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Abstract The aim of radiotherapy is to eradicate cancer cells
with ionizing radiation; tumor cell death following irradiation
can be induced by several signaling pathways, most of which
are triggered as a consequence of DNA damage, the primary
and major relevant cell response to radiation. Several lines of
evidence demonstrated that ceramide, a crucial sensor and/or
effector of different signalling pathways promoting cell cycle
arrest, death and differentiation, is directly involved in the
molecular mechanisms underlying cellular response to irradi-
ation. Most of the studies strongly support a direct relationship
between ceramide accumulation and radiation-induced cell
death, mainly apoptosis; for this reason, defining the contri-
bution of the multiple metabolic pathways leading to ceramide
formation and the causes of its dysregulated metabolism rep-
resent the main goal in order to elucidate the ceramide-
mediated signaling in radiotherapy. In this review, we sum-
marize the current knowledge concerning the different routes
leading to ceramide accumulation in radiation-induced cell
response with particular regard to the role of the enzymes
involved in both ceramide neogenesis and catabolism. Em-
phasis is placed on sphingolipid breakdown as mechanism of
ceramide generation activated following cell irradiation; the
functional relevance of this pathway, and the role of
glycosphingolipid glycohydrolases as direct targets of ioniz-
ing radiation are also discussed. These new findings add a
further attractive point of investigation to better define the
complex interplay between sphingolipid metabolism and ra-
diation therapy.
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Introduction

In radiation therapy, high energy liberation of electrons is used
to activate different cell death pathways in malignant tumor
cells. The classical theory on the cellular effects of ionizing
radiation (IR) identifies DNA as the primary target for initiat-
ing death pathways [1]. DNA double-strand breaks (DSBs)
are lethal lesions, and unrepaired or misrepaired breaks lead to
mitosis-associated (also termed reproductive or postmitotic)
cell death or to p53-mediated apoptosis. Interestingly, the
widely described p53-indipendent cell death pathway is main-
ly regulated by the sphingolipid metabolism through the pro-
duction of apoptotic ceramide (Cer) [2, 3]. Cer is a key
molecule in several signaling pathways and different mole-
cules, such as kinase suppressor of RAS (KSR; identical to
ceramide-activated protein kinase) [4], ceramide-activated
protein phosphatase (CAPP) [5], protein kinase C [6], c-
RAF-1 [7], the small G proteins RAS and RAC [8], phospho-
lipase A2 and cathepsin D [9], are direct targets of Cer. The
mechanisms of the interaction between ceramide and these
targets are not completely known. In some cases a direct
interaction has been demonstrated, as for cathepsin D [10],
thus promoting its catalytic cleavage in the active form [11].
Similarly, Cer has also been shown to direct bind the C1B
domain of PKCd, for which it exhibits a higher affinity than
the phorbol ester TPA. As it has been demonstrated by
Kashiwagi in COS-7 and CHO-K1 cells, the interaction be-
tween ceramide and C1B domain causes the translocation of
the latter to the intracellular membrane compartments [6]. The
C1B domain is also present in other ceramide responsive
factors, such as KSR and c-RAF-1; however, for these
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molecules, it is still unknown if the presence of the C1B
domain causes the targeting of these proteins to the sites of
ceramide generation, such as plasma membrane rafts. In ad-
dition, different studies revealed several signaling proteins,
which are indirect effectors of Cer. For example, Cer indirect-
ly activates the Src-like tyrosine kinase p56lck that blocks the
n-type Kp channel (n-Kp, Kv1.3) [12], the calcium release
activated calcium channel (CRAC) [13] in lymphocytes or the
c-Jun N-terminal kinases (JNKs), crucial regulators of apo-
ptosis in a variety of cell types [14]. Moreover, Cer induces
cell death via BAD activation involving RAS, KSR, c-RAF-1,
and MEK-1 pathway [15] and causing Akt inactivation. Since
Akt activity maintains BAD in the inactive form, Akt inhibi-
tion rescues the proapoptotic function of BAD.

