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p53-dependent manner as a proapoptotic signal.

regulation of cellular homeostasis.
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(Background: Sphingolipid ceramide regulates cellular responses to stress stimuli.
Results: Aldh1ll, the enzyme regulating folate metabolism, leads to CerS6 up-regulation and C,4-ceramide accumulation in a

Conclusion: Ceramide mediates the cellular response to nongenotoxic folate stress.
Significance: We have demonstrated the interaction between two major metabolic pathways, folate and sphingolipids, in

N
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We have investigated the role of ceramide in the cellular adap-
tation to folate stress induced by Aldh1l1, the enzyme involved
in the regulation of folate metabolism. Our previous studies
demonstrated that Aldh1l1, similar to folate deficiency, evokes
metabolic stress and causes apoptosis in cancer cells. Here we
report that the expression of Aldh1l1 in A549 or HCT116 cells
results in the elevation of C,,-ceramide and a transient up-reg-
ulation of ceramide synthase 6 (CerS6) mRNA and protein. Pre-
treatment with ceramide synthesis inhibitors myriocin and
fumonisin B1 or siRNA silencing of CerS6 prevented C,¢-cer-
amide accumulation and rescued cells supporting the role of
CerS6/C, ¢-ceramide as effectors of Aldh111-induced apoptosis.
The CerS6 activation by Aldh111 and increased ceramide gener-
ation were p53-dependent; this effect was ablated in p53-null
cells. Furthermore, the expression of wild type p53 but not tran-
scriptionally inactive R175H p53 mutant strongly elevated
CerS6. Also, this dominant negative mutant prevented accumu-
lation of CerS6 in response to Aldh1l1, indicating that CerS6 is a
transcriptional target of p53. In support of this mechanism,
bioinformatics analysis revealed the p53 binding site 3 kb down-
stream of the CerS6 transcription start. Interestingly, ceramide
elevation in response to Aldh1ll was inhibited by silencing of
PUMA, a proapoptotic downstream effector of p53 whereas the
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transient expression of CerS6 elevated PUMA in a p53-depen-
dent manner indicating reciprocal relationships between ceramide
and p53/PUMA pathways. Importantly, folate withdrawal also
induced CerS6/C, s-ceramide elevation accompanied by p53 accu-
mulation. Overall, these novel findings link folate and de novo cer-
amide pathways in cellular stress response.

Ceramide, a central molecule in sphingolipid metabolism,
has emerged in the past several decades as a key bioeffector in
cellular adaptation to stress (1—4). Stress-induced ceramide
accumulation, which is often a proapoptotic signal (5), can
occur via either de novo or salvage pathways (2). Ceramides
with distinct acyl chain length are synthesized by a family of
ceramide synthases, consisting of six members, CerS1— 6°(4,6).
Activation of the sphingomyelin pathway has been linked to
such apoptosis-inducing stimuli as ionizing radiation (7), FAS
ligand (8), and TNF-a (9 —11). The de novo pathway, in turn, has
emerged as the one activated by treatment of cancer cells with
chemotherapeutics including etoposide (12), daunorubicin
(13), or gemcitabine (14).

Ceramide accumulation has also been implicated in the cel-
lular response to nutrient deprivation. For example, serum star-
vation in Molt-4 leukemia cells causes a significant increase in
ceramide, the effect contributing to the mechanism of G,/G;
arrest (15). Furthermore, ceramide can activate autophagy as a
response mechanism to nutrient starvation (16, 17). Interest-
ingly though, ceramide is able to trigger autophagy in the pres-
ence of extracellular nutrients (18) whereas ceramide-related
prosurvival sphingolipid, sphingosine 1-phosphate, regulates
autophagy in response to nutrient starvation as a protective
mechanism against cell death (19).

Folate, one of the essential nutrients, is a water-soluble vita-
min required for numerous reactions of one-carbon transfer
(20). Several of these reactions are involved in de novo purine
and thymidylate pathways and thus are vital for nucleic acid

 The abbreviations used are: CerS, ceramide synthase; Aldh 111, 10-formyltet-
rahydrofolate dehydrogenase; FB1, fumonisin B1; MS/MS, tandem MS;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MYR,
myriocin; Pl, propidium iodide.
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biosynthesis (20, 21). Folate also participates in the regenera-
tion of methionine from homocysteine, a process linked to the
biosynthesis of S-adenosylmethionine, a key molecule for
methylation reactions in the cell (20, 21). In agreement with the
fundamental role of folate for cellular processes, folate defi-
ciency causes dramatic consequences including altered protein
expression (22-24), accumulation of DNA damage, increased
chromosomal aberrations and fragility (25, 26), reduced growth
rate, and impaired cell division (27). Folate availability and effi-
cient folate metabolism are especially crucial for rapidly prolif-
erating cells, including cancer cells that serves as the basis for
treatment of cancers with folate antimetabolites (antifolates),
compounds inhibiting folate-metabolizing enzymes (28, 29).

