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INTRODUCTION 

Ceramide has recently emerged as an important endogenous candidate mediator of growth 
suppression; especially in response to cytotoxic agents and stress stimuli (1-3). Briefly, a 
number of extracellular agents have been found to induce ceramide formation. These include: 
Tumor Necrosis Factor alpha (TNFa), y interferon, interleukin-lß, dexamethasone, Fas ligands, 
chemotherapeutic agents, and nerve growth factor (4). These agents cause the activation of 
membrane sphingomyelinases, which act on membrane sphingomyelin, causing the formation of 
ceramide. The addition of analogs of ceramide to cells causes either terminal cell differentiation, 
cell senescence, cell cycle arrest, or apoptosis. A role for the endogenous ceramide in mediating 
these biological effects in response to the above listed agents is further supported by the close 
association of formation of endogenous ceramide with these biological outcomes, the ability of 
exogenous ceramides to mimic these biologies, and the ability of agents that interfere with 
ceramide metabolism to modulate these responses (5,6). 

The role of ceramide is further supported by recent insight into the mechanism of action of 
ceramide in vitro and in cells. Thus, in vitro ceramide has been shown to activate a 
serine/threonine protein phosphatase (7). This phosphatase is inhibited by okadaic acid, and 
okadaic acid appears to inhibit the effects of ceramide on apoptosis and growth suppression (8). 
Furthermore, an equivalent pathway has been demonstrated in yeast cells, whereby ceramide 
causes growth suppression of yeast (9). Genetic evidence was provided for the subunit 
composition of this phosphatase in yeast (10). Deletion of these subunits in yeast results in 
resistance to the activity of ceramide on growth suppression. Taken together, these studies 
suggest that ceramide in yeast works through activation of this phosphatase. Coupled with the 
inhibitor studies in mammalian cells, these studies would also suggest a role for this phosphatase 
in mediating the effect of ceramide on growth suppression. 

In addition, ceramide has been shown to modulate a number of biochemical events in cells. For 
example, ceramide has been shown to activate the retinoblastoma gene father, down regulate the 
c-myc oncogene, inhibit phospholipase-D, modulate protein phosphorylation, activate protein 
kinases, and inhibit protein kinase Ca (8,11-14). 

Major questions in this area of research center on: (1) What are the mechanisms involved in 
ceramide formation? (2) What are the mechanisms by which ceramide causes growth 
suppression? and (3) What is the precise role of ceramide in mediating growth suppression in 
response to TNFa, chemotherapeutic agents, and the other extracellular agents and stimuli that 
cause ceramide formation? The results accumulated during the conduct of this proposal have 
provided significant insight aimed at addressing these issues. In particular, we have shown that 
TNF a causes accumulation of ceramide which precedes cell death, and it induces activation of at 
least two distinct classes of proteases. The first class is involved in induction of ceramide levels 
and these are inhibited by CrmA and by YVAD. The second class is activated by ceramide and 
seems to act downstream to ceramide accumulation. Activation of these proteases is inhibited by 
Bcl-2 and by DEVD. In furhter studies, we demonstrate that there is a direct and mechanistic 
relationship between oxidative stress signaling and ceramide accumulation. We find that TNF a 
causes a drop in glutathione (GSH) levels and that this drop results directly in activation of 
neutral sphingomyelinase and accumulation of ceramide. These studies define for the first time a 
fundamental biochemical mechanism for coupling of the cytokine action to oxidative stress to 
ceramide formation and ceramide-mediated biology. In additional studies, we find that ceramide 
activates the protein phosphatase PP1 which appears responsible for mediating the growth effects 
of ceramide. These results should be of significance in defining mechanisms of tumor cell death. 



BODY 

Experimental Methods: 

Tissue culture. Cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine 
serum (FBS) and 0.2% sodium bicarbonate. G418 at 500 ng/ml was added to the CrmA cell line 
and its vector while hygromycin 150 ng/ml was added to the Bcl-2 cell line and its vector. 
Experiments were done in the absence of G418 or hygromycin. Cell viability was determined by 
the ability to exclude trypan blue. 

Partial Purification ofN-SMase -MCF7 cells grown to near confluence in 175 cm2 flasks were 
harvested by trypsinization, washed with ice-cold phosphate buffered saline (PBS), pelleted by 
centrifugation, frozen in a methanol-dry ice bath and stored at -80°C until use. To obtain N- 
SMase, detergent solublized membrane proteins were prepared from homogenate from pooled 
cell pellets (2 x 109 cells) and resolved on a DEAE-Sepharose column (1 x 10 cm) connected to a 
Pharmacia FPLC system essentially as described (16), except that both buffers A and B 
contained Triton X-100 (0.005%, w/v). N-SMase was efficiently resolved from A-SMase in 
MCF7 cells (17) by the detergent extraction step and DEAE column, such that the final N- 
SMase preparation contained <1% of A-SMase activity under the assay conditions. 