All the above data support a role for ceramide as a classic
second messenger. However, more recently, a new concept for
ceramide function, based on its biophysical effects on mem-
brane bilayers, has been proposed [16]. In fact, the increase in
plasma membrane ceramide content can be triggered by sev-
eral extracellular signals leading in turn to intracellular signal-
ing pathways. For example, stimulation of CD95 or CD40
with the cognate ligand resulted in the translocation of the acid
sphingomyelinase (ASMase) to the outer leaflet of the plasma
membrane [17] where the enzyme releases ceramide from
sphingomyelin (SM), which is mainly located in the
glycosphingolipid enriched microdomains (GEMs) (also
known as membrane lipid rafts). The massive catabolism of
SM induces a spatial reorganization of GEMs resulting into
large ceramide-enriched regions [18], in which ceramide mol-
ecules tend to spontancously self-associate, via hydrogen
bonding, to form aggregates that can also fuse together gen-
erating even larger platforms. The membrane reorganization
in these structures seems to promote protein oligomerization
that triggers the intracellular signaling. Indeed, these signaling
platforms, in addition to facilitate transactivation of clustered
receptors, may stabilize their interaction with ligands and
recruit intracellular signaling molecules to the activated recep-
tors [18]. These events have been proposed in different sig-
naling pathways, as that involving Fas and its downstream
effectors FADD/MORT-1 and caspase-8 [19], or the apoptotic
signaling triggered by the recruitment, within ceramide-
enriched rafts, of caveolin-1 to P13K-receptor complexes,
which blocks the activity of P13K [20]. However, raft aggre-
gation into platforms may also be involved in nonreceptor-
mediated signaling. For instance, UV radiation triggers aggre-
gation of cell surface CD95 [21], which might be sufficient to
initiate signaling of CD95 at least under stress conditions.
Similarly, UV and ionizing radiation can induce ceramide
mediated apoptosis through raft aggregation without the in-
volvement of CD95 [3]. These responses are abolished by raft
disintegration induced by cholesterol depletion.

Most of the literature concerning the molecular mecha-
nisms involved in the cell response to ionizing radiation,
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indicate that the ASMase/ceramide is the main pathway lead-
ing to tumor cell apoptosis. However, also Cer generated by
glycosphingolipid hydrolysis could be the target of irradiation,
as demonstrated in different cell types of both tumoral and non
tumoral origin; these cells respond to radiation exposure by
increasing the activity of different glycohydrolases at the cell
surface with the consequent activation of ceramide production
by glycosphingolipids (GSL) and the onset of apoptosis [22].
Here, we review the molecular pathways involved in the
ceramide-induced apoptosis after exposure to ionizing radia-
tions. In particular, we describe the contribution of the differ-
ent metabolic routes leading to ceramide production (de novo
biosynthesis or catabolism from sphingomyelin and
glycosphingolipids) in radiation-induced cell response.

Involvement of ceramide metabolism in radiation-induced
cell response

Several studies demonstrated the crucial role of ceramide in
the mechanisms involved in radiation-induced cell death in
different tumor models and targeting its metabolic pathway
continues to be actively investigated to improve cancer ther-
apies. As shown in Fig. 1, Cer biosynthesis requires the
coordinated activity of the serine palmitoyl transferase and
the ceramide synthases (CerS), a family of six isoenzymes
showing a different acyl chain specificity [23, 24]. The serine
palmitoyl transferase catalyzes the condensation of serine and
palmitoyl-CoA to form 3-ketosphinganine, which is reduced
to sphinganine and then acylated by CerS to yield
dihydroceramide. This molecule is oxidized to ceramide by
the introduction of a trans-4,5 double bond, thus converting
the sphinganine moiety to sphingosine [25]. Under normal
conditions, ceramide synthesis occurs in the endoplasmic
reticulum and provides the basic unit for the synthesis of more
complex sphingolipids [26]. However, CerS are also found in
mitochondria and perinuclear membranes [26, 27], where they
may be activated by stress stimuli, such as phorbol ester,
daunorubicin and radiation [28]. Moreover, the high specific-
ity and affinity of each CerS for a unique set of fatty acid
chains, as well as their different distribution among organs,
implicates that these enzymes are crucial regulators of specific
ceramide pools determining cell-type and/or intracellular spe-
cific signaling outcomes in response to apoptotic stimuli.
Studies performed by Liao et al. (1999) showed that DNA
damage-induced apoptosis is mediated by CerS activation and
subsequent increased ceramide neosynthesis. In particular, in
bovine aortic endothelial cells, as well as in HeLa cells,
ionizing radiation-induced CerS-mediated ceramide produc-
tion, specifically occurs in the mitochondrial compartment,
without affecting Cer metabolism in the endoplasmic reticu-
lum [28]. Moreover, a recent paper reports that ionizing radi-
ation induces de novo synthesis of ceramide and HeLa cells
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apoptosis by the activation of CerS isoform 2, 5 and 6.
Interestingly, CerS2 activation resulted in the partial protec-
tion from IR-induced apoptosis, whereas CerSS5 and 6 are
responsible of the production of proapoptotic ceramide [29]
which, in turn, regulates the integration of BAX into the outer
mitochondrial membrane, the cytochrome c release and the
caspase-3 activation. All these events are blocked by sup-
pressing Cer generation with CerS inhibitor Fumonisin B1
(FB1) before irradiation exposure. Mitochondria isolated from
unirradiated cells pretreated with high doses of FB1 displayed
depletion of ceramide, resisted the BAX integration and did
not release cytochrome ¢ in response to exogenous BAX,
while the addition of exogenous ceramide restored the ability
to respond to BAX. In the same paper, a role for the ataxia
telangiectasia-mutated (ATM) gene product in the regulation
of the apoptotic pathway activated by radiation-induced DNA
damage is also proposed [28]. In fact, when Epstein Barr Virus
(EBV)-immortalized B-cell lines, derived from several pa-
tients affected by ataxia telangiectasia (AT) carrying different
mutations in the ATM gene, were subjected to irradiation,
CerS activation, ceramide generation and apoptosis were ob-
served. These data indicate that, upon irradiation exposure,
both signals derived from DNA damage and ATM mutations
contributed to the regulation of CerS activity and to the
outcome of apoptosis [30].

