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1. ABSTRACT

During the last decade, sphingolipid deregulation,
namely the balance between the pro-apoptotic molecule
ceramide and the anti-apoptotic sphingolipid sphingosine-
1-phosphate, has emerged as an important factor in cancer
pathology and resistance to therapy. Thus, our research has
been focused on developing drugs that are able to restore
normal sphingolipid balance, precisely through increasing
the levels of ceramide and decreasing sphingosine-1-
phosphate. Particularly, inhibition of the ceramide
metabolizing enzyme acid ceramidase, whose over-
expression in cancer cells has been implicated in resistance
to treatment, is proving to be an efficient and promising
strategy. In this review, we consider our recent work with
acid ceramidase inhibitors, in combination with radiation or
gene therapy as a sensitizer that enhance cancer therapy.

2. INTRODUCTION

Increasingly, evidence suggests that
sphingolipids, of which ceramide is the most widely
characterized, play an important role in signal transduction
for a wide variety of cancer therapeutics including chemo,
radiation, and gene therapy. Important factors that
determine the end result of ceramide action include cell
type, the absolute level and duration of ceramide synthesis,
the lipid chain lengths of ceramide produced and last but
not least the specific intracellular location of ceramide
generation. In regard to the latter, mRNA and protein levels
of the lysosomal localized ceramide metabolizing enzyme,
acid ceramidase (AC), have been identified as over-
expressed in a wide variety of cancers including prostate
cancer, head and neck cancer, and melanoma (1-3). Not
only were the levels of AC expression found to be elevated
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Figure 1. Major synthetic and metabolic pathways for ceramide.

in tumor tissues compared with adjacent “normal” tissue,
but AC expression was also found to correlate with the
malignant stage of the disease (3).

What are the causes of AC over-expression in
cancer? Although the mechanism of over-expression of AC
is not yet understood, preliminary data from our laboratory
reveals that it may be related to the level and species of
ceramide, that are observed to be increased in cancer
tissues (4).  Likely, systemic stress placed on the tumor
signals by hypoxia, nutrient deprivation, and the immune
system increases production of ceramide (5).  Therefore, to
escape ceramide-induced apoptosis, cancer cells upregulate
enzymes that degrade ceramide. Specifically, in the case of
AC over-expression, cancer cells metabolize ceramide by
deacylation. This forms sphingosine which can be further
metabolized to sphingosine-1-phosphate (S1P), another
well-characterized sphingolipid with anti-apoptotic and
angiogenic properties that functions to counter-act the
effects of ceramide-mediated pro-apoptotic signaling
(Figure 1). This pathway can be further aggravated in
cancer cells that have become resistant to cancer
therapeutics that act to kill cancer, in part, by inducing
ceramide up-regulation mainly by stress mediated
mechanisms. The end result is that cancer cells are able to
survive in the presence of increased ceramide as long as
ceramide is efficiently metabolized and balanced by S1P
levels. This balance between ceramide and S1P has been
well studied in the literature and is referred to as the
Cer/S1P rheostat (6) (Figure 1). Ongoing studies in our
group have identified another possible balance between two
major ceramides with different lipid chain lengths (Cer-16

and Cer-24) that also play an important role in determining
tumor cell survival or apoptosis.  Our data suggests AC is
functioning to control the relative balance of these two
important ceramides where Cer-16 is pro-apoptotic and the
Cer-24 is anti-apoptotic (7).

The over-expression of AC in different types of
tumors predicted its involvement in cancer pathogenesis
making it a “druggable” target for treatment of cancer with
the goal of enhancing therapeutic responses during cancer
therapy. In this review, we will highlight our rationale for
using AC inhibitors and our latest achievements in
combining AC inhibitors with different treatment
modalities including radiation therapy, FasL and Apoptin
cancer gene therapy, all of which are currently in
preclinical development in our laboratory.

