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Abstract

Ionizing radiation induces apoptosis in human Molt-4 leukemia cells in a p5S3-dependent manner. The tumor suppressor p53
stimulates various downstream targets that presumably trigger, individually or in concert, de novo ceramide synthesis and
intrinsic apoptosis via mitochondrial outer membrane permeabilization (MOMP). Among these targets, BH3-only protein
Noxa was found to be promptly activated by p53 prior to ceramide accumulation and apoptosis in response to irradiation.
To evaluate the relation between Noxa and ceramide in irradiation-induced apoptosis, Noxa was silenced in Molt-4 cells
and apoptosis, p53 expression, and ceramide accumulation were assessed in response to irradiation. In the absence of Noxa,
irradiation of Molt-4 cells still induced apoptosis in a p5S3-dependent manner however ceramide levels decreased significantly
although they remained higher than untreated control. Upon irradiation, Noxa was found to translocate to the mitochondria
where endogenous ceramide accumulation was observed. In contrast, overexpression of Bcl-2, another mitochondrial protein,
in Molt-4 cells abolished the endogenous ceramide accumulation and apoptosis. In irradiation-induced, p53-dependent path-
ways of apoptosis, the pro-apoptotic Noxa represents one of several, yet to be identified, pathways simultaneously triggered
by p53 to produce mitochondrial ceramide accumulation and apoptosis. In contrast, Bcl-2 functions as a broader inhibitor
of both ceramide accumulation and apoptosis. Altogether, these results indicate that members of the Bcl-2 family differen-
tially regulate ceramide accumulation and reveal the existence of crosstalk between Bcl-2 family members and ceramide in
mediating p53-dependent apoptosis in Molt-4 human T-cell leukemia.
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Introduction [1]. In most of the cases, these stimuli trigger caspase activa-

tion [2]. Based on the type of activated caspases, apoptosis

Apoptosis is an orchestrated self-destruction mechanism
induced by a variety of stressors such as hypoxia/hyperoxia,
irradiation, ultra-violet (UV) light, tumor necrosis factor a
(TNF), and TNF-related apoptosis-inducing ligand (TRAIL)
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is classified into two major pathways extrinsic and intrin-
sic. Extrinsic apoptosis or death receptor-mediated pathway
propagates a signaling cascade that is initiated by the bind-
ing of death ligands such as FasL and TRAIL to their cor-
responding receptors followed by cleavage of caspase 8 and
generation of truncated Bid (tBid), a Bcl-2 family member.
However, the intrinsic mitochondrial pathway is mainly trig-
gered by non-receptor stimuli that induce the expression of
p53, which in its turn regulates, apart from Bid, different
Bcl-2 family members that consequently activate caspase
9 [3, 4]. Finally, both forms of apoptosis merge into one
execution pathway involving activation of terminal caspase
3 and DNA fragmentation.

A key event in extrinsic and intrinsic apoptosis is the
mitochondrial disruption regulated by Bcl-2 family pro-
teins [5]. The Bcl-2 family members include the anti- and
pro- apoptotic proteins. Deviation in the dynamic balance
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between these two groups results in either inhibition or
promotion of apoptosis. It was shown that p53, once
activated, could transcriptionally activate pro-apoptotic
Bcl-2 Homology domain-3 (BH3)-only genes such as p53
upregulated modulator of apoptosis (PUMA) and phor-
bol-12-myristate-13-acetate-induced protein 1 (PMAIP1
or Noxa) [6]. These BH3-only pro-apoptotic proteins, as
their name indicates, possess only one of the sequence-
homolog domains in contrast to other members that have
four domains (BH1-4). These proteins, in addition to
tBid, induce apoptosis by directly or indirectly activating
the Bcl-2 family executioners Bax and/or Bak, which in
turn oligomerize and induce mitochondrial outer mem-
brane permeabilization (MOMP) [7-10]. MOMP is a
process of mitochondrial pore formation leading to loss
of mitochondrial transmembrane potential followed by a
release of mitochondrial apoptogenic proteins from the
transmembrane space into the cytosol [1]. These proteins
are cytochrome ¢, SMAC/DIABLO, and apoptosis-induc-
ing factor (AIF). Released cytochrome ¢ will eventually
cause caspase 3 cleavage, PARP cleavage, and subsequent
apoptosis.

Likewise, ceramide, a signaling sphingolipid, induces
apoptosis through MOMP initiation [11]. Ceramide enzymes
found on the mitochondrial inner and outer membranes
include ceramidase and ceramide synthase [12]. Similarly,
sphingomyelinase, sphingomyelin synthase, and ceramide
synthase located in close proximity to the mitochondria can
also synthesize ceramides that can translocate to the mito-
chondria upon stress via ceramide transfer proteins (CERT),
vesicles, or mitochondrial-associated membranes (MAMs)
[2]. The synthesized ceramides then form channels and fuse
with the mitochondrial membrane resulting in the decrease
of inner mitochondrial potential and initiation of MOMP.
Interestingly, the formation of Bax oligomers and ceramide
channels work synergistically in initiating MOMP where the
resulting permeability exceeds that of either Bax or ceramide
added alone [13].