N-SMase Activity Assay-The activity of N-SMase was determined using a mixed micelle assay 
system as described (16). The reaction mixture contained enzyme preparation in 100 mM Tris- 
HC1, pH 7.4, 10 nmol [14C]sphingomyelin (100,000 DPM), 0.1% Triton X-100 and 5 mM 
magnesium chloride in a final volume of 100 |il. 

Measurement of Ceramide-Cells grown in 10 cm petri dishes were rinsed with ice-cold PBS and 
scraped into methanol. Cell lipids were extracted by the method of Bligh and Dyer (15). 
Ceramide content was determined using a modified diacylglycerol kinase assay as previously 
described (18). 

SM level- Cells were seeded at 2 X 105 cells/10 cm culture dish and grown for 48 hr. Then cells 
were switched to fresh complete medium containing [3H]choline (1 jiCi/ml). After 48 hrs, cells 
were switched again to fresh medium and chased for 2 hr before treatment with GSH and/or 
TNFa as described above. The level of SM was determined following a protocol essentially as 
described (19). 

Measurement of GSH Level - Cells were seeded at 2 X 105 in 6 cm petri dishes in 4 ml of 
complete medium. Two days later, cells were treated with the desired agents as described above. 
Treated cells were detached by trypsinization, washed (3X) with ice-cold PBS and solublized in 
150 (il of water. 5-sulphosalicylic acid was added to a final concentration of 2% and the 
supernatant was separated from the acid precipitated proteins by centrifugation. GSH content in 
the supernatant was determined by the Griffith (20) modification of the Tietze's enzymatic 
procedure (22) as described (16). Protein content was determined by the dye binding assay using 
bovine serum albumin as standard (23). 

Transfection and expression of Bcl-2. Cells were transfected with either the vector pMEP4 alone 
or vector containing Bcl-2 using Lipofectamine. Cells were then selected with Hygromycin Bl. 
Expression of Bcl-2 was confirmed by western blot analysis. 

Western blot for PARP-Cells were scraped into medium, pelleted by centrifugation, and washed 
(IX) with ice cold PBS containing 1 mM PMSF. The cell pellet was resuspended in 50 |il of 
PBS-PMSF and solublized in 2X SDS sample buffer. Western blot for PARP was performed as 
described (18,24). 



Western Blots for the retinoblastoma gene product (Rb). The status of Rb phosphorylation was 
determined using Western Blot analysis as described above. The hypophosphorylated Rb 
migrates faster than the phosphorylated species. 

Phosphatase assay for [32P]-Rb in vitro. Cells were labeled with 1 mCi/ml [32P]- 
orthophosphate in serum-free, phosphate-free DMEM for 3-4 hrs. Cells were lysed with lysis 
buffer as described eleswhere (Lee et al., manuscript in preparation). The cleared lysates were 
immunoprecipitated with anti Rb antibody and protein A-sepharose. The immunocomplexes 
were washed and used for in vitro phosphatase assay as the substrate. Dephosphorylation 
reactions contained 50 raM Tris-HCl, 1 mM EDTA, pH 7.4, PP1 and the indicated amount of 
radiolabeled substrate in a final volume of 0.1 ml. Ceramide or other lipids were delivered in 1 
ml of absolute ethanol to give the indicated concentrations. Control assays received a similar 
volume of ethanol. Reactions were initiated with the addition of substrate and incubated for 15 
min at 30 °C. Assays were terminated with 0.1 ml of 1 mM KH2PO4 in 1 N H2SO4 and 0.3 ml 
of 2% ammonium molybdate. After standing for at least 10 min, free 32Pi was determined as 
organic extractable counts after the addition of toluene:isobutyl alcohol(l:l). The amount of 
organic extractable 32Pi in blank assay was typically <0.1% of total radioactivity added. [32P]- 
MBP hydrolysis was linear with respect to time and protein and did not exceed 15% of total 
MBP added. 

Cell viability-The viability of cells was determined by their ability to exclude trypan blue. The 
survival of cells was determined with the WST-1 cell proliferation reagent from Boehringer 
Mannheim. Cells were seeded at 103 cells/well/200 |il of complete medium in 96-well culture 
plate. Two days later, cells were treated in quadruplicate with TNFa as described above. At the 
end of treatment, WST-1 reagent was added and after a 3 hr incubation period, the absorbance 
was measured at 450 nm with a multi-well plate reader as recommended by the manufacturer. 

