by immunolabeling with mouse monoclonal anti-
Xpress antibody (Invitrogen) and horseradish peroxi-
dase-conjugated anti-mouse 1gG. After the probes and
antibodies were stripped by incubating the membrane at
50°C for 30 minutes in stripping buffer, it was repeatedly
relabeled with V9 antibody, GA5 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.

Resulis

Growth-Dependent Expression of 14-3-3
Isoforms in Cultured 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 blot 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, neurons, and astrocytoma cells, along with
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Figure 8. Two-dimensional gel electrophoresis and immunoprecipitation analysis of 14-3-3 ¢ isofermi-binding proteins in cultured human astrocytes. As
Two-dimensional gel analysis. Human astrocyies (AS-BW) were incubated in 10% FBS-containing culture medium. Tsventy-one pg of ttal protein extract was
separated on a two-dimensional PAGE gel, tinsbloned omo a pohyvinylidene difluoride membrane. and processed for averlay analysis with recombinant human
F4-3-3¢ protein possessing the Xpress tag (thl4-3-3¢) 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 18G 15 having the Xpress tag (rhISG1S). & (o g represent silver staining (a). rhil4-3-3¢ labeling followed by stainimg with
anti-Xpress antibody b)), vimentin i), vimentin with phosphorylated Ser-39 (db. vimentin with phosphorylated Ser-72 te). vimentin with phosphorylated
Ser-R3 (f1, GFAP (g and rhI§G13 Jabeling followed by staining with anti-Xpress antibody (b). Two major spots labeled with rhl4-3-3¢ and anti-vimentin
antibody are named spot no. 1 and no. 2, while a spot Jaheled with rh14-3-3¢ and anti-GFAP antibody is designated spot no. 3. Spots no. | and no. 2 were
excised from the gel and processed for r ectrometry (MS) analysis. Br Immunoprecipitation analysis. Total protein extract of cultured hunan
astrocvies was Hnmuneprecipitated with ¢ isoforn-specific antibody (lanes T and 61, { isoform-specific antihody (lanes 2 and 7, B-isoform-specific
antibody (Tanes 3 and 8). with the same amount of normal rabbit 1gG tkanes 4 and 9, or untreated with any antibodies (anes 5 and 10: 2 g of total
protein extracl before processing for immunoprecipitation). Then. the immunoprecipitates were processed for Western blot analysis using anti-vimentin

(top ) or anti-GFAP antibody (bettom),

human brain homogenate, expressed substantial lev-
els of B, v, & ¢, 1, and disoforms (Figure 1, a to h; lanes
1 to 4). In contrast, the ¢ iscform 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 led to nearly com-
plete growth arrest. The expression levels of B, v, € ¢,
7, and @.isoforms were elevated in human astrocytes
incubated in the serum-containing 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
HSPGO, 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 hitp.//
www.amjpathol.org). These resulls indicate that cul-
tured human astrocytes constitutively express all iso-
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Figure 9. Mass spectrometry analysis of the 13-3-3 € isoform-binding proteins in cultured human astrocyles. Sputs no. and no. 2 laheled with the rh14-3-3¢ probe

(Figure A, a and b) were excised from the gel. trypsinized, and processed for nanoESI-MS/MS analys

At The spectra of nanoESI-MS/MS analysis of spol no.

1. Each peak indicates individual peptide fragments. The position of several peaks was automatically numbered on the spectra. Peplides derived from the autolytic
F Pey E I I ) P § 3

fragments of trypsin eg. 412, 421, and 523) were omilted 1© be processed for further anulysis. Tl he peptide fragments were selected for MS analy

is in order of

their signal intensiry. Br Amino acid sequence of human vimentin, Eight peplide fragments of spat no. | identilied by nancESI-MS/MS analysis (shadowed)
showed a petfect maich with the amino acid sequence encompassing sesidues 51 to 460 of vimentin. The number indicated on each fragment represents the

position in the horizontal axis of the specta (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 MS lesions, the brain, spinat 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 immunohistochemistry using a panel of
isoform-specific antibodies. In chronic active and inac-
tive demyelinating lesions of MS, the majority of GFAP™
hypertrophic astrocytes intensely expressed B, ¢, ¢, and
7 isoforms, whereas a small population 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, although 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 g, €. ¢, 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 neurons
constitutively expressed high levels of 8, v, {, and 7
isoforms, and to a lessor degree, 0 isoform, whereas they
hardly showed immunoreactivity for the ¢ isoform, and a
small population of cerebral cortical neurons in MS and
non-MS brains occasionally expressed weak immunore-

