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Abstract
In this study, we report the characterization of a novel genotoxic and nongenotoxic stress-regulated
gene that we had previously named as SKNY. Our results indicate that SKNY encodes the recently
identified neutral sphingomyelinase-3 (nSMase3; hereafter SKNY is referred to as nSMase3).
Examination of nSMase3 subcellular distribution reveals nSMase3 to localize to the endoplasmic
reticulum (ER), and deletion of a COOH-terminal region containing its putative transmembrane
domain and ER targeting signal partly alters its compartmentalization to the ER. Treatment with
genotoxic Adriamycin and nongenotoxic tumor necrosis factor-α up-regulates endogenous nSMase3
expression, albeit with different kinetics. Tumor necrosis factor-α up-regulates nSMase3 expression
within 2 h that lasts beyond 24 h and declines to control levels by 36 h. Adriamycin up-regulation
of nSMase3 is transient, occurs within 30 min, and declines to control levels by 120 min. Prolonged
treatment with Adriamycin by 24 h and beyond, however, causes a down-regulation in nSMase3
expression. Activation of wild-type p53 also down-regulates nSMase3 expression, suggesting that
DNA damage-mediated nSMase3 down-regulation seems to occur partly through the tumor
suppressor p53. Overexpression of exogenous nSMase3 sensitizes cells to Adriamycin-induced cell
killing, a finding consistent with the proposed proapoptotic role of nSMase enzymes and nSMase-
generated ceramide. We further investigated nSMase3 expression in various human malignancies
and found its expression to be deregulated in several types of primary tumors when compared with
their matching normal tissues. Collectively, our results have identified nSMase3 to be an important
molecule that is linked to tumorigenesis and cellular stress response.

Introduction
Long been known to serve as basic structural components of cellular membranes, sphingolipids
are becoming increasingly recognized as critical modulators of cell signaling events (1,2).
Ceramide is a central hub for sphingolipid metabolism with its breakdown or modification
resulting in the formation of a host of sphingolipids such as sphingosine, sphingosine-1-
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phosphate, and ceramide-1-phosphate that, like ceramide itself, can potentially serve as both
structural and/or cell signaling molecules (1–4). It has been well established that ceramide
mostly functions to potentiate cell death; however, some lines of evidence suggest that it may
also serve to promote cell growth and differentiation, thus making it a pleiotropic molecule
(5). Complimentary to ceramide catalysis is its synthesis, which can occur through multiple
mechanisms, most notably via (a) de novo ceramide synthesis or (b) the hydrolysis of
sphingomyelin into ceramide and phosphorylcholine (1–4). The former occurs at the cytosolic
surface of the endoplasmic reticulum (ER) and is followed by vesicular or CERT-mediated
nonvesicular transport of ceramide to the Golgi apparatus (6,7). The generation of ceramide
that occurs through the breakdown of sphingomyelin is facilitated by sphingomyelinases, of
which there are multiple classes categorized by the pH at which they achieve optimal activity
(8).

In the context of human malignancy, increased ceramide production by either ceramide-
synthesizing pathway is usually synonymous with the suppression of tumor cell growth and
proliferation. This is evidenced by numerous cell-based and animal studies showing the ability
of ceramide to induce cell cycle arrest or apoptosis (9–11). Furthermore, ceramide has been
shown to function as a key mediator of apoptosis brought on by stress-inducing therapeutic
agents, such as anthracyclines (11–14), ionizing radiation (15,16), tumor necrosis factor (TNF)-
related apoptosis-inducing ligand (17), and paclitaxel (18). Reciprocally, the inhibition of
ceramide production by compounds such as the ceramide synthase inhibitor fumonisin B1 or
by small interfering RNA approaches has been shown to abrogate stress-induced apoptosis
(11,19–21). Collectively, these findings have outlined (a) a critical inhibitory role for ceramide
during tumorigenesis and (b) its ability to sensitize malignant cells to the effects of radiation
and chemotherapeutic agents.