However, the biosynthesis of ceramide in mitochondria is
considered a late event upon the cell irradiation, since it fol-
lows the early phase of Cer accumulation via degradation of
the sphingomyelin at the cell plasma membrane (see below).

More recently, Deng and coworkers demonstrated that
ceramide biogenesis is required for radiation-induced apopto-
sis in the germ line of C. elegans. In fact, they showed that
radiations induce an increase in the concentration of ceramide
localized in mitochondria and that the accumulated ceramide
was required for BH3-domain of EGL-mediated displacement
of CED-4 (an APAF-1-like protein) from the CED-9 (a Bcl-2
family member)/CED-4 complex. This process causes the
activation of the CED-3 caspase. Relevant to these studies,
radiation-induced apoptosis is regulated by two parallel path-
ways involving the worm homolog of the tumor suppressor
p53 CEP-1, that mediates EGL-1 accumulation, and the gen-
eration of neo-synthesized ceramide via activation of CerS
enzymes; both these pathways are functionally integrated at
the mitochondrial membranes where the commitment step of
apoptosis occurs [31].

While ceramide generation is essential for the initiation of
apoptosis following radiation exposure, conversely, inhibition
of its production has been correlated with radioresistance, as
demonstrated in ASMase deficient human lymphoblasts and
mice, which are both defective in radiation induced apoptosis
[32, 33]. More recent studies indicate a new mechanism of
radioresistance that is due to upregulation of the lysosomal
acid ceramidase (ASAHI, 3.5.1.23) in response to radiation

therapy [34]. This enzyme deacylates ceramide to yield sphin-
gosine and a fatty acid, thus its action may prevent the accu-
mulation of ceramide instrumental to chemotherapy and/or
radiation-induced apoptosis. Moreover, sphingosine generat-
ed by acid ceramidase (AC) is rapidly phosphorylated by
sphingosine kinase to the antiapoptotic and oncogenic
sphingosine-1-phosphate thus further contributing to therapy
resistance [35]. Most of the data supporting a role for AC as
promising target in radiotherapy have been obtained in pros-
tate cancer cells; inhibition of AC resensitizes these cancer
cells to radiation-induced apoptosis by restoring ceramide
accumulation [36]; in addition, other studies demonstrated a
marked radiosensitization of the same tumors as a result of
sphingosine kinase 1 inhibition [37]. These data underline the
complexity of the pathways involved in ceramide metabolism
affecting the apoptotic response to ionizing radiation.