We have previously shown that ceramide accumulates in a
pS53-dependent manner in response to y-irradiation of Molt-4
leukemia cells [4]. We also demonstrated that this ceramide
accumulation is mostly synthesized de novo to yield pre-
dominantly N-palmitoylsphingosine (C16-ceramide) [14].
Additionally, we explored the potential p53-regulated genes
that are differentially expressed in response to irradiation
of Molt-4 cells at two time points, 3 and 8 h, before any
ceramide accumulation occurs in order to identify candidate
genes that mediate the p53 regulation of ceramide synthe-
sis [15]. Among many candidate genes identified, PMAIP1/
Noxa (FC=2.27) was upregulated after 3 h of irradiation in
Molt-4 cells [15]. Thus, we hypothesized that Noxa may be
a possible mediator of the effects of p53 on ceramide and
subsequent apoptosis.
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Materials and methods
Cellular models and cell culture

Human T cell leukemia Molt-4 cells were obtained from
American Type Culture Collection (ATCC). Molt-4-LXSN
cells (stably transfected with empty retroviral vector LXSN)
and Molt-4-E6 (stably transfected with the human papillo-
mavirus E6 gene cloned into the LXSN retroviral vector, a
kind gift from Dr. Denise Galloway, University of Wash-
ington, Seattle, WA) were cultured in RPMI 1640 supple-
mented with 10% fetal bovine serum (Sigma; F9665) and 1%
penicillin—streptomycin, and maintained by selection with
0.5 mg/ml geneticin (G418) at 37 °C in a humidified atmos-
phere containing 5% CO,. Molt-4 cells were irradiated with
5 Gy of y rays using a Cesium source 137Cs (2441.1 cGy/
min).

Establishment of stable transfectants

Transfections of Molt-4 cells were performed using Amaxa
cell line nucleofector kit L (Lonza technique) according to
the manufacturer’s recommendation. Stable transfectants
were established by transfecting Molt-4 cells with shRNA
scrambled (ggaatctcattcgatgcatac) and shRNA Noxa (tcca-
tatatgcattggtgaatr) (Qiagen) to obtain Molt-4-SCR and Molt-
4-KDNOXA cells, respectively. Molt-4 cells stably transfected
with MEP4 empty vector and MEP4 vector expressing Bcl-2
were designated Molt-4 MEP4 and Molt-4 Bcl-2, respec-
tively. Cells were cultured in RPMI 1640 supplemented with
10% fetal bovine serum and 1% penicillin—streptomycin, and
maintained by selection with 0.5 mg/ml hygromycin at 37 °C
in a humidified atmosphere containing 5% CO,.

Cell death assay

Cell death was studied using the trypan Blue exclusion
assay. Molt-4 cells were seeded at a density of 5x 10° cells
in T25 flasks and irradiated with 5 Gy of y rays for 6, 10,
and 24 h. At each time point, cells were harvested, pelleted,
and stained with trypan blue (ratio 1:1). Cells were then
counted using a hemocytometer. The counts of dead cells
(darkly stained) and alive cells (clear) were then computed.

Annexin V/Pl assay

At each time point, cells were collected by centrifugation at
2000 rpm for 10 min. Then using Annexin-V-FLUOS Stain-
ing Kit from Roche, pellets were incubated with 100 pl of
incubation buffer, 2 ul of Annexin-V-FITC labeling agent
and 2 pl propidium iodide solution, and then kept for 15 min
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at room temperature in the dark. Cells were read by flow
cytometry (Guava easyCyte, Millipore) and 10,000 events
were counted and results were analyzed using the Incyte
software. Alive cells are negatively stained for both Annexin
V and PI. Early apoptotic cells are Annexin V positive and
PI negative. Late apoptotic cells are both Annexin V and
PI positive. Necrotic cells are Annexin V negative and PI
positive.

Lipid extraction and phosphate assay

Cells at a density of 10X 10° per condition were pelleted
at different time points in borosilicate glass tubes, washed
with PBS, suspended in a ratio of 2:1 methanol to chlo-
roform and stored at — 80 °C for 2-3 days [16]. Then the
aqueous and lipid phases were separated using a mixture of
methanol/chloroform/water ratio 2:2:1.7 and centrifuged at
2500 rpm for 10 min. The resulting lipid phase (lower phase)
of each sample was then transferred into a new glass tube to
be dried by speed vacuum. Finally, the invisible pellet was
suspended in 1 ml chloroform, and 200 pl was aliquoted to
determine the phosphate concentration in the samples. Lipid
phosphates were measured as in the method of Rouser et al.
[17]. After thawing at room temperature, the samples were
dried by speed vacuum and then 150 pl of perchloric acid
(70%) was added. The reaction was allowed to proceed for
1 h at 180 °C. Then, the samples were cooled and 830 pl of
water was added, followed by 170 pl of ammonium molyb-
date (2.5%) and 170 pl of freshly prepared ascorbic acid
(10%). The mixture was incubated in a water bath at 50 °C
for 15 min until color development. Absorbance was meas-
ured by a spectrophotometer at 820 nm. The concentration
of lipid phosphate was determined using disodium hydrogen
orthophosphate anhydrous (Na2HPO4) as standard.