3. AC INHIBITION AND CANCER THERAPY

3.1. AC inhibitors: How do they work?
In order to illustrate the role of sphingolipids and

their role in cancer therapy, we will compare them to the
widely known Bcl-2 family of proteins insofar as both
families share many similarities in their mode of action.
Like  Bcl-2 family members which consist of pro-apoptotic
(Bak, Bax) and anti-apoptotic molecules (Bcl-2, Bcl-xl),
the sphingolipid family also includes pro-apoptotic (mainly
long chain ceramides) and anti-apoptotic (very long chain
ceramides and S1P) molecules.  Like the Bcl-2 family,
where the relative absolute values of pro- and anti-
apoptotic proteins determine apoptosis induction, a balance
between the pro-apoptotic ceramide and anti-apoptotic S1P
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also controls apoptosis during cellular stress, i.e. the
Ceramide/ S1P rheostat (6).  However, there are differences
between the two pathways which are important to
delineate. First, the Bcl-2 family are proteins that seem to
be largely involved in controlling the intrinsic apoptotic
pathway, while the ceramide/S1P lipid pathway controls
multiple cell functions including the intrinsic pathway,
differentiation, and inflammation (8). Second, unlike the
Bcl-2 family, the pro-apoptotic and anti-apoptotic
sphingolipids are somewhat inter-convertible making this
pathway even more intriguing. An illustration of this is that
ceramide can be metabolized to sphingosine which can be
phosphorylated by sphingosine kinase to generate S1P.
Consequently, when it comes to therapeutic applications,
one must be cautious when administering ceramide
analogues.  This is a concern because, although ceramide
administration may be helpful in mediating apoptosis in
cells that have low levels of enzymes that metabolize
ceramide, cancer cells frequently have elevated ceramide
catabolism, such as occurs in cells with elevated AC.   In
this case AC may rapidly metabolize ceramide to
sphingosine, the substrate used by sphingosine kinase to
form S-1-P. This would result in minimal pro-apoptotic
effects with the paradoxical result of  elevating the anti-
apoptotic and angiogenic sphingolipid S-1-P which would
tend to enhance tumor survival as opposed to the action of
ceramide induction of apoptosis. As a result, inhibition of
ceramide metabolizing enzymes such as AC, has emerged
as a more attractive therapeutic option than administration
of exogenous ceramides.

One of the earliest compounds to show efficacy in
cancer treatment was the AC inhibitor B13. Interestingly,
B13 reduced viability of colon cancer cells by 90% (9).
This effect was partially reversed with simultaneous
inhibition of Caspase 3 indicating that cell death was
mainly through apoptosis. B13 has also been shown to
inhibit AC in the immortalized human keratinocyte line
HaCaT as well as in melanoma cells (10), and induces
apoptosis and suppression of proliferation.  Similarly, in
prostate cancer cell lines, Samsel, et al., reported varied
responsiveness to B13 enantiomers with a maximum of
90% cell death in LNCaP cells in response to the R
enantiomer (11).  LNCaP cells have significantly
upregulated AC and would be predicted to be sensitive to
AC inhibition.  In this paper, it was also shown that
radiation or radiation plus B13 resulted in a reduction in
PC3 tumor volume in nude mice over a 28 day period
compared to control values or B13 alone.  Since B13 is a
weak non-lysosomally targeted AC inhibitor we predicted
that the design of newer drugs which target the lysosome
(9, 12) will be significantly more effective.  The data
presented below sustains that belief.

Earlier studies of the B13 analog LCL204
(AD2646), demonstrated that this lysosomal targeted drug
was able to induce apoptosis in two leukemic cell lines (13,
14).  Following treatment of prostate cancer (PCa) cells
with LCL204, we observed that LCL204 was concentrated
in the heavy membrane fraction compared to cytosol or
nuclear fractions. It induced dose- and time-dependent cell
death with a significant improvement in cytotoxicity over

B13 (12). By analysis of intracellular lipid levels, we
observed up-regulation of ceramide followed by down-
regulation of sphingosine indicating inhibition of AC.
Activated Caspases were detected in the treated cells and
cytotoxicity could be partially reversed by pre-treatment
with the Caspase inhibitor zVAD-fmk.  Following LCL204
treatment, we also detected increased cathepsin B levels in
the cytosol of treated cells.  These events were followed by
mitochondrial membrane permeabilization, release of
cytochrome c into the cytosol, and activation of executioner
Caspases.  Combined, these results suggest that treatment
of PCa cells with LCL204 activate multiple pathways
leading to apoptosis.

