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Programmed cell death (PCD) is a prominent feature
of the development of the immune and nervous sys-
tems. In both systems, widespread PCD occurs in
primitive progenitor cells during development. In
this study, we demonstrated that Ewing’s sarcoma
(ES) cells, undifferentiated neural precursors, under-
went apoptosis upon engagement of CD99 with anti-
CD99 monoclonal antibody. Apoptosis via CD99 oc-
curred only in the undifferentiated state of ES cells,
but not in differentiated ES cells. CD99-induced apo-
ptosis in ES cells appeared to require de novo synthe-
sis of RNA and protein as well as caspase activation.
Cyclosporin A, known to be a potent inhibitor of both
calcineurin activation and mitochondrial permeabil-
ity transition pore opening, inhibited CD99-mediated
apoptosis, whereas FK-506, a specific calcineurin in-
hibitor, did not, indicating the induction of CD99-
mediated apoptosis through a calcineurin-indepen-
dent pathway. Furthermore, the dying cells displayed
the reduction of mitochondrial transmembrane po-
tential (AWm). These results suggest that CD99 en-
gagement induce CsA-inhibitable mitochondrial per-
meability transition pore opening, followed by a
reduction of AWm and caspase activation, thereby
leading to apoptosis. Based on these results, we
suggest the possible involvement of CD99 in the apo-
ptotic processes that occur during nervous system
development and also its application in immunother-
apeutic trials for ES cases. (Am J Pathol 1998,
153:1937-1945)

Apoptosis, or programmed cell death (PCD), is the mech-
anism by which cells die through the activation of their
intrinsic suicide program in response to changes in ex-

ternal milieu or irreparable cell damages. Apoptosis, in
which the cell actively participates in its demise, has
been characterized by morphological changes such as
chromatin condensation, nuclear fragmentation, internu-
cleosomal DNA fragmentation, and cytoplasmic bleb-
bing." Apoptosis requires that the dying cell be metabol-
ically active, and is often dependent on RNA and protein
synthesis.??

Recently, various triggering factors and processes of
apoptosis have been widely investigated in vitro and in
vivo.*® One of the common initial manifestations of the
apoptotic process, irrespective of cell types and inducing
stimuli, is a disruption of mitochondrial membrane func-
tion, including a dissipation of the mitochondrial trans-
membrane potential (A¥Ym) due to the opening of the
mitochondrial permeability transition (PT) pores.* In many
systems, mitochondrial PT pore opening is inhibited by
cyclosporin A (CsA)®~8 via a mechanism involving a mi-
tochondrial cyclophilin, but not by calcineurin.® Despite
the extensive studies on PCD during development, little is
known about the major cell surface proteins controlling
PCD and its intracellular signaling pathway at the early
stage of neural ontogeny.

Ewing’s sarcoma (ES) is a rare, small-round-cell undif-
ferentiated tumor of bone and soft tissues. ES has been
described to represent the stage of either very early
pluripotential cells or primitive neuroectodermal cells®'©
that can differentiate along a neuronal, glial, Schwannian,
melanocytic, neuroendocrine, or even ectomesenchymal
pathway. ES is considered to be closely related to prim-
itive neuroectodermal tumor (PNET), because they share
a common chromosomal abnormality and the high ex-
pression of CD99 molecules on their cell surfaces. How-
ever, they have some differences in neuronal differentia-
tion potential. PNET has neuronal features such as dense
core granules, whereas ES lacks any trace of neuronal
differentiation.”"'? Recently, in vitro culture studies have
described that ES cell lines possess the ability to differ-
entiate along neuronal pathways in response to various
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stimuli of differentiating agents.’®'* One report has
shown that the mRNA expression patterns of a neural
differentiation marker, NF-L, in ES cell lines were different
in PNET, but similar in undifferentiated neural tissues. '

CD99 is a ubiquitous 32-kd transmembrane protein
encoded by the mic2 gene,'® in particular, highly ex-
pressed in human cortical thymocytes, Ewing’s sarcoma/
primitive neuroectodermal tumor (ES/PNET) cells, pan-
creatic islet cells, and Leydig and Sertoli cells.'®"”
Recently, it has been reported that engagement of CD99
induces homotypic cell aggregation,'®'° up-regulation of
T cell receptor and major histocompatibility complex mol-
ecules,?® and apoptosis in immature thymocytes.?’