Ceramide assay

Ceramide assay was done according to a modified version
of the diacylglycerol kinase (DGK) assay by Preiss et al.
[18]. First, 200 pl of lipid samples was dried, and then 20 pl
of micelles (made of octyl-b-D-glucoside/dioleoyl phos-
phatidylglycerol) was added per sample. The tubes were
sonicated for 30 min in a water bath sonicator. A reaction
mixture was prepared of 50 pl 2X buffer (100 nM imidazole
HCI pH 6.6, 100 Mm LiCl, 25 mM MgCl2, 2 mM EGTA),
0.2 pl of 1 M DTT (dithiothreitol), 5 pg of diacylglycerol
kinase enzyme (DGK, prepared from E.coli), and dilution
buffer (10 nM imidazole of pH 6.6 and 1 mM diethylen-
etriaminepentacetic acid, pH=7). Per sample, 70 pl of the
mixture was added, and then the reaction was initiated by
adding 10 pl of the ATP mixture made of 2.5 mM cold ATP
(non-radioactive) and 1.3 pCi of the [y-32P] ATP solution in
water. The reaction was allowed to proceed for 30 min then

stopped by the addition of 2 ml methanol, 1 ml chloroform,
and 0.7 ml water. The tubes were allowed to rest for 10 min,
and lipids were extracted by adding 1 ml chloroform and
1 ml water. The lipid phase was transferred to a clean glass
tube and dried by speed vacuum. Lipids were resuspended in
50 pl of 9:1 ratio chloroform—methanol. Then 25 pl of each
sample was spotted on a lane of a silica gel thin-layer chro-
matography plate. The plates were placed in a previously
prepared elution chamber, filled with elution mixture made
of chloroform—acetone-methanol-glacial acetic acid—water
in a ratio of 50:20:15:10:5. Samples were allowed to migrate
for 2 h and then exposed to X-ray film overnight at — 70 °C.
The ceramide phosphate bands (identified by compar-
ing them to a known series of ceramide standards) were
scrapped into scintillation vials, and 4 ml of scintillation
fluid was added. The radioactivity was read using a liquid
scintillation counter.

Crude mitochondria isolation

Crude mitochondria were isolated according to a modified
version of the assay described by Wieckowski et al. [19].
Cells at a density of 80x 10° were pelleted, maintained
at 4 °C and suspended in 2 ml of cold SB buffer pH 7.4
(250 mM sucrose, 20 mM HEPES-KOH, 10 mM KClI,
1.5 mM MgCl12, 1 mM EDTA, 1 mM EGTA, 1 mM DTT,
and 1 X protease inhibitor cocktail). Cells were then com-
pletely homogenized manually at 4 °C and the homogenate
centrifuged at 600 g for 5 min at 4 °C to get rid of debris
and unlysed cells. The supernatant was then centrifuged at
7000 g for 10 min to isolate the crude mitochondrial frac-
tion. The crude mitochondrial fraction that contains the
mitochondria with some mitochondrial-associated mem-
branes (MAMs) was washed twice with MRB buffer pH 7.4
(250 mM mannitol, 5 mM HEPES-KOH, 0.5 mM EGTA,
and 1 X protease inhibitor cocktail) to remove cytoplasmic
contaminations and then stored at — 80 °C for protein and
lipid assays. To obtain a cytoplasmic fraction devoid of
microsomal and lysosomal contaminations, the supernatant
was transferred into a polyallomer tube and centrifuged at
100,000 g for 1 h at 4 °C. The pure cytoplasmic fraction was
then stored at — 80 °C for protein and lipid assays.

Protein extraction and quantification

Treated and untreated cells were pelleted at a speed of
1500 rpm for 5 min then resuspended in lysis buffer (0.25 M
Tris—HCI pH 6.8, 4% SDS, 20% glycerol and 2 mg bromo-
phenol blue). Samples were boiled for 5 min at 95 °C, and
then placed on ice for 20 min. Lysates were then centri-
fuged at 13,800 rpm and supernatants kept at—20 °C for
quantification. The extracted proteins were quantified using
Bio-Rad Protein Assay as described by the manufacturer.
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The concentrations of proteins in the samples were identified
using different concentrations of Bovine Serum Albumin
(BSA, Amersco) as standards.

Western blotting

Protein expression levels were analyzed using acryla-
mide gels. Samples were prepared with a 1:1 volume ratio
of proteins to loading buffer [Tris—HCI 0.25 M (pH 6.8),
4% SDS, 20% Glycerol, 2 mg bromophenol blue, and 5%
B-mercaptoethanol] and run using TGS 1X running buffer
[TGS 10X: 30 g Tris (hydroxymethyl)-aminomethane, 144 g
glycine and 10 g SDS]. The migration was performed at
80 V for the stacking gel and 120 V for the resolving gel.
Following migration, transfer to a polyvinylidene difluoride
(PVDF) membrane was done in transfer buffer [TGS 1X
with 20% methanol] for 90 min at 100 V. Then, the mem-
brane was blocked to prevent non-specific binding using
5% fat-free milk prepared in TBS 1X [TBS 10X: 12 g Tris
(hydroxymethyl)-aminomethane and 87.8 g NaCl, pH.8]
with 0.1% Tween for 2 h. Following blocking, the mem-
brane was incubated at 4 °C overnight with 2 ml of specific
primary antibody diluted in 5% milk-TBS 1x0.1% Tween
as recommended by the supplier. The membrane was then
washed for 10 min with TBS 1x0.1% Tween for three cycles
and incubated at room temperature for one hour with 5 ml
of the horseradish peroxidase-conjugated secondary anti-
bodies (Jackson ImmunoResearch, Europe) diluted in 5%
milk- TBS 1x0.1% Tween as recommended by the supplier
and then another washing cycle for 10 min was done. Finally,
the bands were developed using ECL western blotting rea-
gent (GE health care, UK). GAPDH (sc-47724) and actin
(sc-1616) were used as loading controls. Antibodies against
p53 (DO-1, sc-126), Noxa (Calbiochem; 140,129), Bcl-2
(sc-7382), Cytochrome C (ab90529), SDHB subunit (Suc-
cinate dehydrogenase iron-sulfur of complex II; ab14714)
and Parp (sc-7150) were used in this study. Densitometric
quantification of western blots was performed by Imagel
software (NIH, USA).