3.2. AC inhibition and apoptin gene therapy
Our laboratory has demonstrated that introducing

pro-apoptotic genes into cancer cells significantly increases
induction of apoptosis and in many cases exhibits bystander
activity (2). Apoptin, a 121 amino acid protein which
constitutes the third open reading frame of chicken anemia
virus is able to induce apoptosis in both cancerous and
transformed cell lines while being much less toxic to
normal cells (15). Apoptin’s mechanism of action does not
require upstream Caspases, but does involve activation of
Caspase 3 to induce apoptosis (16).  Apoptin is equally
active in tumor cells with wild type or mutant p53 and still
functions if cells over-express Bcl-2 or BCR-ABL (17).
Thus, Apoptin’s mechanism of action likely involves
multiple pathways in tumor cells and suggests widespread
ability to induce apoptosis in diverse cancer cell types.
Recently an adenovirus that expressed Apoptin has shown
efficacy in systemic treatment of human hepatoma
xenograft tumors in nude mice with no observed toxicity to
the animal (18).  Non-viral systemic delivery vehicles
containing the Apoptin gene linked to asialoglycoprotein
have also been shown to target the asialoglycoprotein
receptor (ASGPR) present only on the surface of
hepatocytes (19).  These studies demonstrated specific and
efficient distribution of Apoptin in both hepatocellular
carcinoma cells and normal hepatocytes after tail vein
administration. However, only the in situ hepatomas cancer
cells showed significant signs of regression, whereas the
surrounding normal hepatocytes did not. Because of its
tumor targeting specificity, Apoptin may have future utility
as a systemic therapy.

Recently, our laboratory has described a new
mechanism of action for Apoptin, namely up-regulation of
ceramide which may explain, in part, how Apoptin induces
apoptosis based on the known apoptotic pathways induced
by ceramide (5, 20).  Our data demonstrated that Apoptin
expression from an adenoviral base vector (20) induced an
increase in long chain ceramides (C14-C18) via
sphingomyelin hydrolysis in three different prostate cancer
cell lines during Apoptin induced cell death (21). Evidence
for activation of the ceramide-sphingomyelin pathway
included the translocation of acid sphingomyelinase from
the lysosome to the plasma membrane, increased enzyme
activity and upregulated enzyme mRNA expression. This
same study showed that C6-ceramide (which mimics
natural ceramide) also promotes Apoptin-induced apoptosis
(21).
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Table 1. Sensitivity of prostate cancer cells to radiation
therapy.   

# Cell line Radiation
dose Gy

Time after
Radiation
days

%Cell
Apoptosis

Ref

1 PC3 10-30 3 Insignificant 39-42
2 Du145 10-12 3 10-15% 39, 43
3 PC3 20 3 40% 44
4 LNCaP 20 3 35% 44
5 PPC1 40 2 25% 32

As mentioned previously, when we examined AC
protein levels in primary prostate cancer tissues, we
foundthat in 35 pairs of PCa versus “normal” adjacent
tissue 60% of the samples demonstrated AC up-regulation.
Since the ceramide pathway was involved in Apoptin
induced cell killing, a new therapeutic strategy for treating
prostate cancer by combining Apoptin with AC down-
regulation was considered.  This approach was studied by
first observing a decreased sensitivity to Apoptin in AC
over-expressing cells and more importantly by finding
enhanced cell killing in cells when AC was down-regulated
by siRNA.  Furthermore, as we predicted in our model, the
AC inhibitor LCL204, enhanced Apoptin killing in vitro
and in vivo (22), suggesting a new clinical approach for
treatment of prostate cancer.