The modulation of ceramide levels (a) by stress-inducing agents (11–18) or (b) as noted in
multiple primary tumor types (reviewed in refs. 3,22) is likely to result due to multiple changes
in the regulation of ceramide-metabolizing enzymes or pathways; however, the exact molecular
mechanisms responsible for these alterations remain unclear. Many initial studies implicated
acid sphingomyelinase (aSMase) as a critical mediator of the stress response. For example,
activation of death receptors TNF receptor 1 and Fas (CD95) is known to stimulate ceramide
production through activation of aSMase (23,24). Similarly, the activation of aSMase by
ionizing radiation is well established (16,25) and increased aSMase activity following the
DNA-damaging drug Adriamycin (doxorubicin) has also been reported (26). The importance
of aSMase-mediated ceramide production is exemplified in aSMase−/− mice and in
lymphoblasts from Niemann-Pick patients that lack aSMase activity, where generation of
ceramide and induction of apoptosis following exposure to ionizing radiation is abrogated
(16).

More recently, the neutral sphingomyelinases (nSMase) have also been implicated in cell
stress-induced growth arrest and apoptosis. For example, nSMase1 and nSMase2 activation
has been reported by TNF-α (27,28), and thus, ceramide produced following TNF-α is likely
to result due to coordinate increases in the activities of both aSMases and nSMases. In addition
to TNF-α, nSMase2 is also activated by oxidative stress (29) and seems to be involved in
inducing growth arrest in MCF-7 human breast cancer cells (30). Furthermore, nSMase activity
is enhanced by ionizing radiation (15,31), the DNA-damaging agents Adriamycin,
daunorubicin, and etoposide (12,32,33), hypoxia (34), and UV radiation (35), although the
relative contribution of specific nSMase enzymes in mediating the response to these stressors
remains unclear. The creation of nSMase1−/− and nSMase2−/− mice has provided some insights
into the functions of these enzymes (36,37); however, more studies are needed to fully examine
the independent effects of each in cellular stress-induced ceramide generation and their role in
tumorigenesis. Adding another layer to the complexity of ceramide metabolism, Krut et al.
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(38) have very recently reported the identification of nSMase3 as a third neutral
sphingomyelinase. Remarkably, several years ago, using an unbiased technique, we had
discovered a novel genotoxic and nongenotoxic stress-regulated gene named SKNY, which was
recently identified to encode nSMase3. Given that very little is known about the biological
functions of nSMase3, here we report further characterization of nSMase3 and its potential
role in chemotherapy-induced growth inhibition in human cancer cells and its deregulation in
various human tumor tissues.

Results
Identification of nSMase3 as a Novel Stress-Regulated Gene

Previously, we reported the cloning and characterization of DNA damage-regulated genes
(39,40) whose partial-length cDNAs were first identified by subtraction hybridization approach
(41). Recently, we used computer-based approaches to aligning redundant expressed sequence
tags in the databases to search for sequences that contained novel open reading frames (ORF),
and identified multiple novel ORFs exhibiting regulation in response to genotoxic (DNA
damage) and nongenotoxic stresses. This approach enabled us to identify and clone several
novel stress-regulated genes, including the recently reported PDRG (42) and PIQ (43). One of
the novel stress-regulated cDNAs (temporarily named SKNY) was found to encode a
hypothetical protein of 866 amino acids with predicted molecular mass of 98 kDa. More
recently, Krut et al. (38) reported the identification of a nSMase3; our sequence comparison
of nSMase3 and SKNY revealed both to be identical (hereafter SKNY will be referred to as
nSMase3). Interestingly, nSMase3 does not display significant sequence homology with
nSMase1 and nSMase2 or any other known sphingomyelinases, which is in keeping with our
inability to identify SKNY as a novel neutral sphingomyelinase. Figure 1 shows the amino
acid sequence of nSMase3 and a schematic illustration of its putative motifs. The putative
structural motifs were searched using multiple protein prediction programs, including ELM,
EMBL-EBI, Prosite, PSORTII, SOSUI, and TMPed. These predictions revealed a putative
proline-rich region, which is believed to mediate protein-protein interactions, and, depending
on the program, either a one or two transmembrane-spanning region residing at amino acids
819 to 857 at the COOH terminus of nSMase3 (Fig. 1). Several of these programs predicted a
putative KKXX-like ER retention signal also at the nSMase3 COOH terminus (Fig. 1).