Statistical analysis
Statistical significance of the data was determined with a

Student’s ¢ test: *Significant (P <0.05) and **Highly sig-
nificant (P < 0.01) with respect to control.
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Results

p53-dependent kinetics of Noxa expression
and ceramide accumulation in Molt-4 cells
upon y-irradiation

Noxa is induced within hours of p53 stabilization and
precedes the accumulation of ceramide [15]. In order to
define the p53-dependent temporal relationships of Noxa
expression and ceramide accumulation in Molt-4 cells, we
utilized a previously described cellular model of Molt-4
leukemia cells that are either vector infected and contain
wild-type p53 (Molt-4-LXSN) or express the human papil-
loma virus E6 protein, which degrades p53, and thus are
functionally p53-null (Molt-4-E6). y-irradiation (5 Gy)
of these cells results in p53 stabilization, followed by
ceramide accumulation and apoptosis only in the Molt-
4-L.XSN cells, whereas the Molt-4-E6 cells are resistant
to irradiation [4, 20]. Similar to these published studies,
we show here that ceramide levels increased starting at
8 h and reached fivefold of time-matched non-irradiated
cells at 24 h in Molt-4-LXSN cells expressing wild-type
pS53 (Fig. 1a). As expected, no ceramide accumulation was
observed in p53-deficient Molt-4-E6 cells (Fig. 1a). Next,
we examined the temporal expressions of two p53-induc-
ible genes of the BH3-only subfamily of Bcl-2 proteins,
Noxa and Puma by quantitative real-time PCR following
irradiation of Molt-4-LXSN cells. Upon irradiation, Noxa
mRNA levels increased in a biphasic manner and were sig-
nificantly higher than time-matched non-irradiated control
at 2, 4, 8, and 24 h, while no significant differences were
observed for Puma mRNA levels (Fig. 1b). In order to
verify that the Noxa protein levels were also increasing,
we examined Noxa protein expression in Molt-4-LXSN
and Molt-4-E6 cells by western blot following irradia-
tion (Fig. 1c). Results showed that Noxa protein levels
increased by 2 h and were sustained until 6 h post-irra-
diation. Molt-4-E6 cells that lack functional p53 showed
constant Noxa expression during the same time course fol-
lowing irradiation. These studies confirmed the temporal
relationships of p53, Noxa, and ceramide where, only in
the presence of p53 stabilization, Noxa is expressed within
2 h and ceramide starts to accumulate by 8 h. They also
supported our hypothesis that Noxa may be a candidate in
regulating p53-dependent ceramide accumulation.

Impact of Noxa knockdown on the response
of Molt-4 cells to irradiation

To study the role of Noxa in the p53-dependent cera-
mide accumulation observed in response to irradiation,
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Fig. 1 Ceramide accumulation and p53, Noxa, and Puma expression
levels in response to irradiation of Molt-4 cells. a The endogenous
ceramide accumulation was measured by E. coli diacylglycerol kinase
assay in Molt-4-LXSN (wild-type p53) and p53-deficient Molt-4-E6
cells at different time points post-irradiation. Ceramide levels in cell
lipid extracts were normalized to lipid phosphate. Data are repre-
sented as fold change of irradiated (IR) over non-irradiated (IR) time-
matched control. Values are represented as mean+SD of two inde-
pendent experiments. *Significant difference (P <0.05) with respect
to the non-irradiated controls (time point 0). b Mean normalized
expression (MNE) of Puma and Noxa in Molt-4-LXSN cells post-
irradiation. The mRNA expression level was obtained by quantitative

we established Molt-4 cells with reduced Noxa expres-
sion levels. We utilized inhibitory RNA technology using
short hairpin RNA (shRNA) that can be stably expressed
in transfected cells as described in Methods. We stably
transfected Molt-4 cells with either a vector containing
a scrambled shRNA sequence or with a vector contain-
ing an inhibitory Noxa (PMAIP1) shRNA sequence and
designated the resulting stable transfectants as SCR and
KDY%%A | respectively. Cells were propagated in the pres-
ence of hygromycin at a final concentration of 0.5 mg/ml
in order to maintain selection pressure. The model was
then validated by western blot and showed more than 50%
knockdown efficiency of baseline expression of Noxa in
KDV9X4 cells as compared to SCR cells (Fig. 2a). The
response of stable transfectants to irradiation was then
assessed for cell death by the trypan blue exclusion assay.
Results showed that knockdown of Noxa in Molt-4 cells
didn’t affect the p53-dependent cell death response as