3.3. AC inhibition and FasL gene therapy
Despite emerging advances in both surgical and

chemo-radiation therapy for the treatment of head and neck
cancer, five year survival rates hover around the 50% mark
indicating a need for development of new therapeutic
approaches. FasL gene therapy has shown to be effective
for treating many tumor cell models including
glioblastoma, bladder, renal, and prostate cancers (2, 21-
30). Recently we have published both in vitro and in vivo
results which supported the efficacy of intratumoral
administration of AdGFPFasL gene therapy as a new
therapeutic modality for head and neck cancer (24). In
order to further enhance the efficacy of FasL gene therapy
in head and neck cancer AC was down regulated using AC
siRNA.  Our results demonstrate a significant sensitization
of head and neck cancer cells to FasL gene therapy in
combination with AC knockdown, further illustrating the
importance of targeting this enzyme. Current work in our
lab is focusing on the combination of FasL gene therapy
and the AC inhibitor LCL204 for the treatment of head and
neck cancer, and we are obtaining promising data both in
vitro and in vivo in mouse models suggesting that the
combination of FasL gene therapy and AC inhibitors may
soon become a new efficient therapeutic modality for the
treatment of head and neck cancer.

 3.4. AC inhibition and radiation
The application of ionizing radiation for treating

cancer is well established with >750,000 patients treated
per year (31).  Tumor responsiveness to radiation therapy is
highly variable. Factors as diverse as lack of acid
sphingomyelinase (ASMase) to problems in DNA repair
mechanisms are attributed as causes of resistance.  Model
systems for studying cancer also exhibit radiation
resistance (Table 1).   In our experiments we found that
PPC1 cells showed a maximum of 25% cell killing 48

hours following treatment with up to 40 Gy (32) making
them very radio-resistant.

Improved understanding of the different
mechanisms for insensitivity to radiation-induced apoptosis
has provided clues to rational development of radio-
sensitizing agents that interdict specific mechanisms of
resistance.  We and others have evidence which suggests
that the tumor suppressor lipid, ceramide, is a critical
component of ionizing radiation-induced apoptosis (33-36).
This apoptotic pathway is initiated by hydrolysis of
sphingomyelin by sphingomyelinases (SMases) to generate
ceramide (34, 36, and 37). It is believed that acid
sphingomyelinase is most likely responsible for radiation-
induced ceramide based on studies on patients with
Niemann-Pick disease and on ASMase knockout mice, both
exhibiting high levels of resistance to ionizing radiation.
An alternative mechanism for generation of ceramide in
response to radiation is a pathway that involves de novo
synthesis of ceramide catalyzed by the enzymes serine
palmitoyl CoA synthase and ceramide synthase. A recent
study demonstrated that radiation activates both ceramide
generation pathways concurrently (38).

 The generation of ceramide seems to be important in
the response of cells after radiation exposure. Defects in the
ceramide generation pathway contribute to radio-resistance.
Our lab recently determined that increasing the rate of
ceramide degradation in irradiated-cells also results in
radio-insensitivity.  In these unpublished studies, we
demonstrated a role for AC in regulating ceramide levels in
response to radiation. While carrying out radiation studies
on PPC1 prostate cancer cells, we were surprised to
observe that AC was up-regulated in response to radiation
exposure with concomitant minor changes in ceramide.
However, importantly we observed significantly higher
levels of sphingosine and sphingosine-1-phosphate. This
suggests radiation exposure induces a situation where the
cell becomes less susceptible to radio-therapy.  To test this
we down-regulated AC using ACsiRNA, and noticed a
substantial sensitization of the cells to radiation-induced
cell death, by both clonogenic and cytotoxicity assays.
Conversely AC over-expression reverses the sensitivity of
PPC1 to radiation. Further, we observed using the AC
inhibitor LCL385 that PPC1 tumor cells become more
sensitive to radiation treatment by inhibition of AC
enzymatic activity, resulting in accumulation of ceramide.
The combination of AC inhibition with radiation
significantly reduced tumor growth in PPC1 xenografts
grown in nude mice, suggesting a new combination
modality for improvement of prostate radiation therapy.