In the present study, we demonstrate that CD99-in-
duced apoptosis occurs only in undifferentiated ES cells,
not in differentiated ES cells, as it does in immature
cortical thymocytes. We suggest that CD99 might trigger
apoptosis in a certain developmental stage during neural
ontogeny and also that CD99 might be used as a target
for immunotherapy of ES patients.

Materials and Methods

Antibodies and Reagents

The monoclonal antibody (MAb) DN16 (IgG,) used for
CD99 activation was produced in our laboratory and
described previously.?? We purchased rabbit anti-mouse
immunoglobulin  Ab and FITC-conjugated goat anti-
mouse immunoglobulin Ab from Sigma Chemical Co. (St.
Louis, MO) and mouse anti-NF-H MAb (NCL-NF200) from
Novocastra Laboratories (New Castle upon Tyne, UK).
Ng-O,-Dibutyryladenosine-3,5’-cyclic  monophosphate
(db-cAMP) and 3,3'dihexyloxacarbocyanine iodide
(DiOCq(3)) were purchased from Sigma Chemical Co.
Calcium ionophore A23187 was from Boehringer Mann-
heim Biochemicals (Mannheim, Germany). Apoptosis in-
hibitors, such as actinomycin D (Act D), cycloheximide
(CHX), cyclosporin A (CsA), and EGTA, were also from
Sigma Chemical Co. FK-506 was kindly provided by Dr.
J. K. Shin (Dana-Farber Cancer Institute). Z-VAD-fmk and
Z-FA-fmk were obtained from Enzyme System Products
(Livermore, CA).

Cell Culture

RD-ES (human Ewing’s sarcoma), SK-N-MC (human
PNET), and SK-N-SH (human neuroblastoma) cells were
obtained from the American Type Culture Collection
(Rockville, MD), and CADO-ES1 cells (human Ewing’s
sarcoma) were obtained from the German Collection of
Microorganism and Cell Cultures (Braunschweig, Germa-
ny). Two human neuroblastoma cell lines, SK-N-AS and
SH-SY5Y, were generous gifts of Dr. Chong-Jae Kim
(Seoul National University College of Medicine, Seoul,
Korea). RD-ES and CADO-ES1 cells were maintained in
RPMI 1640 supplemented with 15% and 10% fetal bovine
serum (FBS; Life Technology, Gaithersburg, MD), re-
spectively. SK-N-MC, SK-N-SH, SK-N-AS, and SH-SY5Y
cells were cultured in Dulbecco’s minimal essential me-

dium supplemented with 10% FBS. For differentiation
induction of RD-ES and CADO-ES1 cells, the cells were
cultured in Dulbecco’s minimal essential medium supple-
mented with 10% FBS in the presence of 2.5 mmol/L and
0.25 mmol/L db-cAMP, respectively. The medium was
changed every 3rd day and maintained for up to 12
days.?

Immunofiuorescence Staining and
Confocal Analysis

For immunofluorescence staining, db-cAMP-treated and
untreated ES cells were fixed in 95% methanol for 15
minutes at room temperature, permeabilized with 0.1%
Triton X-100 in PBS, and washed three times with PBS
containing 1% FBS. The cells were then blocked in 10%
FBS for 30 minutes and stained with mouse anti-NF-H
MAD overnight at 4°C. After washing three times in PBS
containing 1% FBS for 15 minutes, the cells were incu-
bated with fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse immunoglobulin Ab and mounted on the
glass with mounting media (GEL/MOUNT, Biomeda
Corp., Foster City, CA). Confocal analysis was performed
with a 600MRC equipped with an argon/krypton laser
(BioRad Labs, Hercules, CA). Green fluorescence was
detected at A > 515 nm after excitation at 488 nm.