Radiation-induced ceramide generation via
sphingomyelin catabolism

Haimovitz-Friedman and colleagues [2] have first identified
the relationship between the sphingomyelinase (SMase) path-
way liberating ceramide from membrane sphingomyelin and
radiation-induced apoptosis. In particular, this work demon-
strated that radiation-induced production of apoptotic cer-
amide is triggered by the rapid activation of a neutral SMase.
To date, several isoforms of enzymes promoting SM hydro-
lysis into ceramide and phosphorylcholine have been identi-
fied; SMAses (EC 3.1.4.12) can be distinguished according to
their pH optima (acid, neutral and alkaline), cation depen-
dence and subcellular location. The first and best character-
ized is the acid sphingomyelinase (aSMase, SMPD1), a solu-
ble glycoprotein showing optimum activity at pH 5. aSMase is
mainly localized in the lysosomes and in the outer layer of the
cell plasma membrane [38]. Similarly, the secretory
sphingomyelinase (sSMase) arises from the same gene
encoding the acid sphingomyelinase modified via a differen-
tial protein trafficking of a common protein precursor which
can be targeted either to lysosomes (aSMase) or to the Golgi
secretory pathway (sSMase) depending on the different grade
of mannosylation [39, 40]. Some distinct properties character-
ize sSMase with respect to its lysosomal counterpart; both
enzymes are zinc hydrolases, but, whereas the aSMase is
already firmly bound to the cation, the secreted form requires
an external source of Zn>" to reach the full activity [40]. In
addition, sSMase exhibits a complex glycosylation pattern
characterized by a low content of mannose in comparison to
aSMase [40]. Moreover, the sSMAse is able to hydrolyze SM
also at neutral pH [41].

The neutral, Mg”>"-dependent sphingomyelinases
(nSMase) are integral membrane proteins having pH optima
very close to 7; all the isoforms identified so far are strictly
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dependent on Mg>" or Mn*" for their catalytic activity. In
mammals, three neutral SMases, termed nSMasel (SMPD?2),

nSMase2 (SMPD3) and nSMase3 (SMPD4) have bee

cently identified; they are ubiquitous distributed in all tissues

and particularly expressed in brain [42]. nSMasel,

48 KDa protein mainly localized in the microsomal fraction;
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nSMase2, is a membrane bound protein of 71 kDa character-
ized by two palmitoylation sites that are fundamental for both
the enzyme stability and localization mainly at the cell PM,
although the subcellular localization of nSMase2 is still un-
clear and needs further elucidation. The third isoform,
nSMase3, a protein of 97 kDa containing an ER signal with
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<« Fig. 1 Pathways of sphingolipid metabolism contributing to ceramide
generation. A schematic representation of the main pathways of ceramide
generation is shown with the indication of the enzymes whose activity has
been reported to be influenced in response to ionizing radiation (included
in frame with asterisk). Ceramide levels could be regulated by: i) de novo
biosynthesis by the serine-palmitoyl transferase (SPT), 3-
Ketosphinganine reductase and ceramide synthases (CerS); ii)
sphingomyelin (SM) cycle producing ceramide through
sphingomyelinases (SMases) action or the enzymatic transfer of ob-
tained phosphocholine from the phosphatidylcholine (PC); iii)
glycosphingolipid synthesis within the Golgi apparatus by the sequen-
tial addition of different monosaccharidic units by specific glycosyl-
transferases (UDP-glucose, UDP-Glc by glucosylceramide synthase,
GlcCer synthase; UDP-galactose, UDP-Gal by [3- (3-1,4-Galattosyl
transferase, (3-1,4-GalT or by (3-1,3-Galattosyl transferase, 1,3-GalT;
N-Acetyl-Neuraminic acid, CMP-NeuSAc by GM3 synthase; UDP-N-
Acetyl-Galactosaminide, UDP-GalNac by f(-1,4-N-Acetyl-
Galactosaminide transferase, 3-1,4-GalNAcT; iv) glycosphingolipid
catabolism operated by different glycohydrolases that sequentially re-
move the terminal residue ((3-Glucosidase, 3-Glc; -Galactosidase, f3-
Gal; sialidase Neu3; (3-Hexosaminidase, [3-Hex); v) ceramide degrada-
tion by ceramidases, which break the amidic linkage between sphin-
gosine and fatty acid. Sphingosine can be then recycled or further
degraded through the phosphorylation to sphingosine 1 phosphate (S1P),
by the action of sphingosine kinases (SK) and specific lyase (S1PL).
Sphingosine could be also obtained via the action of different S1P
phosphatases (S1PP)

PM associated enzymatic activities

very low homology to the previously cloned nSMasel and
nSMase?2, is highly expressed in striated muscle and heart
muscle and localized at both the ER and Golgi level. In
addition, the identification of a small group of Mg**-indepen-
dent neutral sphingomyelinases mainly with cytosolic locali-
zation, has been reported. Finally, the Mg*-independent
SMases also include an alkaline sphingomyelinase (bSMase,
ENPP7) that is selectively expressed in the mucosa of the
gastrointestinal tract and human bile [43].