4. SUMMARY

In conclusion, this review highlights the critical
central role that ceramide metabolism plays in the
application of either genetic or radiation therapy for
treating prostate and head and neck cancers.  Our data
suggests that development of small molecules that interdict
the action of AC will play a crucial role in future therapies
that involve the combination of these molecules with
application of gene therapy, either systemically or topically
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and/or with application of radiation in prostate and head
and neck cancers.  In the future we hope to provide details
of clinical trials on all of these fronts.

5.  ACKNOWLEDGEMENTS

Xiang Liu, Saeed Elojeimy contributed equally to
this paper. Supported by NIH/NCI PO1 CA97132,
HCC/DOD N6311601MD10004, National Institutes of
Health, Grant Number C06 RR015455 from the Extramural
Research Facilities Program of the National Center for
Research Resources, and the Lipidomics Core at MUSC.
We thank Janie Nelson for outstanding secretarial
assistance.

6.  REFERENCES

1. Musumarra, G., Barresi, V., Condorelli, D. F., and
Scire, S. A bioinformatic approach to the identification of
candidate genes for the development of new cancer
diagnostics. Biological Chemistry 384, 321-327 (2003)
2. Norris, J. S., Bielawska, A., Day, T., El-Zawahri, A.,
Elojeimy, S., Hannun, Y., Holman, D., Hyer, M., Landon,
C., Lowe, S., Dong, J. Y., McKillop, J., Norris, K., Obeid,
L., Rubinchik, S., Tavassoli, M., Tomlinson, S., Voelkel-
Johnson, C., and Liu, X. Combined therapeutic use of
AdGFPFasL and small molecule inhibitors of ceramide
metabolism in prostate and head and neck cancers: a status
report. Cancer Gene Ther 13, 1045-1051 (2006)
3. Seelan, R. S., Qian, C., Yokomizo, A., Bostwick, D.
G., Smith, D. I., and Liu, W. Human acid ceramidase is
overexpressed but not mutated in prostate cancer. Genes,
Chromosomes & Cancer 29, 137-146 (2000)
4. Karahatay, S., Thomas, K., Koybasi, S., Senkal, C. E.,
Elojeimy, S., Liu, X., Bielawski, J., Day, T. A., Gillespie, M.
B., Sinha, D., Norris, J. S., Hannun, Y. A., and Ogretmen, B.
Clinical relevance of ceramide metabolism in the pathogenesis
of human head and neck squamous cell carcinoma (HNSCC):
Attenuation of C18-ceramide in HNSCC tumors correlates
with lymphovascular invasion and nodal metastasis. Cancer
Letters In Press, Corrected Proof  (2007)
5. Ogretmen, B., and Hannun, Y. A. Biologically active
sphingolipids in cancer pathogenesis and treatment. Nature
Reviews of Cancer 4, 604-616 (2004)
6. Spiegel, S., Cuvillier, O., Edsall, L. C., Kohama, T.,
Menzeleev, R., Olah, Z., Olivera, A., Pirianov, G., Thomas, D.
M., Tu, Z., Van Brocklyn, J. R., and Wang, F. Sphingosine-1-
phosphate in cell growth and cell death. Annals of the New
York Academy of Sciences 845, 11-18 (1998)
7. Bielawska, A., Bielawski, J., Szulc, Z. M., Mayroo, N.,
Liu, X., Bai, A., Elojeimy, S., Norris, J. S., and Hannun, Y. A.
Novel Analogs of D-e-MAPP and B13. Part 2. Signature
Effects on Bioactive Sphingolipids. Bioorganic & Medicinal
Chemistry In Press, Accepted Manuscript (2007)
8. Ruvolo, P. P. Intracellular signal transduction
pathways activated by ceramide and its metabolites.
Pharmacological Research 47, 383-392 (2003)
9. Selzner, M., Bielawska, A., Morse, M. A., Rudiger, H.
A., Sindram, D., Hannun, Y. A., and Clavien, P. A.
Induction of apoptotic cell death and prevention of tumor
growth by ceramide analogues in metastatic human colon
cancer. Cancer Res 61, 1233-1240 (2001)