PCR and normalized to GAPDH expression. Values are represented
as mean+SD of two independent experiments. *Significant differ-
ence (P <0.05) with respect to the non-irradiated controls (time point
0). ¢ Protein expression levels of p53 and Noxa in Molt-4-LXSN and
Molt-4-E6 cells post-irradiation were assessed on total cell lysates
by western blot at different time points (hours). Actin was used as a
loading control. Quantification of band intensity was performed by
Image J. Values represent the relative expression fold change with
respect to non-irradiated controls and are expressed as mean +SD of
three independent experiments. *Significant (P <0.05) and **Highly
significant differences (P<0.01) with respect to the non-irradiated
controls. Each blot is representative of three independent experiments

both SCR and KD"9*4 cells had almost identical death
responses at 10 and 24 h post-irradiation (Fig. 2b). This
was confirmed using the apoptosis-specific Annexin V/
propidium iodide analysis by flow cytometry. Annexin
positive cells significantly increased in comparable inten-
sities in both irradiated models of SCR and KD¥9*4 cells
as compared to their non-irradiated controls after 24 and
48 h post-irradiation (Fig. 2c). We next evaluated the
effects of irradiation on PARP cleavage, another indicator
of apoptosis, in these cells. Partial PARP cleavage was
observed as early as 4 h post-irradiation in both models,
SCR and KDY%*4 and complete cleavage was demonstra-
ble at 8 h post-irradiation (Fig. 2d).

The inducible expression levels of Noxa and p53 in irra-
diated Molt-4-SCR cells confirmed the results obtained
for Molt-4-LXSN cells and further validated our Noxa
knockdown model (Fig. 3a). The expression level of p53
increased by 2 h and was sustained until 24 h and that of
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Fig.2 Establishment and validation of Molt-4 cellular model with
reduced levels of Noxa in response to irradiation. a Protein expres-
sion level of Noxa in Molt-4 cells stably transfected with shRNA
scrambled and shRNA Noxa (or PMAIPI) designated SCR and
KDVOXA | respectively. Total cell lysates were assessed by western
blot and GAPDH was used as a loading control. b Dead cell count
of SCR and KDV* in response irradiation. Trypan blue assay was
performed on irradiated Molt-4 cells at different time points. Values
are presented as percentages of the total cell count and represent the
mean+ SD of three independent experiments. ¢ Induction of apopto-
sis in Molt-4 cells in response to irradiation. AnnexinV-FITC/PI flow

Noxa increased by 2 h and lasted until 6 h after which it
decreased. Moreover, in Molt-4-KDV%*4 cells, down regula-
tion of Noxa did not affect p5S3 expression, which confirms
that p53 positions upstream of Noxa in our biochemical
model. Altogether, these results show that Noxa knock-
down does not affect the p53-dependent apoptotic response
of Molt-4 cells to irradiation indicating that alternative path-
ways are mediating these effects.

p53-dependent mitochondrial targeting of Noxa
and ceramide

Although Noxa was not essential for the p53-induced apop-
totic response, it remained possible that Noxa was involved
in the regulation of p53-induced ceramide accumulation. In
order to examine this possibility, we examined the impact of
Noxa knockdown on ceramide levels following irradiation.
As expected, ceramide levels in SCR cells were significantly
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cytometry analysis was performed on irradiated SCR and KDVO*4
cells after 24 and 48 h. Values represent the sum of “Annexin V posi-
tive and PI negative” (A+P-) cells and “Annexin V positive and PI
positive” (A+P+) cells. Bars are mean+SD of three independent
experiments. **Highly significant difference (P <0.01) of SCR and
KDV with respect to their non-irradiated controls. No significance
difference between SCR and KDV at the matched time points. d
PARP cleavage in Molt-4 SCR and KDV?** was assessed on total cell
lysates by western blot at different time points (hours). Each blot is
representative of three independent experiments

increased to 4 and 7 folds at 14 and 24 h, respectively, as
compared to time-matched control. However, ceramide lev-
els in KDVO*4 cells increased by only 2 and 4 folds at 14 and
24 h, respectively, when compared to their corresponding
non-irradiated controls (Fig. 3b). This indicated an impor-
tant role for Noxa in mediating p53-dependent ceramide
accumulation.

Mitochondria are an important hub for apoptotic signal-
ing, including that initiated by p53. Previous studies had
demonstrated that Noxa exerts its activity at the mitochon-
dria by interacting with other pro-apoptotic members of the
Bcl-2 family of proteins, such as Bak and Bax, and inhibiting
the anti-apoptotic ones such as Bcl-2 and Mcl-1 [21]. On the
other hand, the accumulation of ceramide at the mitochondrial
membrane was demonstrated to be essential for its apoptotic
activities [22-24]. Therefore, it became important to assess
the translocation of ceramide and Noxa to the mitochondria in
this p53-dependent model. We prepared cytosolic and crude
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Fig.3 Impact of Noxa low levels on p53 expression and ceramide
accumulation in response to irradiation of Molt-4 cells. a Noxa and
p53 expression levels in Molt-4 SCR and KDVO* cells post-irradi-
ation were assessed on total cell lysates by western blot at different
time points (hours). GAPDH was used as a loading control. Quanti-
fication of band intensity was performed by Image J. Values repre-
sent the relative expression fold change with respect to non-irradiated
controls and are expressed as mean + SD of three independent experi-
ments. *Significant (P <0.05) and **Highly significant differences
(P<0.01) with respect to the non-irradiated controls. Each blot is

mitochondrial fractions of irradiated SCR cells and measured
Noxa, ceramide and cytochrome C levels in both fractions
(Fig. 4). Results showed prominent Noxa expression at 2 h
post-irradiation in the mitochondrial fraction but this was
lacking in the cytosolic fraction (Fig. 4a). Then, we measured
ceramide accumulation in both mitochondrial and cytosolic
fractions. Mitochondrial ceramide increased significantly at
8 h post-irradiation to reach threefold of baseline at 24 h. In
contrast, the increase in cytosolic ceramide was not significant
as compared to non-irradiated controls (Fig. 4b). Increases in
cytochrome C levels in the cytosol were not appreciable until
8 h post-irradiation.