The involvement of the SMase family enzymes in the
production of the apoptotic Cer in response to ionizing radi-
ation has been mostly linked to the aSMase and nSMase.

A key role of the aSMase pathway in radiotherapy has been
established not only from the first studies demonstrating the
rapid activation of aSMase at the plasma membrane in endo-
thelial cells exposed to ionizing radiation, but also from the
results obtained by Santana and colleagues in human lympho-
blasts deficient for aSMase gene and in endothelial cells from
aSMase knockout mice: both models were found to be resis-
tant to radiation-induced apoptosis and, remarkably, the rescue
of aSMase activity in these cells restored their ability to
generate ceramide and to undergo apoptosis after irradiation
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Fig. 2 Effect of ionizing radiation on the glycohydrolase activities,
ceramide levels, cell proliferation and apoptosis in colon-rectal cancer
cells. Colon-rectal cancer cells (CaCo2) were subjected to 20/40/60 Gy of
irradiation and then analyzed at different times after exposure. a PM
associated enzymatic activities were measured as previously described
[22] after 24 h of cell exposure to 20/40/60 Gy. The enzymatic activities
are expressed as fold increase with respect to unirradiated control cells
whose activity expressed as pmoles/10° cells/h was: Neu3 3203+324; -
galactosidase (3-Gal) 3133£809; [3-glucosidase (3-Glc) 1621+206; acid
sphingomyelinase (aSMase) 690+79. b Analysis of ceramide content:
cells were metabolically labeled with [1->H]sphingosine and submitted to
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Radiation dose (Gy)

irradiation up to 60 Gy. After 72 h post irradiation the lipids were
extracted and separated by HPTLC using the solvent system
hexane:chloroform:acetone:acetic acid, 20:70:20:2 by volume (optimal
for ceramide separation). Radioactive lipids were detected by digital
autoradiography. ¢ Number of living cells determined by Trypan-Blue
exclusion assay. d Percentage of apoptotic cells determined by the
Hoechst staining. Data are the mean+SD of 3 indipendent experiments,
3 replicates for each experiment. Two Way ANOVA followed by
Bonferroni post-test *p<0.003 vs 0 Gy; +p<0.004 vs 72 h; °p<0.006
vs 20 Gy; #p<0.003 vs 40 Gy
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[32]. Other data suggested that high level of aSMase in
endothelial cells could be considered a useful parameter for
the prediction of the vulnerability of the endothelium damage
induced by radiotherapy [44]. Moreover, the abrogation of
ceramide generation and apoptosis has been demonstrated in
the endothelium of the lung and intestines and brain after
whole body radiation in aSMase "~ mice [32, 45, 46]. These
animals, however, displayed normal p53-mediated apoptosis
in the thymus. In contrast, p53~" mice manifested normal
ceramide generation and apoptosis in the lung and intestines,
while thymic apoptosis was abolished; these findings indicat-
ed that the p53 and the SM pathways of radiation-induced
apoptosis are distinct and independent.

Another organ in which the abrogation of the aSMase-
mediated apoptosis results in prevention of radiation induced
damage and in preservation of organ function is the ovary of
fertile female mice. Tilly and co-workers showed that aSMase
mice are defective in the normal apoptotic deletion of fetal
oocytes during embryogenesis, leading to neonatal ovarian hy-
perplasia [47]. Ex vivo, oocytes from aSMase "~ mice, or wild-
type oocytes treated with sphingosine-1-phosphate (S1P), a
ceramide metabolite known to inhibit ceramide mediated apo-
ptosis [48], resisted apoptosis induced by daunorubicin,
confirming cell autonomy of the death defect.

Moreover, wild type mice subjected to intravenous treat-
ment with bFGF show a dramatic reduction in the endothelial
apoptotic response in the intestines, brain and lung of wild-
type mice. In fact, bFGF induces an activation of the PKC and
a concomitant inhibition of the SMase activity [3]. As men-
tioned before, the neutral SMase has also been implicated in
the radiation response [49]. On the other hand, other authors
reported that radiation activated nSMase in lymphoid WEHI-
231 and TF-1 human myeloid leukemia cells [50]. However,
the addition of bacterial nSMase was not able to induce
apoptosis in Molt-4 cells, whereas its overexpression resensi-
tize the cells to apoptosis [4]. These data support the existence
of separate pools of active ceramide. Moreover, in SQ-20B
human head and neck squamous cells, both nSMase and
aSMase appeared involved in the radiation response [51].