nSMase3 Is Localized to the ER
Based on subcellular localization predictions, we did a series of experiments to investigate
whether nSMase3 indeed resides at the ER. First, we generated the expression construct
pEGFPnSMase3 in which green fluorescent protein (GFP) was tagged to the NH2 terminus of
nSMase3. HEK293T cells were transiently transfected with the pEGFP-nSMase3, and Western
blot analyses done on cell lysates confirmed the expression as well as the correct size of the
GFP-tagged nSMase3 (Fig. 2A and B). HeLa human cervical cancer cells were then transiently
transfected with expression constructs pEGFP or pEGFP-nSMase3 in combination with the
expression vector pDsRed2-ER. The expression vector pDsRed2-ER expresses a red
fluorescent protein directed specifically to the ER by an NH2-terminal ER localization signal
and a COOH-terminal ER retention signal. As shown in Fig. 2C, GFP-tagged nSMase3
exhibited colocalization with ER-localized red fluorescent protein, indicating that nSMase3
was in fact directed to the ER. Similar results were obtained when GFP was tagged to the
COOH terminus of nSMase3 (data not shown), suggesting that the localization of nSMase3
was not influenced by the presence of GFP tag.

We also sought to investigate the significance of the predicted KKXX-like ER retention signal
present at position 862 to 865 (KLHQ) in nSMase3. To that end, we did site-directed
mutagenesis and replaced the KLHQ sequence with alanine residues and assessed the

Corcoran et al. Page 3

Mol Cancer Res. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



subcellular localization of the mutant nSMase3. As shown in Fig. 2C, mutation of the putative
ER retention signal “KLHQ” had no apparent effect on nSMase3 localization, suggesting that
this sequence does not seem to play a role in the ER localization of nSMase3. It may be possible
that nSMase3 belongs to the C-tail–anchored protein family that lacks the consensus ER
targeting and retention signals (38); however, whether nSMase3 is in fact a C-tail–anchored
protein remains to be investigated. C-tail–anchored proteins are believed to harbor their ER or
mitochondrial targeting signals within their COOH-terminal transmembrane domains (TMD;
refs. 44,45) We therefore reasoned that if nSMase3 also harbored ER targeting and retention
signal in the TMD, then deletion of the TMD should significantly alter the localization of
nSMase3 to the ER. To investigate this possibility, we did site-directed mutagenesis to delete
the COOH terminus of nSMase3 (nSMase3 ΔC) and analyzed its subcellular distribution. As
shown in Fig. 2C, deletion of the putative nSMase3 TMD decreased its colocalization with the
ER marker protein (red fluorescent); however, the majority of nSMase3 seemed to maintain a
punctuate perinuclear distribution pattern, suggesting most of the nSMase3 ΔC to still localize
to the ER (Fig. 2C).

TNF-α and Adriamycin Regulate nSMase3 mRNA Expression
Figure 3A shows nSMase3 regulation by the nongenotoxic agent TNF-α, and as is shown,
TNF-α treatment of HT29 human colon cancer cells up-regulated nSMase3 mRNA expression
as a function of time and its effect was blunted by 36 h and thereafter. It is well established
that TNF-α potently enhances the expression of cyclooxygenase-2 during the inflammatory
response (46). Therefore, as a control, we probed the same blot for cyclooxygenase-2
expression, and as expected, TNF-α up-regulated cyclooxygenase-2 mRNA levels (Fig. 3A).
The genotoxic agent Adriamycin also up-regulated nSMase3 expression that was noted at very
early time points. Figure 3B shows a representative Northern blot indicating nSMase3 up-
regulation by Adriamycin in RKO human colon cancer cells, and as is shown, Adriamycin-
mediated up-regulation of nSMase was noted within 30 min of Adriamycin treatment and
declined by 120 min. Next, we sought to investigate the effect of Adriamycin on nSMase3
expression following longer-term treatment, and as shown in Fig. 3D, prolonged treatment
with Adriamycin caused a decrease in nSMase3 levels in various human colon cancer cell lines,
including RKO, HT29, and DLD1.