activity for the e isoform, although these findings varied
among brains for different cases (Table 2; Figure 4, ¢ 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 MS, which occasionaily showed a
binucleated morphology, intensely expressed the o iso-
form, whose expression was not detected in cultured
human astrocytes (Figure 5¢). A number of reaclive as-
trocytes that appeared in the ischemic lesions of cerebral
infarction expressed strong immunoreactivity against €, ¢,
and v isoforms (Table 2; Figure 5b), and the o 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 ¢ and o isoforms at variable
levels (Table 2; Figure 6, b and e). CD68™ macrophages
and microglia, 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 isoforms, whereas they did not show substan-
tial immunoreactivity against ¢, 0, or o isoforms (Table 2:
Figure 8¢). 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 ¢ jsoform and vimentin in cultured human astrocytes and reactive astrocytes in chronic demyelinating lesions of MS.
Cultured human: astrocytes and MS brain tissues were processed for double immunolabeling with anti-vimentin antibody and e isofarm-specific antibody or
ani-GFAP antibody followed by labeling with fluorescein isothivcyanate- and rhodumine-conjugated secondary antibodies. a to f represent cultured humun

ast

GFAP (d).

population of oligodendrocytles, which survived in
chronic active demyelinating lesions of MS and ischemic
lesions of cerebral infarction, expressed intense immu-
noreactivity against 8 isoform (Table 2; Figure 5, e and f;
and Figure 6d). These results suggest that markedly
up-regulated expression of the e isoform is the most
reliable marker for identifying reactive astrocytes in MS
and non-MS brains. Co-expression of the ¢ isoform and
GFAP was verified in reactive astrocytes in MS lesions

woytes (AS-BW) (a—-d ) no. 744. chronic active demvelinating lesions in the subcortical white matter of the frontal lobe (e, €3 vimentin (a. ¢, € ¢ (b, ) and

(Figure 7; a to ¢) and cultured human astrocytes (Figure
7; d to f) by double immunolabeling.

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

To identify the binding partner of the 14-3-3 protein in
human astrocytes, we performed a pirotein overlay anal-
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Figure 11. Putative role of the 14-3-3 protein in reaclive gliosis in MS.
Reaclive gliosis is chamcterized by hvperrophy and prolifesation of astro-
cytes associated with enhanced expression of GFAP (green) and vimentin
torange), which are co-polymerized in assembled [ilaments. Cultured human
astrocyles expressed B. 4, e £ . and ¢ isoforms, whose levels were
markedly up-regulated under the growth-promoting culiure condition, in
which the 14-3-3 protein (red) interacted with vimentin (orange) and GFAP
i green). These ubservations suggest that the 14-3-3 protein (red) might act as
an adaptor (hat connects vimentin (orange) and GFAP (green) in reactive
astrocytes al 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-dimensionat
PAGE gel (Figure 8A, a) and transferred onto a polyvi-
nylidene difluoride membrane (Figure 8A, b 1o h). The
rh14-3-3e probe strongly reacted with several spots on
the blot, among which two major 54-kd spots were des-
ighated spots no. 1 and no. 2 (Figure 8A, b). In contrast,
the rhiSG15 probe did not react with these spots, exclud-
ing nonspecific binding of rh14-3-3¢ via the Xpress tag
(Figure 8A, ). 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 coire-
spond to hearly full-length vimentin. Intense vimentin im-
munoreactivity 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 8A, ¢). The latter might represent post-
translationally modified isoforms 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-
3e, suggesting that these serine residues are not involved
in the interaction of the e isoform with vimentin (Figure 8A,
d to ). Protein overlay analysis using the rh14-3-3¢ 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 another binding partner 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 rh14-3-3e might represent a post-
translationally modified 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 €, 8, or ¢ isoform-specific antibody (Figure 8B,
top and bottom panels, lanes 1 to 3, 6 10 8), In contrast,
only marginal bands were found in those with normal
rabbit IgG (Figure 8B, top and botlom panels, lanes 4
and Q). Co-expression 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, €, {, 1, and ¢ isoforms whose levels were
markedly elevated under the growth-promoting culture
condition. In demyelinating lesions of MS, the majority of
GFAP™ hypertrophic astrocytes intensely expressed B, ¢,
¢, and 7 isoforms, although the expression of these iso-
forms was found in reactive astrocytes appearing in
noh-MS brains. Previous studies showed that the ¢ 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 f3,
v, £, and 7 isoforms but they did not constantly express e
or o isoforms. Macrophages and microglia in MS and
non-MS lesions intensely expressed 8, {, and 7 isoforms,
but they did not express g, 6, or o isoforms. A substantial
population of oligodendrocytes, surviving in active demy-
elinating lesions of MS and ischemic lesions of cerebral
infarction, intensely expressed the ¢ isoform, consistent
with the expression of this isoform in the white matter of
the developing rat CNS.” These observations are ‘in
agreement with our previous 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 e 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 e isolorm, indicating that this isoform is not astrocyte-
specific.