10. Raisova, M., Goltz, G., Bektas, M., Bielawska, A.,
Riebeling, C., Hossini, A. M., Eberle, J., Hannun, Y. A.,
Orfanos, C. E., and Geilen, C. C. Bcl-2 overexpression
prevents apoptosis induced by ceramidase inhibitors in
malignant melanoma and HaCaT keratinocytes. FEBS Letters
516, 47-52 (2002)
11. Samsel, L., Zaidel, G., Drumgoole, H. M., Jelovac, D.,
Drachenberg, C., Rhee, J. G., Brodie, A. M., Bielawska, A.,
and Smyth, M. J. The ceramide analog, B13, induces apoptosis
in prostate cancer cell lines and inhibits tumor growth in
prostate cancer xenografts. Prostate 58, 382-393 (2004)
12. Holman, D. H., Turner, L., El-Zawahry, A., Elojeimy, S.,
Liu, X., Bielawski, J., Szulc, Z. M., Norris, K. L., Zeidan, Y.
H., Hannun, Y. A., Bielawska, A., and Norris, J. S.
Lysosomotropic acid ceramidase inhibitor induces apoptosis in
prostate cancer cells. Cancer Chemother Pharmacol  (2007)
DOI 10.1007/s00280-007-0465-0
13. Granot, T., Milhas, D., Carpentier, S., Dagan, A., Segui,
B., Gatt, S., and Levade, T. Caspase-dependent and -
independent cell death of Jurkat human leukemia cells induced
by novel synthetic ceramide analogs. Leukemia 20, 392-399
(2006)
14. He, X., Okino, N., Dhami, R., Dagan, A., Gatt, S.,
Schulze, H., Sandhoff, K., and Schuchman, E. H. Purification
and characterization of recombinant, human acid ceramidase.
Catalytic reactions and interactions with acid
sphingomyelinase. Journal of Biological Chemistry. 278,
32978-32986 (2003)
15. Danen-Van Oorschot, A. A., Fischer, D. F., Grimbergen,
J. M., Klein, B., Zhuang, S., Falkenburg, J. H., Backendorf, C.,
Quax, P. H., Van der Eb, A. J., and Noteborn, M. H. Apoptin
induces apoptosis in human transformed and malignant cells
but not in normal cells. Proceedings of the National Academy
of Sciences of the United States of America 94, 5843-5847
(1997)
16. Danen-van Oorschot, A. A., van Der Eb, A. J., and
Noteborn, M. H. The chicken anemia virus-derived protein
apoptin requires activation of caspases for induction of
apoptosis in human tumor cells. Journal of Virology. 74, 7072-
7078 (2000)
17. Danen-Van Oorschot, A. A., van der Eb, A. J., and
Noteborn, M. H. BCL-2 stimulates Apoptin-induced apoptosis.
[Review] [18 refs]. Advances in Experimental Medicine &
Biology 457, 245-249 (1999)
18. van der Eb, M. M., Pietersen, A. M., Speetjens, F. M.,
Kuppen, P. J., van de Velde, C. J., Noteborn, M. H., and
Hoeben, R. C. Gene therapy with apoptin induces regression of
xenografted human hepatomas. Cancer Gene Therapy 9, 53-61
(2002)
19. Peng, D. J., Sun, J., Wang, Y. Z., Tian, J., Zhang, Y. H.,
Noteborn, M. H. M., and Qu, S. Inhibition of hepatocarcinoma
by systemic delivery of Apoptin gene via the hepatic
asialoglycoprotein receptor. Cancer Gene Therapy 14, 66-73
(2007)
20. Rubinchik, S., Wang, D., Yu, H., Fan, F., Luo, M.,
Norris, J. S., and Dong, J. Y. A complex adenovirus vector that
delivers FASL-GFP with combined prostate-specific and
tetracycline-regulated expression. Molecular Therapy 4, 416-
426 (2001)
21. Liu, X., Zeidan, Y. H., Elojeimy, S., Holman, D. H.,
El-Zawahry, A. M., Guo, G. W., Bielawska, A., Bielawski,
J., Szulc, Z., Rubinchik, S., Dong, J. Y., Keane, T. E.,