One of the folate enzymes, 10-formyltetrahydrofolate dehy-
drogenase (Aldh1l1 or FDH), converts 10-formyltetrahydrofo-
late to tetrahydrofolate and CO, in a NADP " -dependent dehy-
drogenase reaction (30). This reaction removes carbon groups
(as CO,) from the intracellular folate pool, thus fulfilling a cat-
abolic function. It has been proposed that Aldh1l1 plays a reg-
ulatory role by controlling the flux of activated one-carbon
groups toward biosynthetic processes (30, 31).

Aldh1l1 is an abundant cytosolic protein, which is ubiqui-
tously down-regulated in human cancers (31-33). This down-
regulation is achieved through extensive methylation of the
ALDHILI promoter and apparently serves the purpose of
relieving transformed cells from one of the proliferation con-
trolling mechanisms (34). In agreement with this mechanism,
reconstitution of Aldh1l1 in Aldh1l1-deficient cancer cells pro-
duces strong antiproliferative effects including cell cycle arrest
(35, 36), inhibition of motility (37), and apoptosis (35). The
antiproliferative effect of Aldh1ll, resulting from the decrease
in the intracellular purine levels (38) and impaired folate-de-
pendent homocysteine remethylation (39), is mediated by
numerous downstream effectors including p53, p21, PUMA,
JNK1/2, c-Jun, caspases 3, 8, and 9, protein phosphatase 1/pro-
tein phosphatase 2A, and cofilin (36 -38, 40, 41).

Although alterations of either ceramide or folate metabolism
can induce stress responses, these two major metabolic path-
ways have never been linked before in the context of cellular
signaling network. In the present study, we investigated the role
of ceramide in cellular response to Aldh1l1 and demonstrated
that similar response is induced upon folate withdrawal.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Generation of Tet-On A549/
Aldh1ll cells and A549 cells with p53 silenced by shRNA was
described previously (35, 38). Cells were grown in F-12 medium
(Mediatech) supplemented with 10% (v/v) Tet-On certified
(Clontech) or regular (Atlanta Biologicals) fetal bovine serum,
respectively, at 37 °C under humidified air containing 5% CO.,,.
HCT116 and HCT116 p53~ ' cell lines (a gift from Dr. Bert
Vogelstein, The Sidney Kimmel Comprehensive Cancer Cen-
ter, John Hopkins University School Medicine) were grown in
McCoy’s medium. Myriocin and fumonisin B1 were purchased
from Sigma and Enzo, respectively. For folate depletion exper-
iments, we used folate-free RPMI 1640 medium containing 10%
dialyzed fetal bovine serum (both from Invitrogen).
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TABLE 1
Primers for real time PCR of ceramide synthases
Gene  Orientation Sequence
B-Actin  Forward 5'-ATT GGC AAT GAG CGG TTC C-3’
Reverse 5'-GGT AGT TTC GTG GAT GCC ACA-3’
CerS1 Forward 5'-ACG CTA CGC TAT ACA TGG ACA C-3'
Reverse 5'-AGG AGG AGA CGA TGA GGA TGA G-3’
CerS2  Forward 5'-CCG ATT ACC TGC TGG AGT CAG-3’
Reverse 5'-GGC GAA GAC GAT GAA GAT GTT G-3'
CerS3  Forward 5'-ACA TTC CAC AAG GCA ACC ATT G-3’
Reverse 5'-CTC TTG ATT CCG CCG ACT CC-3'
CerS4  Forward 5'-CTT CGT GGC GGT CAT CCT G-3’
Reverse 5'-TGT AAC AGC AGC ACC AGA GAG-3'
CerS5  Forward 5'-GTT TCG CCA TCG GAG GAA TC-3'
Reverse 5'-GCC AGC ACT GTC GGA TGT C-3’
CerS6 Forward 5'-GGG ATC TTA GCC TGG TTC TGG-3'
Reverse 5'-GCC TCC TCC GTG TTC TTC AG-3'
TABLE 2
siRNA sequences used in this work
Target  Orientation Sequence
CerS2 Sense r(GGA ACA GAU CAU CCA CCA U)dTdT
Antisense r(AUG GUG GAU GAU CUG UUC C)dTdT
CerS6 Sense r(CGC UGG UCC UUU GUC UUC A)dTdT
Antisense r(UGA AGA CAA AGG ACC AGC G)dTdT

Transient Transfection—Cells (~1.0 X 10°) were transfected
with 2 ug of corresponding expression vector using either a
Amaxa nucleofector kit V (Lonza) or a Neon transfection sys-
tem (Invitrogen) according to the manufacturers’ protocols. In
control experiments, respective “empty” plasmids were used
for transfection. The pCEP4-175 vector (for the expression of
R175H p53 mutant) was a kind gift from Dr. Jennifer Pietenpol;
pCEP4/PUMA (PUMA expression) was obtained from Add-
gene; pcDNA3.1/Aldh1l1 (Aldhlll expression), pCEP4/p53
(wild type p53 expression) and pCMV/CerS6 (CerS6 expres-
sion) were described previously (31, 38, 43).