Trypan Blue Dye Exclusion Assay

For the MAb-induced cell death assay, cells (5 X 10°
cells/well) were placed in 24-well plates and incubated
with 10 pg/ml anti-CD99 MAb and the secondary Ab for
cross-linking of CD99 or the secondary Ab alone for the
indicated period. In the inhibition experiment of cell death
induced by CD99 or calcium ionophore A23187, RD-ES
cells were treated with 10 ug/ml anti-CD99 MAb or 10
uwmol/L A23187, respectively, at 37°C in the presence or
absence of 0.1 ug/ml Act D, 1.0 ug/ml CHX, 0.1 to 200
pmol/L CsA, 1.5 mmol/L EGTA containing 1.5 mmol/L
MgCl,, and various concentrations of FK-506 for the in-
dicated period. To examine the requirement of caspases
in CD99-induced apoptosis, RD-ES cells were pretreated
with 20 umol/L Z-VAD-fmk (a general caspase inhibitor)
or Z-FA-fmk (a control cystein protease inhibitor) for 2
hours. The cells were then incubated for 6 hours in the
presence or absence of DN16 MADb. Cell death was
quantified by trypan blue dye exclusion. All experiments
were performed at least three times, and a representative
result of the experiments is shown in figures.

Electron Microscopy

Cells were fixed in 2.5% glutaraldehyde in 0.1 mol/L
phosphate buffer, pH 7.4, for 24 hours at 4°C. Then they
were post-fixed in 0.1% osmium tetroxide in the same
solution for 1 hour, dehydrated, transferred to propylene
oxide, and embedded in epoxy resin (Polyscience Co.,
Warrington, PA). Ultrathin sections were stained with sat-
urated aqueous uranyl acetate and lead citrate and ex-



amined under an electron microscope (Hitachi, H-600) at
75 kV.

Flow Cytometric Analysis

Cells (1 x 10°) were incubated with anti-CD99 MAb (1
ng/100 wl) in PBS containing 1% bovine serum albumin
and 0.1% sodium azide for 30 minutes at 4°C, washed
with PBS, and stained with FITC-conjugated goat anti-
mouse immunoglobulin Ab. After three washes, cells
were analyzed on a FACScan (Becton Dickinson, San
Jose, CA).

TUNEL Labeling

Apoptosis was assessed by TdT-mediated dUTP nick
end-labeling (TUNEL) assay®® using the APO-DIRECT
apoptosis detection kit (Pharmingen, San Diego, CA).
Control or anti-CD99 Ab-treated cells (1 X 10°to 2 X 10°)
were fixed with 4% paraformaldehyde, washed in PBS,
resuspended in 70% cold ethanol, and stored overnight.
After washing the cells with PBS, the TUNEL assay was
performed according to the manufacturer’s protocol.

Assessment of Mitochondrial
Transmembrane Potentials

After the induction of apoptosis with anti-CD99 MAb (2
wg/ml) for 2 hours, cells (1 X 10°) were incubated for 15
minutes in 1 ml of 20 nmol/L DiOC4(3) at 37°C, followed
by analysis on a FACScan (excitation, 488 nm; emission,
525 nm).2* The control experiment was performed in the
presence of 50 umol/L carbamoy! cyanide m-chlorophe-
nylhydrazone (mCICCP), an uncoupling agent that abol-
ishes AWm, for 15 minutes at 37°C.

Results

Engagement of CD99 Induces Rapid Cell Death
Only in Undifferentiated ES Cell Lines