representative of three independent experiments. b Endogenous cera-
mide accumulation was measured by E. coli diacylglycerol kinase
assay in SCR and KD¥O% at different time points post-irradiation.
Ceramide levels in cell lipid extracts were normalized to lipid phos-
phate. Data are represented as fold change of irradiated (IR) over
non-irradiated (IR) time-matched control. Values are represented as
mean + SD of three independent experiments. *Significant difference
(P<0.05) and **Highly significant difference (P <0.01) with respect
SCR

Relation between Bcl-2, Noxa and ceramide
in Molt-4 cells in response to irradiation

Since anti-apoptotic Bcl-2 protein plays a crucial role in
inhibiting apoptosis, it was important to understand the bio-
chemical position of Bcl-2 protein relative to p53, Noxa, and
ceramide in irradiation-induced apoptosis. In order to inves-
tigate the role of Bcl-2 in our model, Molt-4 Bcl-2 cells were
established by stably transfecting Molt-4 cells with MEP4
vector expressing Bcl-2. The expression level of Bcl-2 was
validated and showed an overexpression in Molt-4 Bcl-2
cells as compared to MEP4 control cells (Fig. 5a). Cells
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Fig.4 Noxa, Cytochrome C, and ceramide levels in cytosolic and
crude mitochondrial fractions of irradiated Molt-4-SCR cells. a
Noxa and cytochrome C expression levels in Molt-4-SCR post-irra-
diation were assessed on cytosolic and crude mitochondrial fractions
by western blot at different time points (hours). Actin was used as a
loading control for the cytosolic fractions. SDHB subunit of com-
plex II is a marker of the mitochondria and was used as a loading
control for the mitochondrial fraction. Each blot is representative of
three independent experiments. b Endogenous ceramide accumula-
tion was measured by E. coli diacylglycerol kinase assay in cytosolic

were then irradiated and collected at different time intervals.
First, we examined the effect of Bcl-2 overexpression on p53
and Noxa levels. As shown in Fig. 5b, Bcl-2 overexpression
did not affect the expression profiles of p53 and Noxa at 2,
4, and 6 h post-irradiation that were similar to those previ-
ously observed in Molt-4 cells. Then, we examined the effect
of Bcl-2 expression on cellular ceramide accumulation. As
shown in Fig. 5c, Bcl-2 expression completely blocked cera-
mide accumulation when compared to the control MEP4
cells where ceramide levels increased significantly starting
at 8 h and reached 10 folds at 24 h post-irradiation.

Discussion

Studies have shown that y-irradiation induces p53-dependent
apoptosis regulated by Bcl-2 family proteins [25] and that
BH3-only pro-apoptotic proteins are central regulators of
the p53-mediated apoptosis [26, 27]. We showed in a pre-
vious study that the genes of apoptosis signaling pathway
(Bax, Bik, Jun and Bim), p53 pathway (Noxa, Bax, p21,

@ Springer

and crude mitochondrial fractions of irradiated Molt-4-SCR at differ-
ent time points post-irradiation. Ceramide levels in cell lipid extracts
were normalized to lipid phosphate. Data are represented as fold
change of irradiated (IR) over non-irradiated (IR) time-matched con-
trol. Values are represented as mean +SD of two independent experi-
ments. *Significant (P <0.05) and **Highly significant differences
(P<0.01) with respect to their non-irradiated controls. No signifi-
cance difference between crude mitochondria and cytosol fractions at
the matched time points

TNFRSF10B and Fas), oxidative stress response (Jun) and
p53 pathway feedback loops 2 (Mdm2 and p21) are differ-
entially expressed in irradiated Molt-4-LXSN cells [15].
These altered candidates localize to the nucleus (cyclin Bl,
Jun, Mdm?2 and p21), the mitochondria (Bim, Noxa, Bax,
and Bik), and cell membrane (Fas and TNFRSF10B) [15].
Stress signaling can regulate the activity of BH3-only pro-
apoptotic proteins at different levels such as transcription,
mRNA turnover, post-translation and translocation [7]. We
have found that upon y-irradiation, p53 expression increases
by 2 h and is sustained until 24 h. Since the promoter region
of Noxa gene contains a p53 responsive element [25], the
tumor suppressor p53 stimulates Noxa transcription directly
[28]. Indeed, y-irradiation induces mainly Noxa expres-
sion and to lower extent Puma in Molt-4 leukemia cells
(Fig. 1b). The expression level of Noxa mRNA increased in
a biphasic manner at 2 h and then again at 8 h till 24 h. The
first transcriptional phase showed a prominent expression
that was illustrated by a significant increase at the protein
level (Fig. 1¢). The second phase that was observed after
8 h showed a gradual increase and was confirmed at the
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Fig.5 Establishment and validation of Molt-4 cellular model overex-
pressing Bcl-2 in response to irradiation. a Protein expression level of
Bcl-2 in Molt-4 cells stably transfected with MEP4 empty vector and
MEP4 vector expressing Bcl-2 designated MEP4 and Bcl-2, respec-
tively. Total cell lysates were assessed by western blot and GAPDH
was used as a loading control. b Protein expression levels of p53 and
Noxa in Molt-4 Bcl-2 cells post-irradiation were assessed on total
cell lysates by western blot at different time points (hours). Actin
was used as a loading control. Each blot is representative of two