Glycohydrolases activation in response to ionizing
radiation

As depicted in Fig. 1, besides the action of the multiple
SMases isoforms, ceramide can also be generated through
the hydrolysis of glycosphingolipids operated by a set of
specific glycohydrolases, mainly located in the endo-
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Fig. 3 Effect of ionizing radiation on the glycohydrolase activities, cer-
amide levels, cell proliferation and apoptosis in breast cancer cells. Breast
cancer cells (T47D) were subjected to 20/40/60 Gy of irradiation and then
analyzed at different times after exposure. a PM associated enzymatic
activities were measured as previously described [22] after 24 h of cell
exposure to 20/40/60 Gy. The enzymatic activities are expressed as fold
increase with respect to unirradiated control cells whose activity expressed
as pmoles/10°® cells/h was: Neu3 57+4.2; B-galactosidase (B-Gal) 447+
53; B-glucosidase (3-Glc) 731£120; acid sphingomyelinase (aSMase)
423451. b Analysis of ceramide content: cells were metabolically labeled
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with [1-*H]sphingosine and submitted to irradiation up to 60 Gy. After
72 h post irradiation the lipids were extracted and separated by HPTLC
using the solvent system hexane:chloroform:acetone:acetic acid,
20:70:20:2 by volume (optimal for ceramide separation). Radioactive
lipids were detected by digital autoradiography. ¢ Number of living cells
determined by Trypan-Blue exclusion assay. d Percentage of apoptotic
cells determined by the Hoechst staining. Data are the mean+SD of 3
indipendent experiments, 3 replicates for each experiment. Two Way
ANOVA followed by Bonferroni post-test *»<0.004 vs 0 Gy; °p<0.005
vs 20 Gy; #p<0.02 vs 40 Gy
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lysosomal compartment, but also detectable at the external site
of'the cell surface, as demonstrated by relatively recent studies
from our and other groups [52, 53]. This finding supports the
functional relevance of GSL breakdown as additional mech-
anism of ceramide production of potential impact in cancer
therapies, including radiation.

Among the mammalian glycohydrolases involved in
glycosphingolipid metabolism whose activity/expression has
been also detected at the cell surface, the (3-hexosaminidase,
the o-sialidase Neu3, the 3-galactosidase and 3-glucosidase
are the better characterized [54].

The 3-hexosaminidases (3-Hex, EC 3.2.1.52) are dimeric
enzymes composed by two different subunits, o« (HEXA) and
3 (HEXB). Their processing in the endoplasmic reticulum
results in three isoforms: Hex A («f3), Hex B (33) and Hex S
(xx); the dimerization of these subunits is required for their
enzymatic activity. However, only the & 3-heterodimer Hex A
is able to remove the (-linked non reducing terminal N-
acetyl-galactosamine (GalNAc) from ganglioside GM2 and
GalNAc-GDla, in the presence of GM2 activator protein, a
specific co-factor of Hex A [55]. The presence of active [3-
hexosaminidase A in the external leaflet of plasma membrane
has been demonstrated in cultured fibroblasts [53]. Immuno-
logical and biochemical characterization of the membrane-

associated (3-hexosaminidase indicated that this enzyme has
the same structure of the lysosomal form. This suggests that a
regulated fusion process between lysosomes and plasma
membrane might represent a general mechanism of plasma
membrane repairing [56].

The «o-sialidase Neu3 (NEU3, EC 3.2.1.18) catalyzes the
hydrolysis of the x2-3 external ketosidic linkage of sialic acid
residue preferentially from gangliosides. Neu3 is the first
enzymes of GSL catabolism that has been reported to unique-
ly localize at the cell surface with ubiquitous expression in
almost all normal and pathological human tissues, such as
brain [57], normal and colon rectal carcinoma tissue, hepatic
tumor and kidney carcinoma [58—62]. In addition, Neu3 ex-
pression and activity were also found in both normal and
pathological mammalian cell lines such as erythroid and
erytroleukemic cells [63—65], fibroblasts [66], neurons, neu-
roblastoma cells [67], breast ductal cancer T47D cells, colon-
rectal cancer cells CaCo2, colon-rectal adenocarcinoma HT29
cells, different types of ovarian cancer cells, cervix adenocar-
cinoma HeLa cells [62].