Recently, it has been reported that CD99 mediates apo-
ptosis in immature thymocytes and Jurkat cells.®" The
findings that ES/PNET is a neoplastic counterpart of prim-
itive neuroectodermal cells® " and that these cells ex-
press a large amount of CD99 on their surfaces'”2° led
us to ask whether the ligation of CD99 with anti-CD99
MADb DN16 could induce cell death in ES/PNET cell lines.
In this experiment, cells from two ES cell lines (RD-ES and
CADO-ES1) and one PNET cell line (SK-N-MC) were
incubated with DN16 in the presence of cross-linking Ab.
Within 2 hours after the DN16 treatment, cell death was
clearly observed in the ES cells. Maximal cell death was
evident within 6 hours (Figure 1A). However, in SK-N-MC,
which has recently turned out to be PNET,?® CD99-in-
duced cell death did not occur within 6 hours (Figure 1B)
or even after 24 hours (data not shown), indicating that
CD99 molecules were able to deliver a death signal only
in ES cells, but not in SK-N-MC cells. In addition, neuro-
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Figure 1. Effect of CD99 engagement in ES, PNET, and neuroblastoma cells.
A: CD99-induced death in RD-ES and CADO-ES1 cells. In 24-well plates, 5 X
10° cells/ml of RD-ES and CADO-ES1 cells were plated and incubated with
DN16 (anti-CD99 MAb) and the secondary Ab (rabbit anti-mouse immuno-
globulin Ab) for cross-linking of CD99 (m) or with the secondary Ab alone
(control, [0) for the indicated periods of time. All values are means * SD of
three separate experiments. B: Resistance to CD99-induced cell death in a
PNET and three neuroblastoma cell lines. SK-N-MC (PNET cell line) and
SK-N-SH, SK-N-AS, and SH-SY5Y (neuroblastoma cell lines) as well as RD-ES
and CADO-ES1 (ES cell lines) cells were treated with the secondary Ab alone
(control, open bars) or with DN16 (filled bars) for 6 hours as described in A.
Percent cell death was assessed by trypan blue dye exclusion and shown as
a percentage of dead cells in total cells.

blastoma cells, such as SK-N-SH, SK-N-AS, and SH-
SY5Y, were also resistant to CD99-mediated death after a
6-hour engagement (Figure 1B). Among the three types
of tumors tested, ie, PNET, neuroblastoma, and ES cells,
which differ in their neurogenic potentials and the levels
of CD99 expression, ES cells are considered to be the
tumor of the most undifferentiated stage.’®?’” As it was
necessary to prepare cells in various stages of differen-
tiation, we performed the in vitro induction of neural dif-
ferentiation of RD-ES and CADO-ES1 cells by db-cAMP
treatment. After 12 days of the induction of ES cells with
db-cAMP, morphological changes such as elongated cy-
toplasmic process and varicosity formation were ob-
served under phase contrast microscopic examination
(Figure 2, B and D). Furthermore, in the indirect immuno-
fluorescence analysis, the expression of NF-H, a neural
differentiation marker, was clearly visualized in differen-
tiated CADO-ES1 (Figure 2E) and RD-ES cells (data not
shown). As shown in Figure 2E, NF-H was mainly local-
ized in the perinuclear cytoplasm and in the elongated
neuritic process of the differentiated CADO-ES1 cells.
Subsequent experiments were done on both the undiffer-
entiated and the differentiated ES cells to investigate
whether the induction of CD99-mediated apoptosis is
dependent on the degree of differentiation. Interestingly,
apoptosis occurred only in the undifferentiated form of ES
cells (Figure 3A). The expression level of CD99 was
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Figure 2. The morphological changes and neurofilament expression after the
differentiation induction of ES cells with db-cAMP. A-D: Cell culture mor-
phology of RD-ES (A and B) and CADO-ES1 (C and D) cells under phase
contrast microscopy. RD-ES and CADO-ES1 cells were cultured in the ab-
sence (A and C) or presence (B and D) of db-cAMP for 12 days. The
differentiated cells show long cytoplasmic processes, and some neurites
terminated in growth cones (B and D). E: Differentiated CADO-ES1 cells
were stained with anti-NF-H MAb and analyzed by confocal microscopy.
Note the neuritic process and perinuclear localization of NF-H.

dramatically decreased in the differentiated ES cells (Fig-
ure 3B). All these data suggest that CD99 can deliver a
death signal into undifferentiated ES cells that express
CD99 on their surfaces at a high level.

Engagement of CD99 in RD-ES Cells Induces
Typical Ultrastructural Changes Seen in
Apoptotic Cells

Apoptosis has been characterized by morphological
changes such as chromatin condensation, nuclear frag-
mentation, internucleosomal DNA fragmentation, and cy-
toplasmic blebbing.” The electron microscopic analysis
of RD-ES cells treated with DN16 MAb clearly showed
several ultrastructural changes comparable to those of
apoptotic cells (Figure 4, A-C), as compared with the
control Ab-treated cells (Figure 4D).