AC Inhibitors: A New Class of apoptosis Sensitizers for cancer therapy

2298

Tavassoli, M., Hannun, Y. A., and Norris, J. S.
Involvement of sphingolipids in apoptin-induced cell
killing. Mol Ther 14, 627-636 (2006)
22. Liu, X., Elojeimy, S., El-Zawahry, A. M., Holman, D.
H., Bielawska, A., Bielawski, J., Rubinchik, S., Guo, G.
W., Dong, J. Y., Keane, T., Hannun, Y. A., Tavassoli, M.,
and Norris, J. S. Modulation of ceramide metabolism
enhances viral protein apoptin's cytotoxicity in prostate
cancer. Mol Ther 14, 637-646 (2006)
23. Elojeimy, S., Holman, D. H., Liu, X., El-Zawahry, A.,
Villani, M., Cheng, J. C., Mahdy, A., Zeidan, Y.,
Bielwaska, A., Hannun, Y. A., and Norris, J. S. New
insights on the use of desipramine as an inhibitor for acid
ceramidase. FEBS Lett 580, 4751-4756 (2006)
24. Elojeimy, S., McKillop, J. C., El-Zawahry, A. M.,
Holman, D. H., Liu, X., Schwartz, D. A., Day, T. A., Dong,
J. Y., and Norris, J. S. FasL gene therapy: a new therapeutic
modality for head and neck cancer. Cancer Gene Ther 13, 739-
745 (2006)
25. Holman, D. H., Hyer, M. L., El-Zawahry, A. M., Keller,
G. M., and Norris, J. S. Pro-Apoptotic Strategy in Cancer Gene
Therapy. In Cancer Gene Therapy (Curiel, D. T., and Douglas,
J., eds) pp. 273-286, Humana Press Inc., Totowa, NJ.  2003
26. Hyer, M. L., Voelkel-Johnson, C., Rubinchik, S., Dong,
J., and Norris, J. S. Intracellular Fas ligand expression causes
Fas-mediated apoptosis in human prostate cancer cells resistant
to monoclonal antibody-induced apoptosis. Molecular
Therapy: 2, 348-358 (2000)
27. Lowe, S. L., Rubinchik, S., Honda, T., McDonnell, T. J.,
Dong, J. Y., and Norris, J. S. Prostate-specific expression of
Bax delivered by an adenoviral vector induces apoptosis in
LNCaP prostate cancer cells. Gene Therapy 8, 1363-1371
(2001)
28. Norris, J. S., Holman, D. H., Hyer, M. L., Bielawska, A.,
El-Zawahry, A., Chalfant, C., Landen, C., Tomlinson, S.,
Dong, J. Y., Obeid, L. M., and Hannun, Y. A. Ceramide,
Ceramidase and FasL Gene Therapy in Prostate Cancer. In
Death Receptors in Cancer Therapy (El-Deiry, W. S., ed) pp.
323-338, Humana Press Inc., Totowa, NJ.  2004
29. Norris, J. S., Hyer, M. L., Voelkel-Johnson, C., Lowe, S.
L., Rubinchik, S., and Dong, J. Y. The use of Fas Ligand,
TRAIL and Bax in gene therapy of prostate cancer. Current
Gene Therapy 1, 123-136 (2001)
30. Norris, J. S., Norris, K. L., Holman, D. H., El-Zawahry,
A., Keane, T. E., Dong, J.-Y., and Tavassoli, M. The present
and future for gene and viral therapy of directly accessible
prostate and squamous cell cancers of the head and neck.
Future Oncology 1, 115-123 (2005)
31. Kvols, L. K. Radiation Sensitizers: A Selective Review of
Molecules Targeting DNA and non-DNA Targets. J Nucl Med
46, 187S-190 (2005)
32. Mahdy, A. E. M., Liu, X., El-Zawahry, A. M., Elojeimy,
S. N., Bielawska, A., Hannun, Y. A., Keane, T. E., and Norris,
J. S. Reversal of PPCL Prostate Cancer Cells Radio-resistance
by Downregulation of Acid Ceramidase Using the
Lysosomotropic Drug LCL385. In American Society of Gene
Therapy 9th Annual Meeting. Vol. 13 pp. Molecular Therapy,
S358, Elseivier Inc., Baltimore, MD (2006)
33. Chmura, S. J., Nodzenski, E., Beckett, M. A., Kufe, D.
W., Quintans, J., and Weichselbaum, R. R. Loss of
ceramide production confers resistance to radiation-induced
apoptosis. Cancer Research 57, 1270-1275 (1997)