RESULTS: 

TNFa causes apoptotic cell death in MCF-7 cells as well as ceramide accumulation, which 
precedes cell death. MCF-7 breast carcinoma cells were treated with TNFa, and ceramide 
levels and cell death were evaluated concomitantly at several time-points (Fig. 1). Ceramide 
levels did not change appreciably in the first 5 hours but were significantly increased between 7 
and 9 hours and continued to increase with time; such that the levels of ceramide increased up to 
400% by 20 hours. Cell death, as measured by the inability to exclude trypan blue, was not seen 
until 20 hours; occurring several hours following the increase in ceramide levels, indicating that 
ceramide accumulation occurs long before loss of membrane integrity. 

In order to verify that cell death was occurring through induction of apoptosis, we 
assayed for cleavage of the 116 kDa poly(ADP-ribose) polymerase (PARP) polypeptide to a 
specific 85 kDa apoptotic fragment . This proteolytic cleavage has been shown to occur in 
apoptosis and to be mediated by Yama/CPP32/apopain or related proteases. It is now considered 
a hallmark of many apoptotic pathways, and it is a reliable parameter to distinguish apoptosis 
form necrosis. Teatment of MCF-7 cells with TNFa resulted in specific cleavage of PARP to the 
85 kDa fragment (Fig. 2). Significant PARP cleavage did not occur until 12 hours after treatment 
with TNFa and was maximal by 25 hours. These results indicate that ceramide accumulation 
precedes by at least 3-4 hours one of the early signs of apoptosis, i.e. PARP cleavage. 



2. TNF causes cell cycle arrest and activates Rb. When cells were treated with TNF, we 
observed a cell cycle phenotype such that treated cells were arrested in the G0/G1 phase of the 
cell cycle. Treatment with TNF also caused dephosphorylation of Rb in a time dependent 
manner (Fig. 3). This was of great interest to us since: 1. dephosphorylated Rb appears to be the 
active species that induces a G0/G1 arrest; and 2. we have previously shown that ceramide 
causes an Rb-dependendt arrest in G0/G1 in Molt-4 cells. Thus, it is tempting to speculate that 
TNF causes a cell cycle arrest in a ceramide-dependent manner. Current studies aim at 
examining the effects of ceramide on Rb in MCF-7 cells. 

3. Involvement of proteases in ceramide formation. The cowpox viral protein, CrmA, is a 
protease inhibitor which is known to inhibit, with variable efficiency, the ICE family of cysteine 
proteases. CrmA was utilized in our experiments to examine the relationship of these proteases 
to ceramide along the death pathway. MCF-7 cells stably expressing CrmA were treated with 2 
nM TNFa or increasing concentrations of C6-ceramide, a cell-permeable ceramide analog, and 
compared with control (vector) cells. CrmA offered almost complete protection from TNFoc- 
induced cytotoxicity (Fig. 4). However, CrmA offered no protection from the cytotoxic effects of 
ceramide whereby cells died equally in the presence or absence of CrmA (Fig. 4). Therefore, 
CrmA appeared not to interfere with the downstream effects of ceramide. 

Since endogenous ceramide elevation may drive the cell to die, we next examined 
whether CrmA interferes with ceramide generation. Endogenous ceramide levels were measured 
in response to TNFa in control and in CrmA-expressing MCF-7 cells. Ceramide increased 
significantly in vector cells at 18 and 24 hours (Fig. 5). However, CrmA-expressing cells treated 
similarly with TNFa showed no increase in ceramide levels. The results with CrmA suggest that 
proteases are involved in ceramide generation. 

4. Support that bcl-2 acts at the point downstream of ceramide but upstream of activation of 
the death proteases. Since ceramide generation occurred in cells that eventually die in response 
to treatment with TNFa and not in the protected, CrmA-expressing cells, it became important to 
verify that this increase in ceramide levels, as well as the suppression of this increase by CrmA, 
were not nonspecific events correlating with cell death or survival, respectively. We utilized Bcl- 
2, another antiapoptotic molecule. MCF-7 cells expressing Bcl-2 or vector controls were treated 
with TNFa or increasing concentrations of C6-ceramide. Control cells died in response to both 
treatments but Bcl-2-expressing cells displayed resistance to TNFa-induced cell death as seen in 
cells expressing CrmA (Fig. 6). However, unlike CrmA-expressing cells, Bcl-2-expressing cells 
were resistant to ceramide-induced cell death. Additionally, generation of endogenous ceramide 
was nearly equal in both vector and Bcl-2 cells in response to TNFa, indicating that Bcl-2 does 
not interfere with ceramide generation (Fig.7). Therefore, Bcl-2 functions at a point downstream 
of ceramide to inhibit apoptosis. More importantly, this delayed accumulation of ceramide is not 
a consequence of cell death since it is still observed in the viable Bcl-2 expressing cells. Thus, 
these data demonstrate that the elevation in ceramide is proximal to the biochemical and 
morphological changes of cell death. 

