6-hour interval between the last calibration
and the image data collection. The drift was
due to flexure from temperature effects and
other mechanical stresses, as well as inac-
curacies in repositioning the wave front
sensor between the focal positions for the
natural guide star and the laser star. These
errors can be reduced by calibrating more
frequently.
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Requirement for GD3 Ganglioside in CD95- and
Ceramide-Induced Apoptosis
Ruggero De Maria, Luisa Lenti, Florence Malisan,

Federica d’Agostino, Barbara Tomassini, Ann Zeuner,
Maria Rita Rippo, Roberto Testi*

Gangliosides participate in development and tissue differentiation. Cross-linking of the
apoptosis-inducing CD95 protein (also called Fas or APO-1) in lymphoid and myeloid
tumor cells triggered GD3 ganglioside synthesis and transient accumulation. CD95-
induced GD3 accumulation depended on integral receptor “death domains” and on
activation of a family of cysteine proteases called caspases. Cell-permeating ceramides,
which are potent inducers of apoptosis, also triggered GD3 synthesis. GD3 disrupted
mitochondrial transmembrane potential (A¥, ), and induced apoptosis, in a caspase-
independent fashion. Transient overexpression of the GD3 synthase gene directly trig-
gered apoptosis. Pharmacological inhibition of GD3 synthesis and exposure to GD3
synthase antisense oligodeoxynucleotides prevented CD95-induced apoptosis. Thus,
GD3 ganglioside mediates the propagation of CD95-generated apoptotic signals in

hematopoietic cells.

CD95 is a surface receptor that triggers
apoptotic cell death when cross-linked by
its specific ligand (I). This is mediated by
the recruitment of different cytosolic pro-
teins to the “death domain” of the receptor,
an ~70-amino acid protein-protein inter-
action domain that is essential for the gen-
eration of apoptotic signals. Seconds after
the ligand induces the oligomerization of
the receptor, the adaptor molecule FADD/
MORT]1 binds"directly to the CD95 death
domain, which in turn recruits caspase-8
(FLICE/MACH) (2). Other caspases then
get activated in a proteolytic cascade, even-
tually leading to the hydrolysis of cytosolic
and nuclear substrates (3).

Another pathway that depends on the
death domain involves lipids and is also
activated within 5 to 15 min after CD95
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cross-linking (4): phosphatidylcholine-spe-
cific phospholipase C and acidic sphingo-
myelinase (ASM) are sequentially activated
(5). Ceramides, generated from the hydro-
lysis of sphingomyelin by ASM, act as me-
diators of apoptosis in hematopoietic cells
(6). Cells from individuals affected by Nie-
mann-Pick disease, who are genetically de-
ficient in ASM activity, or from mice in
which the gene coding for ASM has been
targeted, have defective apoptotic programs
in response to radiation (7). However, the
relevant targets of ceramides, or their me-
tabolites, involved in downstream propaga-
tion of. apoptotic signals remain poorly
characterized. Newly synthesized or released
ceramides are targeted to the Golgi com-
plex and regulate sphingolipid and glyco-
sphingolipid metabolism, including the rate
of ganglioside biosynthesis within the Golgi
(8). We therefore investigated whether
changes in ganglioside metabolism could be
detected during CD95 signaling.
Thin-layer chromatography (TLC) anal-
ysis of total cellular gangliosides revealed
that when CD95 was cross-linked on
HuT78, a cell line derived from a human
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cutaneous T cell lymphoma, GD3 ganglio-
side was transiently accumulated, peaking
in 15 min (Fig. 1A). Similar results were
obtained by cross-linking CD95 on the hu-
man myeloid leukemia cell line U937,
which also undergoes apoptosis upon CD95
stimulation (Fig. 1B). Clones of U937 and
HuT78 that expressed CD95 receptors with
defective death domains were resistant to
apoptosis (5, 9) and did not induce GD3
accumulation after CD95 cross-linking (Fig.
1B). Addition of the synthetic ceramide
analogs C8-ceramide and C2-ceramide,
both of which are cell-permeating and can
directly induce apoptosis in HuT78 cells,
resulted in GD3 accumulation that was
maximal after 5 min. In contrast, the struc-
turally related ceramide analog C2-dihydro-