translational level in Noxa-expressing SCR cells (Fig. 3a).
Moreover, defective p53 was shown to cause a two-fold
decrease in Noxa expression [29]. Here, we also found that
in functionally p53-null Molt-4-E6 cells, Noxa protein levels
were downregulated. Upon irradiation of KDVO* cells, p53
expression levels increased in a similar manner as in Noxa-
expressing SCR cells, which confirms that p53 acts upstream
of Noxa in our model.

Irradiated KDVO* cells showed similar sensitivity to irra-
diation as their control Noxa-expressing SCR cells, unlike
p53-null cells that showed resistance to irradiation [4]. This
validates that in our model Noxa-independent apoptotic
pathways are co-activated in response to irradiation [15].
These pathways are not co-dependent in inducing apopto-
sis, but instead, they are redundant pathways initiated by
pS53. Our results can be explained by that the intrinsic path-
way can still be activated in the absence of Noxa via the

.

independent experiments. ¢ Endogenous ceramide accumulation was
measured by E. coli diacylglycerol kinase assay in MEP4 and Bcl-2
cells at different time points post-irradiation. Ceramide levels in cell
lipid extracts were normalized to lipid phosphate. Data are repre-
sented as fold change of irradiated (IR) over non-irradiated (IR) time-
matched control. Values are represented as mean+SD of two inde-
pendent experiments. *Significant (P <0.05) and **highly significant
differences (P <0.01) with respect to MEP4 cells

activation of other pro-apoptotic proteins and that, possi-
bly, the extrinsic pathway can compensate for the intrinsic
apoptosis in the absence of Noxa. Accordingly, abrogation
of apoptosis requires simultaneous inhibitions of multiple
pathways as demonstrated by Bcl-2, whereas activation of
apoptosis in resistant cancer cells may be achieved by acti-
vating at least one of them.

Upon irradiation and p53 upregulation, ceramide is gen-
erated mainly through de novo ceramide synthesis, specifi-
cally associated with ceramide synthase 5, rather than serine
palmitoyltransferase, activity in Molt-4 cells [14]. Since the
sphingolipid enzymes were not transcriptionally activated
in this model [15], it is more likely that de novo ceramide
synthesis is regulated by a rapid post-translational activa-
tion involving the dimerization of ceramide synthase at the
level of the endoplasmic reticulum [30]. In irradiated Molt-4
cells, ceramide could be either generated at the level of the
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endoplasmic reticulum by de novo synthesis and then trans-
ported to the mitochondria via ceramide transfer protein
targeted to the mitochondria (mitoCERT) [31] and mito-
chondrial-associated membranes (MAMs) or also generated
at the level of the mitochondria by mitochondrial ceramide
synthases [2].

In our model, Noxa was expressed prior to ceramide accu-
mulation suggesting that it may drive endogenous ceramide
synthesis [14]. The level of ceramide in KDNOXA cells was
significantly reduced to half upon irradiation suggesting that
Noxa is one of the mediators that contribute to ceramide
accumulation in our model. One explanation may be that
the level of Noxa inhibition we achieved in our system was
incomplete and that this “leakiness” may account for the
residual accumulation of ceramide observed. An alterna-
tive, more likely, explanation is that there are distinct Noxa-
independent pathways that also drive ceramide accumula-
tion. We have previously found that Fas and TNFRSFI10B
death receptors are upregulated in a p53-dependent man-
ner in irradiated Molt-4-LXSN cells [15]. The Tumor
Necrosis Factor (TNF) superfamily is described to initiate
endogenous ceramide generation in leukemic cells [32] via
sphingomyelinase hydrolysis and de novo synthesis [33]. It
is necessary to simultaneously inhibit the two biosynthetic
pathways in order to completely abolish ceramide accumu-
lation at both early and late time points and consequently
apoptosis in MCF7 and L929 cells [33]. Thus, we can specu-
late that ceramide accumulation is a common step for both
the extrinsic and intrinsic apoptotic pathways in our Molt-4
cellular model.