CD99-induced apoptosis in RD-ES cells was further
confirmed by the TUNEL method.?® Although a typical
ladder pattern of DNA fragmentation was not clear on
agarose gel electrophoresis (data not shown), TUNEL
assay revealed that the percentage of apoptotic cells in
the DN16 MAb-treated RD-ES cells was nearly five times
higher than that in the control Ab-treated cells. Approxi-
mately 20% of the cells treated with DN16 MAb contained
incorporated FITC-dUTP (Figure 5, right), whereas only
4.5% of the control Ab-treated cells were positive for
FITC-dUTP (Figure 5, left). It is likely that CD99 induces
extremely limited endonuclease activities, as a DNA lad-
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Figure 3. Resistance to CD99-induced cell death and the down-regulation of
CD99 in the differentiated ES cells. A: Resistance to CD99-induced cell death
in db-cAMP-treated ES cells. ES cells were cultured in the presence or
absence of db-cAMP for 12 days. In 24-well plates, the db-cAMP-treated or
untreated cells (5 X 10> cells) were plated and incubated with DN16 (anti-
CD99 MAD) and the secondary Ab (rabbit anti-mouse immunoglobulin Ab)
for cross-linking of CD99 (filled bars) or with the secondary Ab alone
(control, open bars) for 6 hours. All values are the averages of the experi-
ments done in duplicates. The percentage of dead cells was assessed by
trypan blue dye exclusion. B: Effect of db-cAMP on the expression of CD99.
Live cells were gated and analyzed on a FACScan flow cytometer. The
expression level of CD99 was markedly reduced in the db-cAMP-treated ES
cells (filled areas) as compared with the untreated ES cells (open areas). The
dotted line indicates the staining pattern with a negative control Ab.

der pattern was not seen on gel electrophoresis and the
labeling intensity of FITC-dUTP was weak.

De Novo Synthesis Is Necessary for CD99-
Mediated Apoptosis in RD-ES Cells

As many apoptotic processes require de novo synthesis
of RNA and/or protein, >3 we tested whether this is also
the case in CD99-induced apoptosis in RD-ES cells. As
shown in Figure 6, the CD99-mediated apoptosis in
RD-ES cells was completely blocked after treatment with
a RNA synthesis inhibitor, Act D (Figure 6B), or a protein
synthesis inhibitor, CsA (Figure 6C), at the concentration
of 0.1 ug/ml or 1.0 pg/ml, respectively. These results
indicate that de novo synthesis of both RNA(s) and pro-
tein(s) are necessary for the process of apoptosis via
CD99 in RD-ES cells.

CD99-Induced Apoptosis in RD-ES Cells Is
Blocked by Cyclosporin A but Not by FK-506
An increasing amount of evidence has shown that the

alteration of mitochondrial membrane function plays a
crucial role in the induction of apoptosis.?®~3° As CsA is
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a potent inhibitor of mitochondrial PT pore opening,®® we
examined the effect of CsA in CD99-induced apoptosis.
When RD-ES cells were pretreated with CsA at the vari-
ous concentrations ranging from 0.1 to 200 wmol/L,
CD99-induced apoptosis was completely inhibited at the
concentration above 100 wmol/L CsA (Figure 7). It has
been well known that CsA can inhibit apoptosis not only
through the modification of mitochondrial PT pores but
also through inactivation of calcineurin by complex for-

Control Ab Anti-CD99 mAb

4.5% 19.8%

TUNEL

Figure 5. Detection of apoptosis by TUNEL method in anti-CD99 MAb-
treated RD-ES cells. RD-ES cells were treated with control Ab (left) or DN16
MAb (right), followed by staining for apoptosis by nick end-labeling
(TUNEL). The given numbers indicate the percentage of apoptotic TUNEL-
positive cells.