5. GSH Reversibly Inhibits Neutral SMase in v/fro-Previously we found that GSH inhibited 
in vitro the N-SMase from Molt-4 leukemic cells (16). To study the role of GSH in TNFa 
signaling, we chose the human mammary carcinoma cell line MCF7 which is very sensitive to 
TNFa. We partially purified N-SMase from MCF7 cells following the procedure described for 
rat brain (16) and tested the effects of GSH on N-SMase in vitro. When, the enzyme was 
preincubated for 5 min at 37°C with 1-20 mM GSH followed by incubation with substrate for 30 
min, a dose-dependent inhibition of N-SMase by GSH was observed with a greater than 95% 



inhibition observed with 3 mM of GSH (Fig. 8). The inhibition was specific for GSH since two 
other small thiol-containing molecules, dithiothreitol (DTT) and b-mercaptoethanol, at 
concentrations up to 20 mM, were ineffective (Fig 8). These results demonstrate that physiologic 
levels of GSH (3-10 mM) totally inhibit N-SMase. The results also suggest that the sharp drop 
in cellular levels of GSH may relieve this inhibition and cause activation of N-SMase. 

6. GSH Reversibly Inhibits Neutral SMase in cells-To investigate the effect of GSH on N- 
SMase in TNFa signaling, MCF7 cells were treated with TNFa (3 nM) for 2-24 hr and GSH 
levels were measured. As shown in Figure 9A, TNFa treatment resulted in an initial sharp drop 
in the level of GSH followed by a steady further decrease, with the first significant decrease 
observed at 8 hr post treatment. The most dramatic change in the level of GSH occurred between 
8 and 10 hr post TNFa treatment where the GSH level plunged to nearly a third of that of control 
cells at the 10 hr time point. GSH levels then steadily decreased to 7% of control cells by 24 hr 
(Fig. 9A). At the 10 hr time point, cells treated with TNFa did not manifest any detectable sign 
of apoptosis. In particular, proteolysis of the "cell death substrate" poly(ADP- 
ribose)polymerase (PARP) was only detected at 12-24 hr (17). When the effect of TNFa on 
cellular SM level was examined, significant SM hydrolysis was observed between 10 and 16 hr, 
and a 30% hydrolysis of SM was detected at 14 hr (Fig. 9B). These kinetics raise the possibility 
that GSH may be involved in the regulation of SM hydrolysis and ceramide generation in cells 
treated with TNFa. 

Since GSH inhibited N-SMase in vitro at physiologically relevant concentrations and changes of 
GSH levels induced by TNFa proceeded ceramide accumulation and SM hydrolysis, we next 
investigated the effects of manipulating intracellular GSH levels on TNFa-induced SM 
hydrolysis and ceramide generation. First, replenishment of intracellular GSH by addition of 10 
mM GSH to the culture medium prior to TNFa treatment (3 nM; 14 hr) completely prevented the 
TNFa-induced SM hydrolysis (Fig. 10A). Treatment of cells with GSH (10 mM) alone had no 
effect on SM levels. Second, GSH pretreatment significantly inhibited the accumulation of 
ceramide induced by TNFa (Fig. 10B). A nearly complete inhibition of ceramide increase was 
observed at 12 hr post TNFa treatment (Fig. 10B). At 16 and 24 hr, ceramide accumulation 
induced by TNFa was inhibited by about 50%. Third, in addition to GSH, significant inhibition 
of TNFa-induced ceramide accumulation was also achieved by treatment of cells with GSH 
methylester and N-acetylcysteine (NAC) which is converted intracellularly to cysteine, a 
precursor of GSH biosynthesis (Fig. IOC). These results further support the notion that GSH 
levels regulate the activity of N-SMase in these cells. 