Real Time PCR—Total RNA was purified using RNA Easy®
Mini Kit (Qiagen). Reverse transcriptase reaction was per-
formed with an oligo(dT), 4 primer using Advantage™™ RT-for-
PCR Kit (Clontech). The resulting cDNA was used to measure
CerS1-6 mRNA levels using MyiQ™ Single-Color Real Time
PCR detection system (Bio-Rad) and iQ5 optical system soft-
ware (Bio-Rad). CerS1-6 quantitative RT-PCR primers are
shown in Table 1. 3-Actin mRNA levels were used to normalize
samples.

siRNA—Knockdown of CerS6 and CerS2 was performed
using siRNA duplexes purchased from Qiagen (Table 2) with
the targeting sequences AACGCTGGTCCTTTGTCTTCA
and AAGGAACAGATCATCCACCAT, correspondingly (43).
Tet-On A549/Aldh1l11 cells (~1.5 X 10°) were transfected with
25 nmol of CerS6 siRNA using 5-10 ul of Lipofectamine 2000
(Invitrogen). Scrambled siRNA with medium GC content
(Invitrogen) was used as a control. Transfections were per-
formed following the manufacturer’s protocol. Silencing of
PUMA by siRNA was carried out as we described previously
(36). Tet-On A549/Aldh1l11 cells (1.2 X 10°) were transfected
with 25 nmol of Stealth RNAi (Invitrogen) using 5-10 ul of
Lipofectamine 2000. Scrambled Stealth RNAi was used as a
negative control. Transfection was performed following the
manufacturer’s protocols.

Western Blot Assays—Cell lysates were prepared in buffer
containing 50 mm Tris-HCI (pH 8.0), 150 mMm NaCl, 2 mm
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EDTA, 1% Triton X-100, 0.1% SDS, 1 mm PMSF, and mamma-
lian protease inhibitor mixture (Sigma). Lysates were subjected
to SDS-PAGE followed by Western blotting with specified anti-
bodies. Expression of Aldhlll was verified with an in-house
Aldh1l1-specific polyclonal antibody (1:10,000) (31, 35, 38).
CerS6 polyclonal antibody (1:1000) was purchased from Novus
Biologicals. CerS2 polyclonal antibody (1:200) was from Exal-
pha Biologicals (Shirley, MA). Monoclonal p53 antibody (0.1
png/mg) was purchased from Calbiochem. PUMA polyclonal
antibody was from Cell Signaling (1:1000). Actin was detected
using a monoclonal antibody from Sigma (clone AC-15,
1:5000).

Cell Proliferation and Apoptosis Assays—Cell viability was
assessed using an MTT cell proliferation assay (Promega). Cells
were plated at a density of 5 X 10° cells/well in 96-well format,
and MTT was added at specified time points. Plates were fur-
ther processed according to the manufacturer’s instructions.
Asronm Was read using a Wallace 1420 multilabel counter
(PerkinElmer Life Sciences). Apoptotic cells were detected by
annexin V and PIlabeling using an Annexin V-FLUOS staining
kit (Roche Applied Science). All cells (floating and attached)
were used in these experiments. Samples were analyzed at the
Flow Cytometry core facility, Hollings Cancer Center, using a
BD Biosciences FACSCalibur and Mod Fit software.

Analysis of Lipids by LC-MS/MS—Approximately 1.5 X 10°
cells were trypsinized and washed twice with cold PBS. Samples
were centrifuged at 1000 rpm for 5 min at 4 °C, and the final
pellet was stored at —80 °C prior to analysis. Further prepara-
tion of samples and measurement of endogenous ceramides by
LC-MS/MS followed the protocol described previously (44).
Briefly, samples were fortified with internal standards, and 2 ml
of isopropyl alcohol:water:ethyl acetate (30:10:60; v:v:v) was
added to the cell pellet mixtures. Samples were subjected to two
rounds of vortex and sonication followed by a 10-min centrifu-
gation at 4000 rpm. The supernatant or top layer was used as
lipid extract and subjected to LC-MS/MS for analysis of cer-
amide species. Samples were normalized to total inorganic
phosphate (P,) levels. Lipid extraction and analyses were per-
formed by the MUSC Lipidomics Core facility.

RESULTS

Expression of Aldhlll in A549 Cells Induces Ceramide
Accumulation—Our previous studies demonstrated that
Aldh1l1 expression in deficient cancer cells induces strong
metabolic alterations and apoptosis (35, 36, 38). Because
involvement of proapoptotic ceramide signaling in these effects
has not been studied previously, we investigated whether
Aldh1l1-induced folate stress leads to ceramide generation. We
have measured levels of a variety of sphingolipids in A549 cells
at different time points after Aldh1l1 induction using LC-MS/
MS. The notable and statistically significant effect of Aldhl1l1
was observed for C,4-, C,y-, Cyyq-, and dhC,-ceramides,
which were elevated up to 3.6-, 2.5-, 2.2-, and 3.7-fold, respec-
tively, 72 h after Aldh1ll induction (Fig. 14). The effect of
Aldh1ll on other ceramide species was less profound and not
statistically significant (Fig. 1A). Elevation for C, -, C,4-, Cy41-,
and dhC, ;-ceramides was also seen at 48 h after Aldh111 induc-
tion, although to a lesser extent (data not shown). These data
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suggest that the proapoptotic Aldh1ll folate stress response
includes ceramide accumulation.