CELL NUMBER

Figure 4. Ultrastructural changes in anti-CD99
MAb-treated cells. RD-ES cells were treated
with 2 ug/ml DN16 MAb (A-C) or the sec-
ondary Ab alone (D) for 6 hours and prepared
for electron microscopic examination as de-
scribed in Materials and Methods. The apopto-
tic cells displayed karyorrhexis (magnifica-
tion, X4500; A) and chromatin condensation
with nuclear fragmentation (magnification,
X10,000; C). Some cells show mitochondrial
condensation (magnification, X18,000; B).
Cells treated with the secondary Ab alone are
shown in D (magnification, X3500).

mation with cyclophilin A.3" Therefore, to rule out the
possible involvement of calcineurin in CD99-induced ap-
optosis, we examined the effect of FK-506, a more selec-
tive calcineurin inhibitor, in RD-ES cells. The apoptosis in
RD-ES cells was not protected by the treatment of FK-506
(ranging from 10 to 100 nmol/L; Figure 8A), indicating
that apoptosis induced by CD99 cannot be blocked by
inhibition of calcineurin. Interestingly, calcium ionophore,
which induces calcium signaling and activates cal-
cineurin in a calcium-dependent manner, was also able
to induce the death of RD-ES cells. Figure 8B shows that
both CsA and FK-506 protect RD-ES cells from the cal-
cium-ionophore-induced apoptosis. These data strongly
suggest that CD99-induced apoptosis is mediated by
mitochondrial PT pore opening, regardless of Ca®*/cal-
modulin-dependent calcineurin activity.

To further investigate the involvement of calcium sig-
naling in CD99 engagement, RD-ES cells were incubated
with EGTA, an extracellular Ca®*-chelating agent, to pre-
vent the influx of extracellular calcium. Figure 8C showed
that removal of extracellular calcium with the combined
treatment of 1.5 mmol/L EGTA and 1.5 mmol/L MgCl, did
not prevent CD99-induced apoptosis in RD-ES cells,
whereas ionophore-induced cell death was inhibited by
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EGTA and MgCI, pretreatment. These results suggest
that CD99-induced cell death may occur through a signal
transduction pathway independent of a sustained in-
crease of intracellular calcium.

Reduction in the AWm of RD-ES Cells Is
Detected after Engagement of Anti-CD99 MAb

To confirm whether CD99-induced cell death in RD-ES is
dependent on the reduction of the AWm, which is medi-
ated by the opening of mitochondrial PT pores, we used
the fluorochrome DiOCg4(3). As DiOCg4(3) incorporates
into cells in strict nonlinear correlation with A¥m,3? the
reduction of A¥Ym can be determined by the uptake rate
of DIOCg4(3). Anti-CD99 MAb-treated RD-ES cells exhib-
ited a reduction in the incorporation of DiIOCg(3), as com-
pared with control Ab-treated cells (Figure 9). With
mCICCP, an uncoupling agent of the oxidative phosphor-
ylation that abolishes staining with DiOCg4(3), we demon-
strated that the dye uptake was driven by A¥Ym and did
not involve significant binding to other cellular compo-
nents (Figure 9, top). Therefore, we were able to confirm
the reduction of the AWm in DN16 MAb-treated cells.

CD99-Induced Apoptosis Is Inhibited
by Z-VAD-fmk

Recently, many reports have shown that caspases are
crucial for the execution phase of apoptosis.®33* To ex-
amine whether caspases are required for CD99-induced
apoptosis, RD-ES cells were treated with a cell-perme-
able caspase inhibitor (Z-VAD-fmk) or a control peptide
(Z-FA-fmk) for 2 hours before CD99 engagement. As
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Figure 7. Inhibitory effect of CsA on apoptosis induced by anti-CD99 MAb.
CsA was preincubated for 1 hour before the induction of apoptosis with

anti-CD99 MAb. Results are shown as percentages of dead cells measured by
trypan blue dye exclusion.

shown in Figure 10, cell death was almost completely
abolished in Z-VAD-pretreated RD-ES cells as compared
with that in Z-FA-pretreated or only anti-CD99-treated
cells (Figure 10). This result suggests that CD99-induced
apoptosis is executed through caspases that are inhib-
ited by Z-VAD-fmk.