34. Haimovitz-Friedman, A., Kan, C., Ehleiter, D., Persaud,
R., McLoughlin, M., Fuks, Z., and Kolesnick, R. Ionizing
radiation acts on cellular membranes to generate ceramide and
initiate apoptosis. J. Exp. Med. 180, 525-535 (1994)
35. Kimura, K., Markowski, M., Edsall, L. C., Spiegel, S.,
and Gelmann, E. P. Role of ceramide in mediating apoptosis of
irradiated LNCaP prostate cancer cells. Cell Death &
Differentiation 10, 240-248 (2003)
36. Kolesnick, R., and Fuks, Z. Radiation and ceramide-
induced apoptosis.  Oncogene. 22, 5897-5906 (2003)
37. Santana, P., Pena, L. A., Haimovitz-Friedman, A.,
Martin, S., Green, D., McLoughlin, M., Cordon-Cardo, C.,
Schuchman, E. H., Fuks, Z., and Kolesnick, R. Acid
sphingomyelinase-deficient human lymphoblasts and mice are
defective in radiation-induced apoptosis. Cell 86, 189-199
(1996)
38. Liao, W. C., Haimovitz-Friedman, A., Persaud, R. S.,
McLoughlin, M., Ehleiter, D., Zhang, N., Gatei, M., Lavin, M.,
Kolesnick, R., and Fuks, Z. Ataxia telangiectasia-mutated gene
product inhibits DNA damage-induced apoptosis via ceramide
synthase. J Biol Chem 274, 17908-17917 (1999)
39. Algan, O., Stobbe, C. C., Helt, A. M., Hanks, G. E., and
Chapman, J. D. Radiation inactivation of human prostate
cancer cells: the role of apoptosis. Radiation Research 146,
267-275 (1996)
40. Li, W. X., and Franklin, W. A. Radiation- and heat-
induced apoptosis in PC-3 prostate cancer cells. Radiation
Research 150, 190-194 (1998)
41. Haimovitz-Friedman, A., Kan, C. C., Ehleiter, D.,
Persaud, R. S., McLoughlin, M., Fuks, Z., and Kolesnick, R.
N. Ionizing radiation acts on cellular membranes to generate
ceramide and initiate apoptosis. J Exp Med 180, 525-535
(1994)
42. Kolesnick, R. N., Haimovitz-Friedman, A., and Fuks, Z.
The sphingomyelin signal transduction pathway mediates
apoptosis for tumor necrosis factor, Fas, and ionizing radiation.
Biochem Cell Biol 72, 471-474 (1994)
43. Bowen, C., Spiegel, S., and Gelmann, E. Radiation-
induced apoptosis mediated by retinoblastoma protein. Cancer
Res 58, 3275-3281 (1998)
44. Kyprianou, N., King, E. D., Bradbury, D., and Rhee, J. G.
bcl-2 over-expression delays radiation-induced apoptosis
without affecting the clonogenic survival of human prostate
cancer cells. International Journal of Cancer 70, 341-348
(1997)

Abbreviations: AC: acid ceramidase; PCa: prostate cancer;
ASMase: acid sphingomyelinase; SMases:
sphingomyelinases

Key Words:  Sphingolipids, Gene therapy, Acid
Ceramidase, Review

Send correspondence to:  James S. Norris, Ph.D., Professor
and Chairman, Department of Microbiology & Immunology,
Medical University of South Carolina, 201 BSB, 173 Ashley
Avenue, Charleston, SC 29425  USA, Tel: 843-792-

http://www.bioscience.org/current/vol13.htm