S AR I
ceramide, which does not induce apoptosis,
failed to induce GD3 (Fig. 1C). Accumula-
tion of GD3 in HuT78 cells was confirmed
by immunostaining of TLC plates with an-
tibodies to GD3 (Fig. 1D). Quantitative
analysis estimated a 5- to 10-fold increase in
total cellular GD3 (up to 100 to 200 ng per
109 cells) in HuT78 cells after CD95 cross-
linking or ceramide exposure (10). To in-
vestigate whether CD95-induced GD3 was
derived by accelerated neosynthesis from
GM3, HuT78 cells were loaded with
pyrene-labeled GM3 and stimulated
through CD95. After 15 min, fluorescent
GD3 was clearly detectable by TLC analy-
sis, which indicated that GD3 synthesis had
been induced in vivo. Similarly, 5-min
treatment of HuT 78 cells with C8-ceramide
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Fig. 1. GD3 synthesis follows CD95 cross-linking. (A) 30 X 10° mycoplasma -free HUT 78 cells were
treated with anti-Fas IgM (300 ng/ml; anti-CD95, CH- 11 UBI, New York) or control IgM for the indicated
times. st, standard; cont., control. (B) Wild-type (WT) HuT 78 cells and U937 cells, as well as death
domain-defective HUT 78 (5, 9) and U937 CD95-resistant variants (res), were treated for 15 min with
anti-Fas mAb (300 ng/ml) or left untreated. (C) 30 X 108 HuT78 cells were treated with 50 pM
C8-ceramide for the indicated times or with 50 wM C2-ceramide (C2-cer) and 50 uM C2-dihydrocer-
amide (C2-dHcer) for 5 min. All ceramides were from Biomol (Plymouth Meeting, PA). Cell extracts were
run on HPTLC plates along with a GD3 authentic standard (st) and were visualized by resorcinol staining.
(D) 2 X 10°® HUT 78 cells were treated with anti-Fas (300 ng/ml) or control mAb for 15 min and with 50
wM C2-ceramide or 50 uM C2-dihydroceramide for & min. Cell extracts were run on HPTLC plates
along with a GD3 standard (st), and GD3 was detected by anti-GD3 immunostaining.. (E) CD95
cross-linking and ceramide induce in vivo GD3 synthesis. 5 X 10% HuT 78 cells loaded with pyrene-
labeled (pyr-) GM3 were left untreated or were stimulated for 15 min with anti-Fas (300 ng/ml) or for 5 min
with 50 uM C8-ceramide. Gangliosides were extracted, run on HPTLC plates, and visualized under a UV
lamp (254 nm). (F) Steps to GD3 biosynthesis. Cer, ceramide; Glu Cer, glucosylceramide; Lac Cer,
lactosylceramide; GM3, GM3 ganglioside; GD3, GD3 ganglioside. Circles, glucose; squares, galactose;
triangles, sialic acid.
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could induce conversion of GM3 to GD3 in
vivo (Fig. 1E). Thus, a GD3 synthase was
responsible for both CD95- and ceramide-
induced GD3 accumulation in intact cells
(11) (Fig. 1F).

We subsequently investigated whether
GD3 was directly involved in apoptosis.
GD3 ganglioside, but not GD1a, GT1b, or
GM1 gangliosides, induced apoptosis in
HuT78 cells in a dose- and time-dependent
manner as detected by ethidium bromide—
acridine orange staining and fluorescence
microscopy (Fig. 2, A and B), by flow cyto-
metric analysis of hypodiploid nuclei (Fig.
2, Cand D), and by internucleosomal DNA
fragmentation agarose gel analysis (Fig. 2, E
and F) in both lymphoid HuT78 cells and
myeloid U937 cells (12).
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Fig. 2. GD3 induces apoptosis. (A) HuT 78 cells
were treated with different amounts of GD3 (solid
triangles), GD1a, GT1b, and GM1 (open symbols),
and cell viability was evaluated 24 hours later.
GD3, GD1a, GT1b, and GM1 gangliosides were
from Sigma. (B) HuT 78 cells were treated with
200 pM GD3 (solid triangles) or 200 pM GD1a,
GT1b, and GM1 (open symboils), and cell viability
was evaluated at different time points. (C) HUT78
and (D) U937 cells were treated with 200 uM
GD3, and DNA content in nuclei was assessed 12
hours later by propidium iodide staining and FACS
analysis. Hypodiploid nuclei (included between
vertical markers) were 55% in HUT78 cells and
48% in U937 cells. Hypodiploid nuclei were less
than 5% in HUT78 or U937 cells treated with
GD1a (not shown). (E) HUT 78 cells and (F) U937
cells were left untreated or were treated with 200
wM GD1a, 200 uM GD3, or anti-Fas (100 ng/ml),
and internucleosomal DNA fragmentation was as-
sessed 12 hours later by DNA electrophoresis.
MW, DNA molecular weight.
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To verify that endogenous GD3 accu-
mulation was also sufficient to trigger cell
death, we transiently overexpressed in
HuT78 cells the gene coding for GD3 syn-
thase (a2,8-sialyltransferase), a transmem-
brane type 11 protein of about 40 kD that is
resident in the early Golgi (13) and is re-
sponsible for GD3 synthesis by adding a