Discussion

In this paper, we report that undifferentiated ES cells are
subject to apoptosis upon engagement of CD99 and that
the apoptotic process is induced via the reduction of the
A¥m due to mitochondrial PT pore opening.
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Figure 8. Effects of CsA, FK-5006, and EGTA on apoptosis induced by anti-
CD99 MADb or calcium ionophore. RD-ES cells were preincubated with CsA or
FK-5006 for 2 hours before the induction of apoptosis by anti-CD99 MAb at 10
pg/ml (A) or calcium ionophore A23187 at 10 umol/L (B). In the case of
EGTA treatment, RD-ES cells were preincubated with a combination of 1.5
mmol/L EGTA and 1.5 mmol/L MgCl, for 1 hour before the induction of
apoptosis (C). Results are expressed as percentages of dead cells measured
by trypan blue dye exclusion.
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Figure 9. Reduction in the A¥m of RD-ES cells after induction of CD99-
mediated apoptosis. RD-ES cells were incubated with control Ab (top) or
anti-CD99 MAb (bottom) for 2 hours and stained with DiOC4(3). After
staining, flow cytometric analysis was performed. Negative control (mCICCP-
treated cells) is shown in the upper panel . The numbers indicate percent-
ages of DIOC4(3)'°™ cells among the viable fraction of cells as determined by
FSC and SSC. Data are representative of three different experiments.

Recently, it has been reported that CD99-mediated
apoptosis occurs in immature thymocytes.?! CD99-in-
duced cell death in both thymocytes and ES displays
many common features, such as typical ultrastructural
changes, the inhibition of cell death by caspase inhibi-
tors, the absence of DNA ladder formation, and Fas-
independent apoptosis (data not shown). Despite the fact
that internucleosomal DNA fragmentation has been
shown to be one of the widely accepted hallmarks of the
apoptotic cell death, we were not able to observe the
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+ anti-CD99 . . )
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Figure 10. Inhibition of CD99-induced apoptosis by a caspase-1, -3, and -9
inhibitor, Z-VAD-fmk. RD-ES cells were pretreated with 20 wmol/L Z-VAD-
fmk (a caspase inhibitor) or Z-FA-fmk (a control peptide inhibitor) for 2
hours before CD99 engagement. Apoptosis was induced by 2 ug/ml anti-
CD99 MAD for 6 hours and evaluated by trypan blue dye exclusion. Results
are expressed as percentages of dead cells. Experiments were performed as
duplicates.
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obvious DNA fragmentation in this type of apoptosis.
Recently, several lines of evidence have shown that
caspases, particularly caspase 3, plays an important role
in the DNA fragmentation.333% For example, caspase 3
induces the DNA fragmentation by the cleavage of
caspase-activated deoxyribonuclease inhibitor (ICAD) or
by the inactivation of its CAD-inhibitory effects. ICAD-
transformants were resistant to staurosporin-induced
DNA degradation, although staurosporin still induced cell
death by activating caspases.®® The findings indicate
that the activation of CAD downstream of the caspase
cascade is responsible for internucleosomal DNA degra-
dation during apoptosis. The apoptosis through CD99
appeared to be devoid of prominent internucleosomal
DNA fragmentation in the two types of cells, thymocytes
and ES cells, despite the inhibition by the caspase inhib-
itors (Figure 10). Therefore, it can be suggested that
CD99-induced apoptosis in RD-ES cells might occur
through a unique signaling pathway that could induce
caspase activation, chromatin condensation, and nu-
cleus fragmentation without the activation of calcium-
dependent internucleosomal endonucleases.