7. Involvement of GSH in TNF-induced cell death- Next, the biological consequences of 
changes in GSH levels in response to TNFa were studied by examination of cell death and 
survival. Whereas TNFa induced significant cell death, as determined by the ability of cells to 
exclude trypan blue dye, partial rescue of cells was achieved by replenishment of intracellular 
GSH with GSH added to the cell culture medium. Preincubation of cells with 10 and 15 mM 
GSH for 2 hr prior to treatment with TNFa lowered TNFa-induced cell death from 58.5% to 
35.5% and 26.5% respectively (Fig. 11 A). The effect of TNFa on the viability of MCF7 cells 
was also determined using the WST-1 assay which measures the activity of the mitochondrial 
respiratory chain in viable cells. TNFa significantly reduced the survival of MCF7 cells, and a 
50% reduction in survival was observed when cells were treated with 1 nM TNFa for 24 hr (Fig. 
1 IB). Inclusion of 10 mM GSH enhanced the survival of TNFa-treated cells to 75-95% of 
control level (Fig. 1 IB). 

Mechanistically, the effects of TNFa on PARP cleavage, a close marker of the apoptotic 
response, were evaluated. TNFa-induced cleavage of PARP was partially inhibited by GSH and 
NAC in a dose-dependent manner (Fig. 11C). Since PARP is a substrate for "execution" phase 
proteases such as CPP32/caspase-3, these results place GSH upstream of these proteases in the 
pathways leading to cell death. 



8. Relationship of GSH levels to caspase activation and to Bcl-2 - TNFa-induced 
accumulation of ceramide has been shown to be inhibited by the cow pox virus cytokine modifier 
protein (crmA) but not by bcl-2 (see above), placing activation of SMases downstream of crmA- 
inhibitable proteases and upstream of bcl-2 inheritable proteases. To investigate the relationship 
between crmA and GSH, MCF7 transfected with crmA or empty vector were treated with TNFa, 
and GSH levels were determined. No significant changes in GSH levels were observed in crmA- 
transfected cells treated with 3 nM TNFa over a time period ranging from 1 to 24 hr whereas a 
time dependent depletion of GSH was observed in the vector-transfected cells (Fig. 12A). The 
TNFa-induced depletion of GSH was also inhibited in a dose dependent manner by the substrate- 
based tetrapeptide inhibitor of ICE proteases, YVAD-chloromethylketone. Pretreatment of 
MCF7 cells with 50 ^iM YVAD prior to TNFa (3 nM) brought the GSH level from 20% of 
control to 80% of control (Fig. 12B). These results clearly demonstrate that the drop in GSH in 
response to TNFa is dependent upon activation of ICE-like proteases (such as caspases- 
8/FLICE). 

9. Effects ofceramides on PP1 activity for [32P]-MBP in vitro In order to examine a 
possible effect of ceramide on PP1, the recombinant catalytic subunit of PPla (rabbit muscle) 
was incubated in the presence of increasing concentrations of C6-ceramide. The catalytic 
subunit of PPla was stimulated by C6-ceramide in a dose-dependent manner. When assayed 
with 5-150 H-g/ml 32P-MBP, maximal stimulation occurred at 30 ^M C6-ceramide, with 2-3 fold 
stimulation over baseline (Fig. 13). 

10. Specificity of ceramide activation of PP1 Previous work from our laboratory 
indicated that dihydroceramide lacks the bioactivity profile characteristic of ceramide in causing 
Rb dephosphorylation, cell cycle arrest or apoptosis. Therefore, the effects of C2- and C6- 
ceramide were compared to those of C2- and C6-dihydroceramide. The stimulation of PP1 was 
specific to the biologically active C2- and C6-ceramide as the inactive forms, C2 and C6- 
dihydroceramide (Fig. 14), failed to activate PPL 

11. Effects of various protein phosphatase inhibitors on Rb dephosphorylation induced by 
C6-ceramide in cells . To identify which phosphatase is involved in the induction of the 
dephosphorylation of Rb induced by ceramide, we performed the following studies in cells. We 
examined the effects of okadaic acid or calyculin A on Rb dephosphorylation. Calyculin A (Fig. 
15A), but not okadaic acid (Fig. 15B) prevented Rb dephosphorylation induced by C6-ceramide 
in a dose-dependent manner. Similarly, calyculin potently inhibited the effects of ceramide on 
PARP proteolysis (data not shown). 

12. Effects of Cß-ceramide on PP1-induced [32P]-Rb dephosphorylation in vitro.       Since 
the above results implicated PPl-like activity in mediating Rb dephosphorylation in cells, we 
next evaluated for direct in vitro effects of C6-ceramide on PP1-induced Rb dephosphorylation. 
[32P]-Rb, immunoprecipitated from cells as described in "Experimental Methods", was 
dephosphorylated in vitro by PPla. C6-ceramide, but not C6-dihydroceramide, activated PPla- 
induced Rb dephosphorylation in vitro (Fig. 16). These data show that Rb is a direct substrate 
for PP1, and that ceramide stimulates this dephosphorylation. 