p53 Down-Regulates nSMase3 mRNA Expression
The tumor suppressor p53 is a major regulator of the cellular response to genotoxic stress
(47–49). One way in which p53 modulates the cellular stress response is by functioning as a
transcription factor to regulate the expression of genes important to cell growth arrest and
apoptosis, such as p21WAF1, PUMA, DR5, and BAX. Because genotoxic stress regulated
nSMase3 expression, we therefore sought to investigate p53 regulation of nSMase3 expression.
To that end, we used DLD1 human colon cancer cells harboring a “bidirectional tet-off
expression vector” system controlling the inducible expression of exogenous wild-type (WT)
p53 (50). In these cells, the expression of p53 is repressed when they are grown in the presence
of doxycycline but induced when the antibiotic is removed from the growth medium. Figure
4 shows that induction of p53 expression in these cells was associated with an obvious decrease
in the endogenous nSMase3 mRNA levels within 8 h. To confirm the functionality of WT p53,
we also analyzed the expression of p21WAF1, a well-established downstream target of p53. As
is shown in Fig. 4, p21WAF1 levels were increased following p53 induction, thereby confirming
the functionality of exogenous WT p53. Our results therefore suggest that p53 seems to be
partly involved in the down-regulation of nSMase3 expression during prolonged genotoxic
stress.
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nSMase3 Overexpression Sensitizes Cells to DNA Damage-Induced Apoptosis
Given that nSMase3 is a newly discovered member of the neutral sphingomyelinase family,
its role in modulating cell growth or apoptosis has not been investigated. Thus, to gain further
insight as to what role nSMase3 may play in these processes, we first generated cell lines stably
expressing exogenous nSMase3. RKO and DLD1 human colon cancer cells were used for
transfections with an expression vector carrying Myc-tagged nSMase3. Stable clones
expressing nSMase3 were identified by Western blotting using anti-Myc antibodies. We
selected two clones for each cell line for further studies, and the relative expression of
exogenous nSMase3 in these stable transfectants is shown in Fig. 5A. Cellular sphingomyelin
levels were also measured in these stable transfectants to confirm that the exogenous nSMase3
was enzymatically active, and as shown in Fig. 5B, both RKO and DLD1 expressing exogenous
nSMase3 displayed reduced levels of total sphingomyelin compared with vector-only–
transfected cells. The major species were C24-sphingomyelin and C16-sphingomyelin, whose
levels were 13.7 and 20.4 or 25.5, 9.4, and 16.9 pmol/nmol Pi in vector-transfected RKO or
DLD1 cells, respectively. The overexpression of nSMase3 resulted in average about 45% and
20% or 26% and 32% reduction in the levels of C24-sphingomyelin and C16-sphingomyelin
levels in RKO or DLD1 cells, respectively. These results indicated that the exogenous nSMase3
in these cells was functional. Interestingly, measurement of C14-ceramide to C26-ceramide
levels did not show any significant up-regulation in response to nSMase3 overexpression
compared with controls (data not shown), suggesting a rapid metabolic turnover of ceramide
after hydrolysis of sphingomyelin by nSMase3 in these cells.

Next, we treated vector-transfected or nSMase3-transfected cells with Adriamycin and did
clonogenic survival assays. As shown in Fig. 5C and D, overexpression of nSMase3 in RKO
as well as DLD1 cells sensitized cells to Adriamycin-mediated killing as was evident by
reduced clonogenic survival by nSMase3-expressing cells (Table 1 and Table 2).We also
investigated the role of exogenous nSMase3 in modulating the acute effect of genotoxic stress,
and to that end, we did 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assays using vector-only–transfected or nSMase3-transfected DLD1 cells. As shown in Fig.
5E, nSMase3 also sensitized DLD1 cells to acute Adriamycin-induced cell killing, a finding
that is consistent with results obtained from clonogenic survival assays. Similar results were
also obtained using RKO vector and nSMase3 stable transfectants (data not shown).
Collectively, the results indicate that nSMase3 is involved in sensitizing cells to genotoxic
stress-induced cell death.