When the expression level of Noxa was investigated on
the crude mitochondrial level, we observed an increase after
2 h that was stabilized till 24 h post-irradiation (Fig. 4a).
This suggests that the functional regulation of Noxa is partly
through its cellular localization. Thus, Noxa is translocat-
ing to the mitochondria immediately post-translation via its
mitochondrial targeting domain (MTD) [34], which explains
its absence from the cytosolic fraction devoid of mitochon-
dria (Fig. 4a). A recent study revealed that shortly (20 min)
after its binding to Bak, Noxa initiates Bak oligomerization
and then dissociates from it at longer exposures [35]. Moreo-
ver, infected cells with adenovirus-expressing Noxa showed
that Noxa completely localized mostly at the mitochondria
and partially at the endoplasmic reticulum (ER) triggering
both mitochondrial apoptosis and ER stress [25, 36]. Noxa
translocation was accompanied by an early and gradual cera-
mide accumulation in the mitochondrial fractions (Fig. 4b).
Ceramide increased significantly starting 8 h in the mito-
chondria unlike the moderate increase in the cytosolic frac-
tion which suggests that Noxa could be involved in the post-
translational activation of ceramide synthase by triggering
or facilitating its dimerization at the level of the mitochon-
dria. Based on difference in the total amounts of ceramide

@ Springer

between Fig. 3b and 4b, we can suspect that there are other
membrane structures associated with ceramide synthesis that
could have been eliminated from both the mitochondrial and
cytosolic fractions during the experimental procedure.

Mitochondrial ceramide accumulation and cytochrome c
release have co-occurred. Increases in cytochrome C levels
in the cytosol were not appreciable until 8 h post-irradiation
indicating that its release from mitochondria to cytosol,
although it occurs following Noxa translocation to the mito-
chondria, is temporally related to the increase in mitochon-
drial ceramide. Noxa acts as a facilitator to pave the way for
ceramide to contribute to the execution of mitochondrial
apoptosis. Thus, ceramide and Noxa may be cooperating in
inducing MOMP allowing for cytochrome C release.

The subcellular distribution of Bcl-2 proteins plays an
important role in the regulation of apoptosis. Bcl-2 local-
izes to the ER, the outer mitochondrial membrane and the
nuclear membrane as shown by subcellular fractionation [37,
38]. The presence of Bcl-2 at the level of the ER acts as a
first line of defense against apoptotic signals and serves to
keep pro-apoptotic proteins away from the mitochondria.
Moreover, Bcl-2 on the mitochondria inhibits BH3-only
proteins that have already accumulated on the mitochon-
dria [39]. The intracellular ratio of Bax/Bcl-2 influences the
ability of a cell to respond to an apoptotic signal as well as
it predicts the response of certain cancers to some chemo-
therapeutic agents. Thus, the overexpression of Bcl-2 will tilt
the dynamic balance toward anti-apoptotic proteins. Noxa
not only binds Mcl-1 and Bcl-xL but also Bcl-2 via BH3
domain. Although Mcl-1 has much higher affinity for Noxa,
binding of Noxa to Bcl-2 is potentially important because
Bcl-2 is more abundant in certain lymphoid cell lines [40].
The ability of Noxa to disrupt strong Bcl-2/Bim interac-
tion is critically dependent on the ability of Noxa to remain
bound to Bcl-2. Upon Bcl-2 expression, the interaction
Noxa/Bcl-2 is enhanced and correlates with the protection
from bortezomib treatment [40].

To this date, there is no evidence that Bcl-2 directly inhib-
its ceramide generation. Bcl-2 overexpression in myeloid
HL-60 and lymphoid BL cell lines didn’t prevent ceramide
generation in response to daunorubicin [41]. Bcl-2 pre-
vented both TNF-a- and ceramide-induced cell death in
TNF-a- and Fas-sensitive MCF7 cells but didn’t prevent the
TNF-o—induced elevation in ceramide levels [42]. These two
studies suggested that Bcl-2 functions downstream the cera-
mide pathway. Other studies showed that Bcl-2 may interfere
with ceramide formation. Bcl-2 overexpression in glioma
cells blocked neutral sphingomyelinase-mediated ceramide
generation and retarded apoptosis by preventing cytochrome
c release in response to etoposide, cisplatin and TNF-a [27].
Here, we were able to show that the overexpression of Bcl-2
in irradiated Molt-4 cells completely inhibited the accumula-
tion of ceramide and abrogated cell death (data not shown)
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without affecting p53 and Noxa expression levels. Therefore,
even if Noxa is not upregulated in response to Bcl-2 overex-
pression, it could be sequestered by Bcl-2 at the mitochon-
drial level. One hypothesis could be that the tight binding of
Noxa and Bcl-2 leaves more Bcl-xL and Mcl-1 available to
tightly bind and inactivate Bax and Bak. Another one is that
no free Noxa will be available to interact with and activate
Bax and Bak.

Thus, our results suggest that, in our model, Bcl-2 can
also act upstream of the de novo ceramide synthesis and
can counteract the functions of p53 and Noxa. In addition,
we show that a fourfold higher than baseline Bcl-2 protein
level is sufficient to inhibit ceramide generation in irradi-
ated Molt-4 cells (Fig. 5a). This means that Bcl-2 expres-
sion level can predict the response of certain cancer cells to
ceramide-dependent treatments despite their wild-type p53
protein expression levels.

Conclusion

We have shown that silencing Noxa was not enough to
inhibit cell death induced by irradiation in Molt-4 cells
although ceramide levels were significantly decreased but
not completely abrogated. Bcl-2 was found to act not only
downstream of ceramide by inhibiting the mitochondrial
apoptotic pathway, but also to inhibit the de novo synthesis
of ceramide. We provide evidence that ceramide is a critical
player in the p53-dependent apoptosis induced by the irra-
diation of Molt-4 cells and a crosstalk exists between Bcl-2
family members and ceramide to mediate this apoptosis.
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