CerS6 Is Up-regulated in Response to Aldhlll—Ceramide
biosynthesis is catalyzed by a set of six ceramide synthase
enzymes, CerS1-6 (3, 6). We have examined the mRNA levels
of all six enzymes in Aldhlll-expressing cells by quantitative
real time PCR. These experiments revealed a significant (p <
0.005) increase in mRNA levels for two of the enzymes, CerS4
and CerS6, 36 h after Aldhlll induction (approximately 3.2-
and 5.5-fold, respectively; Fig. 1B). Levels of CerS3 and CerS5
mRNA were only marginally changed between 24-and 48 h after
Aldh1l1 induction; the increase in CerS1 and CerS2 mRNA was
notable, but not statistically significant (Fig. 1B). Interestingly,
the increase in CerS4 and CerS6 mRNA in response to Aldh1l1
was transient: their mRNA levels returned to the values
observed in control cells 48 h after Aldh1l1 induction (Fig. 1B).
Similarly, an increase in CerS6 protein was also observed at 24 h
after Aldh1l1 induction, which persisted up to 72 h, as detected
by Western blotting (Fig. 24). Overall, these data indicate that
Aldh1l1-induced CerS6 expression is regulated at mRNA and
protein levels.

Inhibition of de Novo Ceramide Generation Prevents
Aldhlll-induced Apoptosis—To determine whether the ele-
vated ceramide mediates Aldh1l1-induced cytotoxic effects, we
have evaluated cellular proliferation and apoptosis in Aldh111-
expressing cells treated with inhibitors of ceramide biosynthe-
sis. Two compounds were used: myriocin (MYR, an inhibitor of
serine palmitoyl transferase/de novo biosynthesis (45)) and fumo-
nisin B1 (FB1, a ceramide synthase inhibitor (46)). Aldh1l1 was
induced immediately following pretreatment of cells for 6 h with
either MYR (50 nm) or FB1 (50 um). After 6 h preincubation inhib-
itors were washed out, and cells were kept on regular inhibitor-free
medium. We observed that both MYR and FB1 prevented the
total ceramide elevation in response to Aldh1l1 (Fig. 1C). Fur-
thermore, MTT assays have demonstrated that Aldhlll-ex-
pressing cells pretreated with MYR or FB1 undergo normal
proliferation similar to Aldh111-deficient cells (Fig. 1, D and E).
In agreement with this finding, annexin V/PI analysis showed
that inhibition of ceramide pathways almost completely pro-
tected Aldh1l1-expressing cells from apoptosis (Fig. 2, Fand G).
These data indicate that Aldhll1-induced apoptosis requires
increased de novo ceramide generation.

CerS6 Knockdown Rescues Cells from Aldhlll-induced
Apoptosis—The elevation of C,.-ceramide and dhC,-cer-
amide, observed in our experiments, was in agreement with the
increased levels of CerS6 mRNA because the enzyme is specif-
ically involved in this ceramide generation (47). To determine
whether CerS6 up-regulation was responsible for the increase
in C,4-ceramide upon Aldhlll expression, we knocked down
this ceramide synthase in Tet-On A549/Aldh1l1 cells using the
siRNA approach. Quantitative real time PCR showed the strong
decrease of CerS6 at 36 and 48 h after siRNA transfection com-
pared with transfection with scrambled siRNA (Fig. 2B). The
knockdown was confirmed at the protein level by Western blot
analysis: very prominent decrease of CerS6 at 48 h was seen in
these experiments (Fig. 2C). LC-MS/MS analysis has further
shown that CerS6 knockdown prevented the increase in C,4-,
C,,-and C,, ;-ceramide in response to Aldh1l1 (Fig. 2D). MTT
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FIGURE 1. Ceramide synthase-dependent accumulation of ceramide in response to Aldh111. A, levels of ceramide in Tet-On A549/Aldh111 cells 72 h after
Aldh111 induction. Error bars represent + S.D., n = 3. Inset, levels of Aldh111 in Tet-On A549 cells at different postinduction times (actin is shown as loading
control). B, levels of CerS1-6 mRNA (quantitative real time PCR) at 24, 36, and 48 h after Aldh111 induction. Error bars represent = S.D., n = 3., levels of total
ceramide (LC-MS/MS) in Aldh111-expressing Tet-On A549 cells (72 h after induction) pretreated with either MYR (50 nm) or FB1 (50 um). Untreated cells with and
without Aldh 111 expression (control) are included. Error bars represent = S.D., n = 3. D, MTT assay of MYR-pretreated Tet-On A549 cells with (Aldh111+MYR) or
without Aldh111 induction (MYR). Negative (control, untreated cells) and positive (Aldh111, untreated cells expressing Aldh111) controls are shown. Time after
Aldh111 induction is indicated. Error bars represent = S.D., n = 4. E, same as D, but FB1 was used instead of MYR. For statistical analysis Student’s t test was

performed. Statistically significant changes (p < 0.005) are marked with an asterisk (*).