Although the CD99-induced apoptosis in both ES cells
and thymocytes displays many features in common,
these two types of cells show apparent contrast in that ES
cells require de novo synthesis of RNA and protein (Fig-
ure 6), unlike immature thymocytes. It implies that CD99-
induced apoptosis in ES cells might function through a
metabolically active process that is dependent on RNA
and protein synthesis.?3

The pretreatment of CsA protected RD-ES cells from
CD99-induced apoptosis. It is well known that the func-
tions of CsA are mediated by the formation of a complex
with one of the CsA-binding proteins, cyclophilins, for
instance, CsA-cyclophilin D complex for the inhibition of
mitochondrial PT pore opening and CsA-cyclophilin A
and B complex for the antagonization of calcineurin.® It
has been recently reported that one of the common man-
ifestations of the apoptotic process is a disruption of
mitochondrial membrane functions, including a dissipa-
tion of the AWm due to the opening of the mitochondrial
PT pores.?* In RD-ES cells, CD99-induced apoptosis was
abrogated by CsA pretreatment (Figures 7 and 8A) but
not by FK-506 or EGTA (Figure 8, A and C) pretreatment,
whereas ionophore-induced apoptosis was inhibited by
the pretreatment with the inhibitors (Figure 8, B and C).
Furthermore, the engagement of CD99 led to a substan-
tial reduction in the AWm (Figure 9). Therefore, the CD99-
induced apoptosis in RD-ES cells may occur through the
AW¥m disruption due to CsA-inhibitable mitochondrial PT
pore opening, which is independent of a sustained in-
crease of intracellular calcium and calcineurin activation.
This suggestion is in agreement with the result that the
prominent activities of endonucleases, which require in-
tracellular calcium signaling, were virtually absent.

It is very intriguing that engagement of CD99 can
trigger apoptosis only in undifferentiated ES cells and not
in differentiated ES and PNET cells. The origin of ES has
been hypothesized to be derived from a primitive pluri-
potential cell that can differentiate into cells with neural,
Schwannian, melanocytic, neuroendocrine, or even mes-
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enchymal features.®'® Much evidence has been accu-
mulated for the potential of ES cells to undergo marked
neural differentiation in vitro.""~'* One report demon-
strates that ES cells express several typical markers of
neuronal precursor cells, such as NCAM, LNGFR, and
Leu-7. Furthermore, ES cells that are naturally negative
for neurofilaments induced the expression of neurofila-
ments (NF-L, -M, and -H) when cultured in the presence
of db-cAMP." These characteristics indicate that ES
cells maintain a primitive phenotype and have a potential
to differentiate into cells with a neural phenotype. Like-
wise, ES cells used in our experiment have no evidence
of differentiated neuronal features, such as long cytoplas-
mic processes and the presence of NF-H, a marker of a
developing neuron. Upon the treatment of ES cells with
db-cAMP, the expression of NF-H became evident (Fig-
ure 2). After differentiation, the expression level of CD99
on the cell surfaces was dramatically reduced, and the
cells appeared to be resistant to CD99-induced cell
death. It is a conceivable explanation that the lack of
response to anti-CD99 MAb treatment in the differenti-
ated ES cells might be due to the alteration of an apo-
ptotic signaling pathway via CD99 engagement and/or
due to the down-regulation of CD99 expression in the
differentiated ES cells. CD99 is also dramatically down-
regulated in medullary mature thymocytes in contrast
with immature thymocytes. In addition, CD99 engage-
ment induces apoptosis only in immature thymocytes but
not in mature thymocytes,?' suggesting that CD99
induces cell death in a stage-specific manner. We
observed similar phenomena in ES cells. This finding
suggests that the CD99-induced cell death might be
specific for a very narrow range of cells during neural
development.

To confirm the possibility that CD99 might function in a
stage-specific manner, it is important to investigate
whether this is also the case during development in nor-
mal tissues. This possibility is now being tested experi-
mentally in this laboratory.

In summary, CD99 induces apoptosis in ES cell lines
through CsA-inhibitable mitochondrial PT pore opening,
the reduction of the A¥Ym, and caspase activation. By
analogy with the role of CD99 in thymocytes, the finding
that CD99-induced cell death was confined only in undif-
ferentiated ES cells suggests a specific role of CD99 in
the apoptosis during a particular stage of neural devel-
opment. Therefore, we hypothesize that CD99 might play
a certain role in the apoptosis of the undifferentiated form
of neural progenitor cells during the development of the
nervous system in vivo. Furthermore, the result that CD99
induced cell death only in ES cells might open up the
possibility that CD99 can be used as an immunothera-
peutic tool for ES patients.
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