nSMase3 Expression Is Increased in Primary Human Cancers
Our results indicate that nSMase3 is regulated by DNA damage and it is also regulated by the
tumor suppressor p53. p53 is activated by DNA damage and is frequently inactivated in human
malignancies. Consequently, we found it relevant to investigate the expression status of
nSMase3 in human malignancies. First, we analyzed nSMase3 expression in established cell
lines representing various human malignancies, including cancers of the colon, lung, breast,
and prostate. Figure 6A shows that nSMase3 expression was easily detectable in all cancer cell
lines tested. Next, we examined its expression in primary matched normal and tumor specimens
representing 241 patients and 13 tissue types. Figure 6B shows representative results of
nSMase3 expression in samples representing breast, rectum, and uterus. The overall results,
summarized in Table 3, show that nSMase3 expression was increased in ~58% (29 of 50) of
breast, 56% (19 of 34) of colon, and 72% (13 of 18) of rectal tumors when compared with their
matched normal tissues. Interestingly, however, nSMase expression was found to be down-
regulated in cancers of the lung (42%, 9 of 21) and kidney (70%, 14 of 20) when compared
with their matching normal tissues (Fig. 6C; Table 3). Deregulation of nSMase3 expression in
human malignancies seems to be tissue specific, although for some malignancies such as
pancreas, prostate, small intestine, and thyroid the sample size was too small to draw a
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meaningful conclusion. The clinicopathologic features of the tumors exhibiting changes in
nSMase3 regulation are presented in Supplementary Tables S1 to S4.

Discussion
A large body of evidence has implicated nSMases and nSMase-derived ceramide as important
modulators of the cellular response not only to TNF-α but also to genotoxic agents such as γ-
radiation and Adriamycin (12,31–33). nSMase3 is a new member of the neutral
sphingomyelinase family, and before this report, its role in cell growth modulation and
apoptosis was not known. Here, we report that nSMase3 gene expression is regulated by
nongenotoxic TNF-α and genotoxic Adriamycin. Our results further show that expression of
exogenous nSMase3 sensitizes cells to DNA damage-induced cell killing, a novel finding that
is consistent with the expected growth-inhibitory and proapoptotic role of other nSMase
enzymes. It is therefore conceivable that endogenous nSMase3 would also serve to sensitize
cells to DNA damage-mediated negative growth regulation. Interestingly, DNA damage-
induced up-regulation of endogenous nSMase3 occurs only at early (<2 h) time points followed
by a decrease in its expression after ~24 h. Given that DNA damage-mediated down-regulation
of nSMase3 at later time points would likely result in decreased nSMase activity, conceivably
it is the early up-regulation of endogenous nSMase3 that may be responsible, at least in part,
for its ability to sensitize cells to DNA damage-induced cell killing.

Although speculative, our results also tend to suggest that nSMase3 may not be responsible
for lengthened periods of ceramide production that occur in hours to days following treatment
with γ-radiation or Adriamycin (11,13,25). The possibility therefore exists that one of several
other ceramide-generating pathways may be responsible for the extended production of
ceramide. Ceramide synthase, for example, is activated by daunorubicin and γ-radiation
resulting in prolonged ceramide production (11,51), suggesting that de novo ceramide synthesis
rather than a sphingomyelinase-mediated mechanism may be involved. Alternatively, it has
been proposed that elevated ceramide levels following DNA damage is partly the result of the
p53-mediated down-regulation of sphingosine-kinase-1, which is involved in the catabolism
of ceramide to sphingosine-1-phosphate (52). The result of sphingosine-kinase-1 down-
regulation by these means would therefore be through ceramide accumulation versus
alterations in ceramide synthesis. Further studies are therefore needed to fully elucidate the
relative contributions of the different ceramide-metabolizing pathways during both acute and
long-term phases of the genotoxic stress.