proliferation assays revealed a dramatic increase in viable cell
number upon CerS6 siRNA compared with scrambled control
at48 h of Aldh1l1 induction (Fig. 2E). This effect was even more
profound at 72 h after Aldh111 induction (Fig. 2E), indicating a
remarkable rescue effect in the absence of CerS6. Annexin V/PI
staining has further shown that cells deficient in CerS6 or
treated with ceramide synthesis inhibitors myriocin or fumoni-
sin B1 were protected from Aldh1l1-induced apoptosis (Fig. 2,
F and G). Thus, these experiments established CerS6/C, .-cer-
amide as an essential mediator of cellular responses to Aldh1l11.
Because in our experiments we also observed the elevation of
C,,- and C,, ,-ceramide, species produced by CerS2 (3), we
investigated the role of this enzyme in mediation of Aldh1l1l
responses. The knockdown of CerS2 by siRNA did not rescue
cells from Aldh1l1 (Fig. 3), indicating that this ceramide syn-
thase is not involved in the Aldh1l1 stress response.
Aldhlli-induced CerS6 Elevation and Ceramide Accumula-
tion Are p53-dependent—A p53-dependent ceramide accumu-
lation has been shown in response to actinomycin D (48), y-ir-
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radiation (48, 49), and TNF-a (50). Likewise, previous studies
from our laboratory demonstrated that Aldhll1-induced apo-
ptosis in several cell lines is mediated by p53 (38). Using
HCT116 isogenic cell lines (p53"/* and p53~ /), we examined
whether Aldh1l11 induces CerS6 and ceramide accumulation in
a p53-dependent manner. We observed that in response to the
Aldh1l11 transient transfection both CerS6 and C,4-ceramide
were elevated in p53*/* but not p53~/~ cells (Fig. 4, A and B).
Similar to Tet-On A549/Aldh1ll cells, HCT116 p53*/* cells
have also shown a significant increase in C,,-ceramide but not
C,,.,-ceramide (Fig. 4B). In contrast, HCT116 p53~/~ cells did
not reveal an increase in any of these ceramides upon Aldh1l1
expression (Fig. 4B). Of note, HCT116 p53~/~ cells are resist-
ant to Aldhill-induced apoptosis in contrast to HCT116
p53*'" cells (Fig. 4C). Similar results were obtained in experi-
ments with A549 cell line and its derivative, in which p53 was
silenced by shRNA (38): CerS6 and ceramide levels were ele-
vated in p53-proficient but not -deficient cells in response to
Aldhlll (Fig. 5). Altogether, our data demonstrate that p53 is
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required for ceramide accumulation and CerS6 induction upon
Aldh1l1 stress.

Transient Expression of CerS6 Produces p53-dependent Anti-
proliferative Effects—Because in our experiments the CerS6
elevation was a required event in the mediation of the Aldh111
cytotoxic effect, we investigated whether CerS6 itself can
induce an antiprolioferative effect. Indeed, we observed that
transient expression of CerS6 in p53-proficient A549 cells
inhibits proliferation and is associated with the elevation of p53
and its downstream target PUMA (Fig. 6A). In contrast, the
expression of CerS6 in p53-deficient A549 cells did not inhibit
proliferation (Fig. 6B). Of note, PUMA was not elevated in these
cells in response to CerS6 (Fig. 6B).

PUMA Is Involved in Aldhlll-induced Ceramide Accu-
mulation—To our knowledge, PUMA has not been yet iden-
tified as an upstream regulator or downstream target of
ceramide. To investigate whether PUMA plays a role in
Aldh1l1-induced p53-dependent ceramide accumulation, we
evaluated changes in ceramide levels in A549 cells in response
to Aldh1ll upon siRNA-mediated PUMA knockdown. Down-
regulation of PUMA (as confirmed by Western blotting, Fig.
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bled or CerS2 siRNA in the presence or absence of Aldh111 is shown, including
time after Aldh111 induction. Aldh1l1 induction was done simultaneously
with siRNA transfection. Error bars represent = S.D., n = 3. Statistically signif-
icant changes (p < 0.005) are marked with an asterisk (*). Inset shows levels
(Western blots) of Aldh111 and CerS2 at different time points (24-72 h) of
Aldh111 induction/CerS2 siRNA transfection. Scr, scrambled siRNA. Actin is
shown as loading control.