Fig. 3. GD3 synthase
overexpression induces
apoptosis. HUT78 cells
were transfected with
the pEGFP expression
vector (A) and (B) or with
a pEGFP-GDS synthase
expression vector (C)
and (D). Cells were si-
multaneously evaluated
by light microscopy to
detect apoptotic cells
[(A) and (C)] and by fluo-
rescence microscopy to
detect transfected cells
[(B) and (D)]. Essentially
all cells transfected with
the pEGFP expression
vector were alive, where-
as most cells transfected
with the pEGFP-GD3
synthase expression vec-
tor displayed apoptotic morphology. (E) Over
90% of HUT 78 cells overexpressing GFP-GD3
synthase underwent apoptosis within 24 hours,
whereas the overexpression of a truncated
GFP-GD3 synthase (GFP-ABH-GD3 synthase)
lacking most of the catalytic domain did not sub-
stantially affect cell viability.

Fig. 4. Caspase activation controls GD3 accumu-
lation. (A) 5 X 108 HUT 78 cells were preincubated
for 30 min with 200 uM Ac-DEVD-CHO and 400
1M Ac-YVAD-CMK, then stimulated with anti-Fas
(300 ng/ml). GD3 accumulation was evaluated af-
ter 16 min by immunostaining with R24 mAb. (B)
HuT 78 cells were treated with anti-Fas (300 ng/
ml) or 200 uM GD83 for 3 hours; then 15 ul of
control, anti-Fas, or GD3-stimulated HuT 78 cell
lysates was incubated with in vitro-translated
[®5S]PARP. (C) HUT 78 cells were preincubated for
30 min with 200 uM Ac-DEVD-CHO, 400 uM
Ac-YVAD-CMK, or 40 uM ZVAD-FMK, then stim-
ulated with anti-Fas {100 ng/ml). The percentage
of apoptotic cells was assessed at the indicated
times by ethidium bromide—acridine orange stain-
ing and fluorescence microscopy. (D) HuT 78 cells
were pre-incubated for 30 min with 200 uM Ac-
DEVD-CHO, with 400 uM Ac-YVAD-CMK, or 40
M ZVAD-FMK, then stimulated with 200 uM
GD3. The percentage of apoptotic cells was as-
sessed at the indicated times by ethidium bromide—
acridine orange staining and fluorescence microsco-
py. (E and F) HUT 78 cells were left untreated or
pre-incubated for 30 min with 40 uM ZVAD-FMK,
then stimulated with anti-Fas (200 ng/ml), 200 uM
GD1a, or 200 uM GD3, and the percentage of cells

second sialic acid to GM3. A GD3 synthase—
green fluorescence protein fusion product
(GFP-GD3 synthase) was expressed to
identify transfected cells by fluorescence
microscopy (Fig. 3, A through D). More
than 90% of HuT78 cells that expressed
GFP-GD3 synthase were dying within 24
hours (14). To exclude the possibility that
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with disrupted AY | was evaluated by staining with 5,5',6,6'-tetrachloro-1,1,3,3’ -tetraethylbenzimidazolcar-

bocyanine iodide (JC-1) and flow cytometry.
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protein overexpression in the Golgi was
responsible for apoptosis, we expressed a
GFP-GD3 synthase truncation mutant
(GFP-ABH-GD3 synthase) that lacked
most of the catalytic domain, including the
COOH-terminal “sialyl motif S” [a highly
conserved region among sialyltransferases
(13)], but is still localized in the Golgi. The
overexpression of the GFP-ABH-GD3 syn-
thase mutant did not affect cell viability
(Fig. 3E).

We then asked whether GD3 accumula-
tion after CD95 cross-linking and GD3-
mediated apoptosis were caspase-dependent
events. Pretreatment of HuT78 cells with
caspase inhibitors YVAD and DEVD tet-
rapeptides prevented CD95-induced GD3
accumulation (Fig. 4A), which suggests
that one or more proteolytic events were
controlling accelerated GD3 synthesis after
CD95 cross-linking. However, cell lysates
from HuT78 cells undergoing apoptosis af-
ter direct GD3 exposure did not produce
the in vitro cleavage of poly(ADP-rybose)
polymerase (PARP), a common caspase
substrate, unlike cell lysates from HuT78
cells undergoing apoptosis after CD95
cross-linking (Fig. 4B). Accordingly, pre-
treatment of HuT78 cells with YVAD,
DEVD, or ZVAD could totally prevent cell
death after CD95 cross-linking (Fig. 4C)
but had little effect on GD3-mediated apo-
ptosis (Fig. 4D), which suggests that rele-
vant caspases were not direct downstream
effectors of GD3 (15).