Our results indicate that RKO and DLD1 cells expressing exogenous nSMase3 are more
sensitive to Adriamycin-induced cell death. In these cells, we also showed that exogenous
nSMase3 was functional, as nSMase3-expressing cells displayed reduced levels of total
sphingomyelin compared with vector control cells. Interestingly, measurement of C14-
ceramide to C26-ceramide levels did not show any significant up-regulation in response to
nSMase3 overexpression compared with controls. These results suggest a rapid metabolic
turnover of ceramide after hydrolysis of sphingomyelin by nSMase3 in these cells. As ceramide
is believed to be a central hub for sphingolipid metabolism, several pathways could essentially
be acting to catabolize or convert nSMase3-generated ceramide in these cells. For instance, it
has been proposed that ceramidase activity may be great enough in some cells to essentially
convert ceramide in a stoichiometric fashion to sphingosine such that increases in ceramide
levels are not observed (53). In this regard, increases in sphingosine levels are indeed elevated
in nSMase3-expressing DLD1 cells (but not in RKO cells) compared with vector-only cells
(data not shown). Alternatively, ceramide could be converted to acylceramide or
glucosylceramide by the actions of acyl or glucosyl ceramide synthases (53). Of note, the
contribution of nSMase3-dependent decreases in sphingomyelin levels to the sensitization to
Adriamycin must also be carefully considered. Future in-depth studies evaluating the
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contribution of nSMase3 enzymatic activity will be valuable in better defining its apparent
proapoptotic role.

In light of our finding that DNA damage regulates nSMase3 expression, we also evaluated
whether the tumor suppressor p53, a major regulator of the response of the cell to genotoxic
stress, could do the same. We have found that WT p53 down-regulates nSMase3 mRNA
expression in p53-inducible DLD1 cells; however, whether p53 mediates this effect directly
or indirectly remains to be elucidated. Because nSMase3 expression is down-regulated in both
RKO cells (WT p53) and HT29 and DLD1 cells (mutant p53) by prolonged Adriamycin
treatment, it is likely that nSMase3 expression can also occur in a p53-independent manner.
Whether WT p53 is responsible, at least in part, for increased nSMase3 levels in the early time
frame of Adriamycin treatment also warrants further investigation. Because RKO cells harbor
WT p53, it is possible that p53 can in fact mediate both nSMase3 up-regulation at very early
time points as well as the repression of nSMase3 expression that occurs in these cells with
prolonged Adriamycin treatment.

Nonetheless, our results support a role for WT p53 in genotoxic stress-mediated down-
regulation of nSMase3. The idea that genotoxic stress and p53 would down-regulate nSMase3
seems incongruous to the well-established role of p53 as a promoter of growth arrest and
apoptosis. To the best of our knowledge, this is the first report of p53 modulating the expression
of an individual nSMase; however, the notion that p53 facilitates decreased ceramide levels is
not without precedence. For instance, Hara et al. (25) have reported that γ-radiation causes a
p53-dependent increase in acid ceramidase, an enzyme that hydrolyzes proapoptotic ceramide
to form growth-promoting sphingosine. Reciprocally, previous studies have shown the p53-
dependent increases in ceramide levels via down-regulation of sphingosine-kinase-1, thus
forming the concept that p53 promotes ceramide generation rather than promoting its
breakdown or abrogating its synthesis (52). Thus, the role p53 seems to play in ceramide
metabolism is currently unclear and therefore warrants further examination.

To gain additional insight into the function of nSMase3, we analyzed the nSMase3 protein
sequence using multiple publicly available protein prediction programs and these predictions
revealed either a one or two transmembrane-spanning region as well as a putative KKXX-like
ER retention signal at the nSMase3 COOH terminus (Fig. 1). Our results showed that mutation
of the putative KKXX-like motif (KLHQ) did not abolish compartmentalization of nSMase3
to the ER. Given that C-tail–anchored proteins are believed to retain their ER targeting signals
within their COOH-terminal TMD (44,45), we also deleted the COOH-terminal TMD.
However, our deletion of the TMD from nSMase3 resulted in only partial disruption of
nSMase3 localization to the ER. nSMase3 localization to the trans-Golgi apparatus has also
been shown (38), and thus, deletion of the nSMase3 TMD may allow for partial migration from
the ER to the nearby Golgi network. Alternatively, nSMase3 may be targeted or retained in
the ER by additional signals still present within the protein or perhaps through protein-protein
interactions. Further in-depth studies examining nSMase3 protein structure and its potential
binding partners would help to elucidate the exact mechanisms that lead to nSMase3 ER
compartmentalization.