ACEEVON

VOLUME 288+NUMBER 18-MAY 3, 2013



A HCT116 p53++
Tlme,h 0 24 48 72

ps3|.

HCT116 p53/-
0 24 48 72

Actin

B

3

€

(=]

>

]

€

2

a

S~

(7]

T

£

]

(]

(&)

Oh 48h Oh 48h
HCT116 p53+/+ HCT116 p537-

C Control + Aldh1L1

HCT116p53+/+
|PoIz

T T T
10" 102 10°
_ AnnexinV-FITC

- T T T
100 10" 12 10 10
_ AnnexinV-FITC

10

R3 R3

R2 R2

HCT116 p53--

)l T Y on ] Y T
10° 10! 102 108 10t 10° 10" 102 10® 10
AnnexinV-FITC AnnexinV-FITC

FIGURE 4. Effects of Aldh1l1 on CerS6 and ceramide levels in HCT116
p53*'* and p53~'~ cells. A, levels of CerS6 in HCT116 p53™/* and HCT116
p537'~ cells at different time points after Aldh1l1 transfection. Actin was
included as loading control. B, levels of C,4-, C,,-, and C,,.,-ceramides in
HCT116 p53*/* and p53~/~ cells transfected with Aldh1l1. Error bars repre-
sent * S.D., n = 3. Statistically significant changes (p < 0.005) are marked with
an asterisk (*). C, annexin V/PI staining of HCT116 and HCT116 p53 ™~/ cells
transfected with empty (control) or Aldh1l1-expressing vector (+Aldh111) at
48 h after transfection.

74, inset) significantly (p < 0.05) prevented C, ,-ceramide accu-
mulation (Fig. 7A), indicating the involvement of PUMA,
downstream of p53, in mediation of ceramide generation in
response to Aldh1l1 folate stress. Likewise, PUMA down-regu-
lation in our experiments inhibited Aldh1l1-induced apoptosis
(Fig. 7B) in agreement with our previous report (36). Further-
more, the silencing of PUMA also rescues the inhibitory effect
of CerS6 in p53-proficient cells (Fig. 7C). These findings imply
arole for PUMA as both a target of ceramide and a mediator of
ceramide effects.

CerS6 Is Up-regulated by Wild Type p53—Whereas p53 reg-
ulates expression of a whole array of genes, CerS6 was not estab-
lished as a p53 transcriptional target. In our experiments, tran-
sient expression of wild type p53 in A549 cells resulted in strong
elevation of CerS6 protein (Fig. 84). At the same time, the
expression of the R175H p53 mutant deficient in DNA binding
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did not increase CerS6 levels (Fig. 84). Interestingly, silencing
of PUMA prevented ceramide accumulation in response to
Aldh1l11 (Fig. 7A). However, a transient expression of PUMA
did not affect CerS6 levels (Fig. 8B), suggesting the lack of its
direct effect on CerS6 expression and implying a different effect
of mediation of ceramide levels by PUMA. The direct effect of
p53 on CerS6 expression was further demonstrated in our
experiments with transient expression of the R175H p53
mutant simultaneously with the induction of Aldh1ll: this
dominant negative mutant prevented elevation of CerS6 in
response to Aldh1l1 (Fig. 8C).

Folate Withdrawal Results in CerS6 Elevation and Ceramide
Accumulation—W e have also measured levels of sphingolipids
in A549 cells kept on folate-free medium. Similar to Aldh1l1
expression, folate withdrawal resulted in elevation of C,4-, C,,-,
C,,.1- and dhC,.-ceramides, which were elevated 4.3-, 2.7-,
4.3-, and 11-fold, respectively, after 2 weeks in folate-free
medium (Fig. 94). In addition, C,,-, C,5-, C,,-, and C,,-cera-
mides were strongly elevated (Fig. 94). The analysis of mRNA
levels of six ceramide synthases in folate-depleted cells by quan-
titative real time PCR has shown a pattern similar to that
observed for Aldh1l1-expressing cells with the strongest eleva-
tion of CerS4 and CerS6 and marginal changes for CerS3 and
CerS5 (Fig. 9B). In line with the data obtained in Aldh1l1-ex-
pressing cells, we have seen elevated levels of p53 and CerS6
proteins in folate-depleted cells (Fig. 9C).