10 



Relationship to Goals (from revised statement of work). 

Task 1: To determine the mechanism by which TNF and chemotherapeutic agents cause 
activation of the sphingolipid pathway and cause accumulation of ceramide in breast cancer cells. 

We have made substantial progress in defining the mechanisms of accumulation of ceramide, 
especially in response to TNF a in breast cancer MCF-7 cells. Specifically, we found previously 
that TNF a causes activation of neutral sphingomyelinase and consequent accumulation of 
ceramide. This is a delayed response that requires activation of ICE-like proteases which are 
inhabitable by CrmA and by YVAD. We have made a fundamental observation on a direct 
mechanism coupling TNF action to activation of neutral sphingomyelinase. From in vitro 
studies, we find that GSH results in inhibition of neutral sphingomyelinase. A drop in GSH 
levels would therefore result in activation of neutral sphingomyelinase in vitro and in cells. This 
was evaluated with TNF a which was shown in this study to cause a drop in cellular levels of 
GSH that are mechanistically related to activation of neutral sphingomyelinase. 

Task 2: Define the role of ceramide in the regulation of breast cancer cells. In our studies we 
have shown that ceramide causes activation of proteases of the caspase-3 sub-family of death 
proteases. This activation is inhibited by bcl-2 and by tetrapeptide inhibitors such as DEVD. 
Taken together, these studies show that the ability of ceramide to induce apoptosis in MCF-7 
cells occurs upstream of the site of action of bcl-2 and involves activation of cell death proteases. 
These conclusions are further supported by results from this study. The action of GSH on neutral 
SMase support a role for ceramide, formed through this pathway, in the regulation of proteases 
and cell death. These results open the way for devising novel approaches at treatment of breast 
cancer using regulator of ceramide metabolism since these would cause accumulation of 
ceramide with the result of growth inhibition and apoptosis. 

Task 3 Determine the mechanism of action of ceramide and of agents that induce ceramide 
formation. We have made significant progress in this line of study. We have found (previoulsy) 
that ceramide activates directly the PP2A protein phosphatase. In recent studies, we find that 
ceramide also activates PP1 protein phosphatase, and this phosphatase appears to mediate the 
effects of ceramide on the dephosphorylation (activation) of Rb and to also mediate effects on 
PARP proteolysis and apoptosis. Taken together, we have now a very advanced blueprint of a 
possible molecular mechanism for the action of ceramide. 

11 



CONCLUSIONS 

Studies in the first phase (years 1 and 2) of the proposal demonstrated that operation of the 
sphingomyelinase-ceramide pathway in MCF-7 cells which is activated by temoxiphen and TNF 
a. Since the effects of TNF a were early and more robust, we concentrated primarily on this 
agent to activate the apoptotic pathways in MCF-7 cells. We also documented the ability of TNF 
a and ceramide to cause apoptosis in this cell line, and studies were initiated evaluating the 
effects of ceramide and TNF a on cell cycle arrest in this cell line. 

During the second phase (years 2 and 3) of the proposal, we made major connections involving 
TNF a, ceramide, and major known regulators of apoptotic responses. In particular, we showed 
that TNF a causes the activation of at least two distinct classes of proteases. The first class of 
proteases which are inhibited by CrmA and by YVAD, and therefore belong to the ICE-like 
proteases, is activated in response to TNF a and is required for activation of neutral 
sphingomyelinase and accumulation of ceramide. The second class of proteases which is 
inhibited by BEVD is probably comprised of caspase-3-type cell death proteases. These 
proteases are activated by ceramide and by TNF a. The action of TNF a and of ceramide on 
these proteases is inhibited by DEVD and is inhibited by Bcl-2. Taken together, these studies 
suggested a sequence of events whereby TNF a causes activation of proximal proteases that 
result in accumulation of ceramide which then acts through a Bcl-2 inhibitable mechanism to 
activate downstream cell death proteases. 

In the third phase of research (years 3 and 4), we have taken the studies to a more biochemical 
level and applied those results to a cellular biochemical level. Specifically, we found that GSH 
plays a critical role in coupling the action of TNFa with activation of the sphingomyelinase- 
ceramide pathway. These results show that TNFa causes a drop in the cellular levels of 
glutathione. Because our in vitro studies show that glutathione inhibits neutral sphingomyelinase 
and physiologically relevant concentrations of GSH, these studies suggested to us that this drop 
in cellular levels of GSH may relieve inhibition of neutral sphingomyelinase and cause activation 
of this enzyme and subsequent accumulation of ceramide. This was further substantiated by 
examining the effects of replenishing glutathione following TNF action. This results in 
inhibition of activation of sphingomyelinase and a drop in ceramide levels. In another 
mechanistic approach, we have shown that ceramide activates the protein phosphatase PP1 which 
appears to mediate the effects of ceramide on Rb and on apoptosis. 