Nowadays, two different 3-galactosidases (3-Gal) in-
volved in the GSL metabolism have been described: [3-
galactocerebrosidase (GALC, EC 3.2.1.46) that is able to
remove the galactose from the galactosylceramide,
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Fig. 4 Effect of ionizing radiation on the glycohydrolase activities,
ceramide levels, cell proliferation and apoptosis in ovarian carcinoma
cells. Ovarian carcinoma cells (A2780) were subjected to 20/40/60 Gy of
irradiation and then analyzed at different times after exposure. a PM
associated enzymatic activities were measured as previously described
[22] after 24 h of cell exposure to 20/40/60 Gy. The enzymatic activities
are expressed as fold increase with respect to unirradiated control cells
whose activity expressed as pmoles/10° cells/h was: Neu3 123+30; (-
galactosidase (3-Gal) 240+50; {3-glucosidase (3-Glc) 462+90; acid
sphingomyelinase (aSMase) 294+21. b Analysis of ceramide content:
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cells were metabolically labeled with [1->H]sphingosine and submitted to
irradiation up to 60 Gy. After 72 h post irradiation the lipids were
extracted and separated by HPTLC using the solvent system
hexane:chloroform:acetone:acetic acid, 20:70:20:2 by volume (optimal
for ceramide separation). Radioactive lipids were detected by digital
autoradiography. ¢ Number of living cells determined by Trypan-Blue
exclusion assay. d Percentage of apoptotic cells determined by the Hoechst
staining. Data are the mean+SD of 3 indipendent experiments, 3 replicates
for each experiment. Two Way ANOVA followed by Bonferroni post-test
*p<0.005 vs CTRL; °p<0.002 vs 20 Gy; #p<0.007 vs 40 Gy
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lactosylceramide and galactosylsphingosine and the 3-
galactosidase (GLB1, EC 3.2.1.23) that removes the terminal
non-reducing 3-D-galactose residues from glycoproteins and
ganglioside GM1. Besides the lysosomal enzymes, the [3-
galactosidase activity has also been detected at the plasma
membrane level in several cell lines [52], although the identity
of the protein/proteins responsible for the {3-galactosidase
activity is still unknown.

At least three different (3-glucosidases (3-Glc) have been
described: a lysosomal 3-glucocerebrosidase (GBA; EC
3.2.1.45) [68], a non-lysosomal [3-glucosylceramidase
(GBA2; EC 3.2.1.45) [69] and a cytosolic (3-glucosidase
(GBA3; EC 3.2.1.21) [70]. Concerning this last enzyme, very
little is known about its role; however, it has been verified that
GBA3 gives only a minimal contribution to the total cell (3-
glucosidase activity [71]. On the other hand, GBAI and
GBA2, the two main (3-glucosidase activities in almost all
cell types, have been widely studied. The f3-
glucocerebrosidase GBAL1 is the lysosomal-associated [3-
glucocerebrosidase that hydrolyzes the glycosidic 31-4 link-
age of GlcCer and GlcSph. It is coded by the GBA gene
located on the 1q21 chromosome. The enzyme is sensitive
to Conduritol B Epoxide (CBE) inhibition. While GBA1
enzyme has always been described as a lysosomal-
associated enzyme, some recent studies described for the first
time the presence of a CBE-sensitive (3-glucosidase activity
also at the cell surface [52, 72].

The non-lysosomal 3-glucosylceramidase GBA?2 is able to
hydrolyze the GlcCer into glucose and Cer and it is specifi-
cally inhibited by nanomolar concentrations of N-(5-
adamantane- 1 -yl-methoxy)pentyl-deoxynojirimycin (AMP-
DNM). The cellular localization of GBA2 is still controver-
sial, since the enzyme has been reported to be associated with
the endosomal vesicles, the plasma membrane and the endo-
plasmic reticulum [69, 73].

All these glycohydrolases display a trans activity, being
able to hydrolyze substrates present on the membranes of
neighboring cells. The action of these enzymes modifies the
GSL structure thus resulting in profound changes in plasma
membrane organization and properties, which have been
mainly related to different cell signaling processes [74]. As
the increase in PM sphingomyelinase activity is claimed to be
responsible for the formation of large ceramide-rich platforms
instrumental for the cell signaling [75], the activation of the
glycohydrolytic enzymes might locally increase the GSL ca-
tabolism with the subsequent production of proapoptotic Cer
and the induction of cell death as demonstrated in human
fibroblasts [52, 66].