DISCUSSION

Numerous studies have connected ceramide pathways with
induction of apoptosis in response to stress stimuli (5). Among
others, these stimuli include starvation, such as serum or nutri-
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ent deprivation (15, 19). Folate is one of the essential nutrients,
which cannot be synthesized by mammalian cells (20). Accord-
ingly, folate deficiency produces dramatic effects on cellular
homeostasis, eventually inhibiting proliferation and inducing
apoptosis (51). Interestingly, whereas the relationship between
ceramide and folate pathways is largely unknown, it has been
reported that treatment of Molt-4 human T cell leukemia cells
with the thymidylate synthase inhibitor GW1843 results in cer-
amide accumulation (52). Because the inhibitor affects one of
the folate-dependent pathways, this finding indicates that the
ceramide signaling could play a role in initiating cell death in
response to the disruption of folate metabolism. Effects similar
to folate deficiency or antifolate treatment can be also achieved
by up-regulation of Aldh1l1, a common folate enzyme, which
has been implicated as a metabolic regulator controlling cellu-
lar proliferation (31). In agreement with this role, the protein is
strongly and ubiquitously down-regulated in human tumors
and cancer cell lines with its reexpression evoking strong cyto-
toxicity by induction of apoptosis (35). The Aldhll1-induced
apoptosis is a complex cellular response involving a variety of
downstream mediators (36 —38, 40, 41). A possible link between
this major folate regulatory enzyme and ceramide metabolism
has not been pursued previously.

The increase in levels of C,.-, C,,-, and C,, ,-ceramides
upon Aldh1l1 expression, observed in our experiments, sug-
gested that the ceramide signaling pathways are involved in
folate stress response. This increase could be a nonspecific
postapoptotic accumulation of ceramide species. However, the
fact that ceramide synthesis inhibitors MYR and FB1 protected
cells from Aldh1l1-induced apoptosis indicates otherwise and
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FIGURE 9. Accumulation of ceramide and elevation of ceramide synthases in A549 cells in response to folate withdrawal. A, levels of ceramide in cells
kept on normal (control) or folate-free medium. B, levels of CerS1-6 mRNA (quantitative real time PCR) after folate withdrawal. C, elevation of p53 and CerS6
proteins in folate-depleted cells. Actin is shown as loading control. Error bars represent = S.D., n = 2; ¥, p < 0.005.

points to ceramide as an essential downstream mediator of
Aldhl1ll effects. The inhibitory effect of MYR and FB1 on
Aldh1l1-induced apoptosis also suggested that ceramide accu-
mulation in response to Aldh1l1 is likely a result of the activa-
tion of de novo ceramide biosynthesis because both compounds
target enzymes in this pathway. The accumulation of dhC,-
ceramide was also in agreement with activation of the de novo
pathway. In support of this mechanism, we observed a substan-
tial elevation of CerS6 at both mRNA and protein levels in
response to Aldh1l1. Interestingly, this increase was temporal
and did not sustain beyond 48 h. Because CerS6 produces pref-
erentially shorter chain ceramide species, including C,4 (47),
the above data are in agreement with the type of ceramide accu-
mulated in response to Aldh1l1, through CerS6 induction. Sur-
prisingly, we did not observe the elevation of C,4- or C,,-cer-
amide as could be expected based on the increase of CerS4
mRNA (3). The increase in C,,-ceramide is in agreement with
notable (although not statistically significant) increase in CerS2
mRNA. Of note, the increase in CerS2 mRNA (p < 0.05, n = 2)
concomitant with the C,,-ceramide elevation was also seen
upon folate depletion. A recent report highlighted het-
erodimerization of CerS enzymes as a mechanism affecting
ceramide production (53). Relevant to our data, it has been
shown that CerS6 activates CerS2 upon their heterodimeriza-
tion. In this regard, it is likely that such mechanism can regulate
specific ceramides in response to folate stress. The finding that
silencing CerS6 prevented accumulation of C,,- and C,, ,-cer-
amide as well (Fig. 2D) supports this possibility. The lack of the
effect of CerS2 siRNA knockdown on the antiproliferative func-
tion of Aldhlll is in line with this mechanism and further
underscores CerS6 as the mediator of the stress response.

In cancer cells, the activation of CerS6 was mainly associated
with proapoptotic responses (54-56), although an opposite
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effect was observed in human head and neck squamous cell
carcinomas (43). In our study, the support for the proapoptotic
role of CerS6 in cellular response to Aldhlll was obtained in
siRNA knockdown experiments. Importantly, the knockdown
of CerS6 in A549 cells not only eliminated C, ¢-ceramide accu-
mulation upon Aldh1ll expression but also completely pre-
vented Aldhl1ll-induced apoptosis, thus indicating that this
ceramide synthase is a part of the Aldh1l1 apoptotic signaling.