Taken together, these studies are providing important mechanistic insight both at an in vitro 
biochemical level and at a cellular level into how the apoptotic pathway operates in breast cancer 
cells, especially in response to TNFa as a primary activator of cell death in these cells. Our 
studies show for the first time a direct correlation and mechanistic interaction between oxidative 
stress (which results in a drop in GSH levels) and the ceramide pathway of apoptosis regulation. 
Our studies also show for the first time how protein phosphatase may play a critical role in 
coupling sphingolipid metabolism (ceramide accumulation) to the regulation of protein 
phosphorylation/dephosphorylation. 
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APPENDIX 

FIGURE LEGENDS 

Figure 1. TNF causes cell death and ceramide accumulation in MCF-7 breast carcinoma cells. 
MCF-7 cells were treated with 2 nM TNF and ceramide and cell death were quantitated as 
described in methods. 

Figure 2. TNF causes apoptosis of MCF-7 cells as deteremined by proteolysis of PARP. Shown 
is a time course for PARP proteolysis in cells treated with 2 nM TNF. PARP cleavage was 
monitored by Western blot analysis as described in the text. 

Figure 3. TNF and ceramide cause dephosphorylation of Rb in MCF-7 cells. MCF-7 cells were 
treated with the indicated concentrations of TNF or ceramide. Proteins were harvested at the 
indicated time points and Rb phosphorylation/dephosphorylation was evaluated by Western 
Blotting. 

Figure 4. CrmA protects from TNF but not from ceramide induced cell death. MCF-7 cells 
were treated with the indicated concentrations of ceramide or TNF and cell death was evaluated 
as described in methods. CrmA-expressing cells were protected from TNF when compared to 
vector cells. 

Figure 5. CrmA inhibits ceramide formation. MCF-7 cells were treated with 2 nM of TNF and 
ceramide levels were quantitated as described in methods. 

Figure 6. Bcl-2 inhibits TNF and ceramide-induced death of MCF-7 cells. Cells overexpressing 
Bcl-2 were protected from death in response to either TNF or ceramide. 

Figure 7. Bcl-2 does not suppress ceramide levels in cells treated with TNF. Cells were treated 
with 2nM of TNF and lipids were extracted and ceramide was measured as described in methods. 

Fig. 8. GSH inhibits N-SMase from MCF7 cells. GSH, but not dithiothreitol (DTT) or b- 
mercaptoethanol(b-ME), inhibits N-SMase. N-SMase, partially purified from membranes of 
MCF7 cells, was preincubated for 5 min at 37°C in with the indicated concentrations of GSH, 
dithiothreitol (DTT) or b-mercaptoethanol (b-ME) followed by the addition of [14C]- 
sphingomyelin. Results shown are averages of duplicate determination and are representative of 
three separate experiments. 

Fig. 9. Effect of TNFa on cellular content of GSH and sphingomyelin. A, GSH levels. 
MCF7 cells were treated with 3 nM TNFa for the indicated time intervals. Total cellular GSH 
was measured with an enzymatic kinetic assay as described under "Experimental Procedures", 
normalized against total cellular protein, and expressed as a percentage of the time-matched 
controls. Results are expressed as percent of time-matched controls and are means ± S. D. of 
duplicate determinations of three separate experiments. B, SM levels. MCF7 cells (50% 
confluent) were pre-labeled with [3H]choline chloride for 48 hr. Cells were treated with 3 nM 
TNFa for the indicated time intervals. Total cellular lipids were harvested, SM content was 
determined as described under "Experimental Procedures", and normalized against total cellular 
protein. Results for B are expressed as percent of time-matched controls and are means ± S. D. of 
duplicate determinations of four separate experiments. 