The biological role of € and ¢ isoforms in human astro-
cyte function remains unknown. Increasing evidence in-
dicates that isoform-specitic 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 celiular 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.® ¢ lsoform-deficient mice are defec-
tive in neuronal migration during brain development.*®
The multimolecular complex composed of the e isoform,
LISt and nudE nuclear distribution gene E homolog-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 14-3-3¢ gene
is frequently found in small cell lung cancers, supporting
the idea that the e isoform serves as a tumor suppressor
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.®® Dur-
ing apoptosis, the € 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 among
different 14-3-3 isoforms.*® The e isoform interacts with
cdc25A and cdc25B phosphatases, key enzymes te-
quired for cell-cycle progression by activating cyclin-
dependent kinases.** Phosphorylation-dependent inter-
action of the e isoform with heat shock transcription factor
HSF1 restricts the location of HSF1 in the cytoplasm by
keeping it in an inactive form.*® The ¢ isoform catalyzes
the depolymerization and unfolding of mitochondrial pre-
cursor proteins in an ATP-dependent manner.*® 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 isoform 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 isoform because of the hyper-
methylation of CpG islands in its promoter region is re-
sponsible for the malignant transformation of breast can-
cer cells,*® whereas reduced expression of the o 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 exiracellular matrix molecules.®>**
Astrocytes play a role in the repair of the blood-brain
barrier, protection of neurons from glutamate excitotox-
icity, and enhancement of neuronal survival by supplying
neurotrophic factors.®® On the other hand, reactive astio-

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 i IF family proteins play a pivotal role in cy-
toskeletal organization in astrocytes.®®

In our study, the rh14-3-3e probe strongly reacted with
two distinct gpots 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-specific, 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 14-3-3e
isoform. Immunoprecipitation experiments verified the in-
teraction between GFAP and the e, ¢, or B isoform. How-
ever, a different spot strongly immunoreactive against
GFAP but much weakly labeled with rh14-3-3¢ was iden-
tified on the two-dimensional gel blol. This suggests that
a substantial pool of cytoplasmic vimentin and GFAP
proteins steadily interact with the 14-3-3 protein in human
astrocytes.

Our observations raise the possibility that the 14-3-3
protein acts as an adaptor that connects vimentin and
GFAP in cultured human astrocytes (Figure 11). Previous
studies showed that vimentin and GFAP are co-ex-
pressed and co-polymerized in assembled filaments in
astrocytes,®®®° supporting the view that the 14-3-3 pro-
tein not only bridges vimentin and GFAP one by one, but
also bundles both of themin 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-crystallin,
which inhibits the in vitro assembly of GFAP,®" and the
multiple endocrine neoplasia type 1 (MEN1) gene prod-
uct named menin, which binds to vimentin and GFAP in
glioma cells.® 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.®%% Importantly, 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 motits,®®
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, cdc?2
kinase, Ca®* calmodulin-dependent kinase I, protein
kinases A and C, and Aurora-B kinase.®®®®%® They
coordinately regulate dynamic equilibrium between the
assembly and disassembly of IF proteins during mito-
5i5.99%8-® Fyrihermore, 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. A role for 14-3-3 protein
in IF dynamics is supported by our preliminary obser-
vations that suggest the effects of difopein,”® a specific
inhibitor of 14-3-3 proteinfligand interaction, on the
morphological characteristics of cultured human astro-
cytes.
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