Aldh1l1 induces several apoptotic pathways but in p53-pro-
ficient cells the activation of p53 is a required event (35, 38).
Thus, silencing of p53 in A549 or HCT116 cells completely
rescued them from Aldh1ll-induced apoptosis (38). Whereas
the relationship between p53 and ceramide accumulation in
response to stress perhaps depends on the insult and might be
cell type-specific, several studies support the role of ceramide as
a downstream effector of p53 in apoptosis induction. For exam-
ple, the ceramide accumulation following treatment with low
concentrations of actinomycin D or +y-irradiation was p53-de-
pendent in Molt-4 leukemia cells (48). Likewise, TNF-a-stim-
ulated ceramide generation does not take place in cells deficient
in p53 or expressing mutant protein (57). Results of our study
are in line with these observations: no changes in ceramide
accumulation in response to Aldhlll were observed in p53-
deficient A549 or HCT116 cells. Furthermore, Aldh1l1l does
not evoke CerS6 accumulation in the absence of p53. Because in
p53-proficient cells we observed accumulation of both Cers6
mRNA and protein, these results could be interpreted as the
transcriptional activation of the enzyme by p53. Whereas p53
consensus binding motifs were not found in the CerS6 pro-
moter (58), the p53 activation can perhaps result in up-regula-
tion of CerS6 indirectly through other transcription factors,
mRNA stability, microRNA, or protein degradation. However,
our results indicate that CerS6 is a likely transcriptional target
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of p53.Indeed, it was up-regulated upon transient expression
of wild type p53 but not the R175H p53 mutant, which does
not bind DNA (59). Moreover, this dominant negative
mutant prevented accumulation of CerS6 in response to
Aldh1l1. In further support of this mechanism, our search
using SABiosciences Transcription Factor Search Portal
revealed the presence of the p53 binding site at approximately 3
kb downstream of the CerS6 transcription start site.

The main downstream mediator of the p53 apoptotic
response is PUMA, a proapoptotic BH-3-only member of the
Bcl-2 family of proteins (60). It binds antiapoptotic Bcl-2,
thereby relieving the inhibition of Bax and/or Bak by Bcl-2 (61).
PUMA has been also shown to directly activate Bax and assist
its membrane association and oligomerization, independent of
Bax interaction with Bcl-2 (61). PUMA is essential for p53-de-
pendent apoptosis in response to a variety of genotoxic stimuli,
including adriamycin, fluorouracil, cisplatin, etoposide, and
UV radiation, but it can be also activated by nongenotoxic
stress (62). One of the examples of the latter is the Aldh1l1-
induced apoptosis, which takes place in response to nucleotide
deprivation in the absence of detectable DNA damage (36, 38).
Of note, PUMA was strongly activated in p53-proficient cells in
response to Aldhlll whereas its siRNA silencing completely
prevented cell death in this system (36). Surprisingly, the pres-
ent study also demonstrated that the silencing of PUMA pre-
vented ceramide accumulation in response to Aldhlll, a find-
ing implicating PUMA as an upstream activator of ceramide
generation. Whereas precise mechanisms of the PUMA
involvement in the ceramide production are not clear at pres-
ent, several lines of evidence suggested a connection between
ceramide and proteins of the Bcl-2 family. Thus, in the case of
etoposide-treated C6 glioma cells, ceramide was found to play a
role in the increase of the Bax/Bcl-2 ratio (63). Sphingolipid
metabolism has been further implicated in co-operation with
BAK/BAX activation in the induction of apoptosis (64). Impor-
tantly, a recent study demonstrated that, in response to apopto-
tic stimuli, the proapoptotic Bcl-2 family member Bak mediates
an increase in long chain ceramide via the de novo pathway
through the activation of CerS enzymes (42). Furthermore, our
findings that CerS6 activates PUMA expression in a p53-de-
pendent manner indicate reciprocal relationships between cer-
amide pathways and this proapoptotic effector.

Overall, our study revealed that ceramide metabolism
responds to Aldhll1-induced folate stress and pointed toward
CerS6 as an essential downstream mediator of Aldhlll-in-
duced p53-dependent apoptosis. Importantly, our experiments
with folate-depleted cells further demonstrated that this mech-
anism is not limited to Aldh1l1 but is a more general response
to folate stress. Mechanistically, this study demonstrated that
ceramide signaling is regulated by p53 upon nongenotoxic
stress and highlighted two downstream effectors, a canonical
p53 target, PUMA, and a novel target, CerS6 (schematically
depicted in Fig. 10). Of note, PUMA has not been previously
implicated in the regulation of ceramide generation. The ques-
tion of whether these two effectors function independently or
co-operatively in ceramide regulation is a matter for future
studies. Our finding that proapoptotic functions of CerS6/C, -
ceramide are mediated downstream of p53/PUMA signaling
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FIGURE 10. Model for mediation of folate stress by CerS6. Folate stress is
sensed by p53 and translated to CerS6 through its transcriptional activation.
The elevation of C,4-ceramide by CerS6 feeds back to p53 further amplifying
stress-response signal through stronger induction of proapoptotic PUMA.
PUMA itself positively modulates C,¢-ceramide generation, which is an addi-
tional mechanism to enhance the apoptotic response.

Folate
stress

implies that cancer cells with altered p53/PUMA axis might
respond differently to CerS6/C, ¢-ceramide-induced stress. In
this regard, it would be interesting to determine whether the
distinct role attributed to CerS6/C,-ceramide in head and
neck squamous cell carcinomas (43) is due to alterations of
p53/PUMA in these cancers. On a more general notion, both
folate and ceramide are involved in fundamental cellular pro-
cesses such as nucleic acid biosynthesis, methylation, and sig-
naling. Therefore, it is not surprising that the two pathways
interplay in the regulation of cellular homeostasis.
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