Fig. 10.   GSH inhibits SM hydrolysis and ceramide accumulation induced by TNFa.   A, 
GSH inhibits TNFa-induced SM hydrolysis. MCF7 cells were pre-labeled with [3H]choline 
chloride for 48 hr, washed with PBS, and rested for 2 hr in fresh complete medium. Cells were 

15 



then pretreated for 2 hr with GSH (10 mM final concentration) before treatment with 3 nM TNFa 
for 14 hr. SM content was analyzed as described under "Experimental Procedures". Results are 
expressed as percent of time-matched controls and are means ± S. D. of duplicate determinations 
of four separate experiments. *p<0.005 compared to TNFa-treated cells. B, GSH inhibits TNFa- 
induced ceramide accumulation. MCF7 cells were pretreated with 10 mM GSH for 2 hr 
followed by 3 nM TNFa for the indicated time intervals. Cellular lipids were extracted and 
ceramide levels were determined. Results are expressed as percent of time-matched control. 
*p<0.005 compared to TNFa-treated cells (open circle). C, TNFa-induced ceramide 
accumulation is inhibited by GSH methylester (GSH-ME) and N-acetylcysteine (NAC). MCF7 
cells were pretreated with 10 mM GSH-ME or NAC for 2 hr followed by 3 nM TNFa for 16, or 
24 hr. For B and C, ceramide content was determined as described under "Experimental 
Procedures" and results are expressed as percent of time-matched controls and are means ± S. D. 
of duplicate determinations of three separate experiments. 

Fig. 11.     Elevation of intracellular GSH levels prevents apoptosis induced by TNFa. A, 
protection of TNFa-induced death by GSH. MCF7 cells were pretreated for 2 hr with 5-15 mM 
GSH followed by treatment with 3 nM TNFa for 24 hr. Cell death was measured by trypan blue 
exclusion. Results are means ± SD of triplicate determinations from three separate experiments. 
B, GSH inhibits TNFa-induced decrease in cell survival. MCF7 cells cultured in 96-well plate 
were pretreated for 2 hr with 10 mM GSH followed by treatment with 1-5 nM TNFa for 24 hr. 
Afterwards, cells were incubated with the WST-1 reagent for 3 hr, and cell survival was analyzed 
following the manufacturer's instructions. Results are expressed as percent of control and are 
means ± SD of quadruplicate determinations from three separate experiments. C, GSH and 
NAC inhibit TNFa-induced PARP proteolysis. MCF7 cells were pretreated for 2 hr with 10-20 
mM GSH followed by treatment with 3 nM TNFa for 18 hr. Cells were scraped into and lysed in 
SDS sample buffer. The proteins were analyzed with a 6% SDS-PAGE gel and PARP cleavage 
was analyzed by Western blot as described under "Experimental Procedures". Blot shown is 
representative of three separate experiments. 

Fig. 12. CrmA blocks GSH depletion induced by TNFa. A MCF7 cells overexpessing crmA 
are resistant to TNFa-induced depletion of GSH. CrmA-, or vector-transfected MCF7 cells were 
treated with 3 nM TNFa for 2-24 hr. B, YVAD inhibits the TNFa-induced depletion of GSH. 
MCF7 cells were pretreated for 2 hr with 12.5-50 nM YVAD followed by treatment with 3 nM 
TNFa for 12 hr. GSH levels were determined as described under "Experimental Procedures", 
expressed as percent of time-matched controls, and are means ± S. D. of duplicate determinations 
of three experiments. 

Fig 13. Activation of recombinant PP1 catalytic subunit by C6-ceramide. Phosphatase 
activity of PP1 was assayed by the standard method (0.5-15 mg/ml [32P]-MBP, for 15 min at 30 
°C) using 0 (o), 3 (*), 10 (») or 30 ^M (•) C6-ceramide. 

Fig 14 Effect of ceramide and dihydroceramide on PP1. PP1 was assayed as in Fig. 1 in the 
absence or presence of the indicated concentrations of C2-ceramide 0) (A) or C6-ceramide 0) 
(B) and their dihydro-derivatives (A). Phosphatase activity is presented as the activity relative to 
control in the absence of ceramides. Data are averages + S.E. of three separate experiments. 

Fig 15. Effect of phosphatase inhibitors on C6-ceramide-induced Rb dephosphorylation in 
cells. Rb dephosphorylation was evaluated by Western blot analysis using a monoclonal mouse 
anti-human antibody in the absence or presence of C6-ceramide and calyculin A (A), okadaic 
acid (B). This experiment is representative of three separate experiments. 
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Fig 16. Effects of C6-ceramide on dephosphorylation of Rb by PP1 in vitro. Cells were 
labeled with [^P]-orthophosphate for 3-4 hrs. Lysates were prepared and [32pHabeled Rb was 
immunoprecipitated with anti Rb antibody and protein A-Sepharose. PP1 was assayed as in Fig 
1 using immunoprecipitates as the substrate in the absence or presence of the indicated 
concentrations of ceramides. Phosphatase activity is presented as the percentage relative to non- 
specific counts in the absence of PP1. This experiment is representative of two separate 
experiments. 
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