Disruption of the mitochondrial mem-
brane potential (AW ) is a crucial event in
the cellular commitment to the apoptotic
program (16). The ability of GD3 to con-
tribute to the apoptotic program by induc-
ing changes in AW _ was therefore investi-
gated. GD3 induced a significant decrease
in the A¥_ of HuT78 cells, which could
not be prevented by ZVAD, unlike the
CD95-induced decrease in AY_ (Fig. 4, E
and F). Together, these data suggest that
GD3-mediated signals autonomously con-
tribute to the apoptotic program, probably
through damage of mitochondrial function
(17).

Finally, we investigated whether, by
blocking GD3 synthesis, CD95-generated
apoptotic signals could be interrupted. To
interfere with ganglioside neosynthesis, we
first used D-threo-1-phenyl-2-decanoylami-
no-3-morpholino-1-propanol (PDMP) as a
potent cell permeating inhibitor of
glucosyltransferase (I18). Pretreatment of
HuT78 cells with PDMP prevented GD3
accumulation after CD95 cross-linking (Fig.
5A) and was able to substantially block
CD95-mediated apoptosis of HuT78 cells,
but could not block GD3-mediated apopto-
sis (Fig. 5B). Second, we directly targeted
GD3 synthase expression by antisense oli-
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Fig. 5. Preventing GD3 A
synthesis blocks CD95
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Anti-Fas

apoptotic  signals. (A) @
HuT 78 cells were incu-
bated for 36 hours with k-]
20 uM PDMP or left un-

treated, then stimulated

for 15 min with anti-Fas

(300 ng/ml) or control B
IgM. GD3 was visualized

by resorcinol staining. T
(B) HuUT 78 cells were in-
cubated for 36 hours
with 20 uM PDMP (gray
bars) or left untreated
(white bars), then stimu-
lated for 12 hours with
control IgM, anti-Fas
(100 ng/ml), 200 pM
GD1a, or 200 pM GDS.
Cell viability was as-
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sessed by ethidium bromide—acridine orange staining and fluorescence microscopy. Means *+ 1 SD
from four different experiments are shown. (C) HUT 78 cells were incubated for 48 hours with 80 uM of
GD8 synthase antisense oligodeoxynucleotide or with a scrambled sequence from the same de-
oxynucleotides, then treated with control IgM, anti-Fas (300 ng/ml), or 50 uM C8-ceramide. GD3
accumulation was evaluated after 15 min by immunostaining with R24 antibody. (D) HuT 78 cells were
incubated for 72 hours with the indicated concentrations of GD3 synthase antisense {solid symbols) or

scrambled (open symbols) oligodeoxynucleotides,

then treated with anti-Fas (100 ng/ml) (circles) or 50

uM C2-ceramide (triangles). Apoptosis was assessed 12 hours later by propidium iodide staining of
nuclei and FACS analysis. Means * 1 SD from five different experiments are shown.

godeoxynucleotides. Exposure to GD3 syn-
thase antisense oligodeoxynucleotides en-
compassing the 5’ region of the gene sur-
rounding the second initiator ATG (19),
but not to a scrambled sequence of the same
oligodeoxynucleotides, suppressed both bas-
al and CD95-induced or C8-ceramide-in-
duced GD3 synthesis (Fig. 5C), which in-
dicates that GD3 was generated by neosyn-
thesis rather than by degradation from more
complex gangliosides. Exposure to GD3
synthase antisense prevented both CD95-
mediated and C8-ceramide-mediated apo-
ptosis effectively and in a dose-dependent
manner (Fig. 5D) (20).

The data presented here provide the first
evidence for an involvement of ganglio-
sides, specifically GD3 ganglioside, in pro-
grammed cell death. GD3 might mediate
apoptotic signals that follow intracellular
ceramide accumulation through recruit-
ment of mitochondria to the apoptotic pro-
gram. Newly synthesized gangliosides can
be shuttled from the Golgi to mitochondria
(21), and gangliosides are known to affect
the ion permeability of biological mem-
branes (22). In the CD95 system, CD95-
induced GD3 synthesis and transient accu-
mulation require intact receptor death do-
mdins and upstream caspase activation.
Rapidly accumulated GD3 can then alter
mitochondrial function and promote cell
death in a caspase-independent manner.
Because direct interference with endoge-
nous GD3 synthesis by targeting of GD3
synthase prevented CD95-induced apopto-
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sis, our data also point towards the early
Golgi, where GD3 synthase is localized, as a
critical subcellular compartment for the
progression of apoptotic signals.
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