The availability of a simple methodology that allows to
selectively measure in living cells the activities of PM en-
zymes, excluding the interference of the lysosomal activities,
enabled us to extend the study of these glycohydrolytic en-
zymes in different cell types and in different experimental
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conditions. In particular, we focused the attention on the
possible involvement of the PM glycohydrolases in the onset
of apoptosis after cell exposure to IR. These data are reported
in a recent manuscript in which we provide evidence for the
first time that cell surface glycohydrolases also contribute to
ceramide generation and cell death induced by radiotherapy
[22]. Our first experiments were carried out on human normal
fibroblasts exposed to ionizing radiation, we found that the
cell death was preceded not only by the activation of the
sphingomyelinase, but also of the sialidase Neu3, (3-
glucosidase and {3-galactosidase. After exposure to ionizing
radiation, the activity of glycohydrolases progressively in-
creased, reaching values 3—4 fold higher than those of control
cells 96 h after treatment. On the contrary, the SMase activity
remained constant along the 4 days. Very similar results were
obtained in fibroblasts prepared from a Niemann-Pick Type A
patient, suggesting that in these cells, the ceramide production
by increased glycohydrolase activities is sufficient to compen-
sate the lack of SMase activity. Using the same approaches,
we found that, the exposure of different tumor cell lines to
ionizing radiation resulted in an increased activity of plasma
membrane Neu3, (3-glucosidase, (3-galactosidase and
sphingomyelinase. Moreover, we observed that the increase
in the activities in irradiated cell is cell type-dependent: i)

CELL
IRRADIATION

mf the

sphingolipid hydrolases

Neu3 B-Gal

/
/

Activation of the

intracellular NG

apoptotic pathways

ROS

CerS «— DNA
damage
l |
1
i <——— Mitocondria ‘
Necrosis Apoptosis ;

alterations /

p53

Fig. 5 Representative scheme of the cell death pathway induced by
ionizing radiation. lonizing radiation induced cell death through different
pathways involving DNA damage, ROS and ceramide production. To
ceramide accumulation might contribute the activation of both biosyn-
thetic enzymes (mainly ceramide synthases family) and sphingolipid
catabolic enzymes including the plasma membrane associated
glycohydrolases.
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Neu3 activity increased from 2 to 5 fold in neuroblastoma and
ovarian cancer cells respectively, ii) 3-glucosidase from 2 to
12 in breast and in ovarian cancer cells respectively, iii) [3-
galactosidase from 2 to 7 in colon carcinoma and neuroblas-
toma cells respectively. We need to elucidate the molecular
events leading to the increase in the activity of PM
glycohydrolases; it could be attributable to an increased
expression, to an augmented PM translocation or to
conformational changes of the enzyme structures. In ad-
dition, we analyzed the effect of different doses of irra-
diation on the glycohydrolase activities, Cer levels, cell
proliferation and apoptosis in colon carcinoma cells
(CaCo2, Fig. 2), ovarian cancer cells (A2780, Fig. 3)
and breast cancer cells (T47D, Fig. 4). In particular, in
all these tumor cells, the PM enzymatic activities were
evaluated 12 h after exposure to 20, 40 and 60 Gy. As
reported in the figures, we found a strong increase of the
-Gal and pB-Glc activities with respect to non-irradiated
cells, whereas SMase and Neu3 activities underwent a
modest increase. Moreover, the increase in the enzyme
activities was highly dependent on both radiation dose
and time of exposure and associated with a marked
reduction of cell proliferation. This phenomenon was
mainly related to the induction of cell apoptosis, at least
at 48 and 72 h after irradiation; indeed, at the same times
we observed an increase in Cer content in all irradiated
cells. We analyzed in deeper detail the effects of radia-
tions on the T47D cells and we found that the increase in
glycohydrolase activities at the plasma membrane level
causes an ectopic in-situ production of apoptotic cer-
amide; these results indicate for the first time that
glycosphingolipid hydrolases associated with the cell
surface contributed to the trigger of the apoptotic effects
of ionizing radiation via ceramide generation.

Collectively, these data demonstrated that the activation of
the cell surface glycohydrolases in response to ionizing radi-
ation is a common feature of several cancer cells. These
findings strongly support a role of these enzymes in the
production of apoptotic-ceramide at the plasma membrane
level thus adding a new knowledge on the mechanisms of
ionizing radiation-induced cell death (Fig. 5).
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