Given that nSMase3 is regulated by DNA damage and it is also regulated by the tumor
suppressor p53, we found it relevant to investigate the expression status of nSMase3 in human
malignancies. Our results indicate that in tumors of the colon, rectum, stomach, breast, ovary,
and uterus, nSMase3 mRNA levels were increased when compared with their respective
matching normal tissues. Assuming that increased mRNA levels to be coupled with increased
nSMase3 activity, the increased levels of nSMase3 in these tumor types would seem
incongruous because ceramide is a well-established growth-inhibitory molecule and we have
shown nSMase3 to sensitize cells to Adriamycin. Interestingly, however, it has been reported
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that in some malignancies, for example, in head and neck squamous cell carcinoma, total
ceramide levels are actually elevated in tumor tissues when compared with corresponding
normal tissues (22). Thus, it is possible that nSMase3 expression and activity may be enhanced
in some tumor types as we have shown but it is also possible that tumors could lose their
sensitivity to the effects of nSMase3-generated ceramide. Furthermore, up-regulation of
growth-inhibitory molecules in human malignancies is not without precedence. For example,
p21WAF1 (54), death receptors DR4 and DR5 (55,56), and death receptor ligands FasL (55)
and TNF-related apoptosis-inducing ligand (55,56) are up-regulated in renal (54), cervical
(55), and colon (56) cancers, and in some cases, their increased expression has been associated
with higher-grade tumors and poor prognosis.

It is also possible that up-regulation of nSMase3 expression noted in primary tumors could be
a positive compensatory response by the cell in an effort to make up for decreased ceramide
production or enhanced ceramide breakdown by other ceramide-metabolizing proteins. For
instance, sphingosine-kinase-1 mRNA and protein expression are elevated in a variety of
malignancies, which would increase ceramide to sphingosine-1-phosphate turnover (57). Thus,
by enhancing nSMase3 expression, the cell would attempt to correct ceramide production,
which is abrogated in primary tumor specimens (3,22). We have also shown that p53 down-
regulates nSMase3 expression, and thus, elevated nSMase3 expression in primary tumors could
in some cases also be the result of p53 inactivation, which is known to occur in 50% of all
cancers and 70% of colorectal cancers, specifically (48,49). Future studies are certainly needed
to evaluate these and other possibilities that might lead to nSMase3 up-regulation in primary
tumors. We also noted that tumors of the lungs and kidneys displayed decreased expression of
nSMase3 when compared with their respective normal tissues. Currently, the reason for the
differential regulation of nSMase in tumors of the lungs and kidneys is not clear and analyses
of additional tissue specimens are needed to draw a firm conclusion. Additionally, future long-
term studies aimed at characterizing the phenotype of cancer cells in which nSMase3
expression is abrogated will be helpful to further define its role in tumorigenesis, particularly
in cancers of the lungs and kidneys where nSMase3 expression seems to be down-regulated.

In summary, our present study has provided valuable information about the regulation and
potential function of nSMase3 in cellular response to stress and during tumorigenesis. These
findings have laid the groundwork for future in-depth studies to further dissect the molecular
mechanisms regulating the functions of nSMase3 and to better our understanding of its role in
physiologic and pathophysiologic processes.

Materials and Methods
Cell Culture and Reagents

DMEM, McCoy’s 5A, Ham’s F-12, and RPMI 1640 medium were from Cellgro/Mediatech.
HEK293T (embryonic kidney); HS578T, MCF-7, MDA-MB-231, MDA-MB-468, and T47D
(breast); HeLa (cervical); HT29, RKO, and SW480 (colon); H1299 and A549 (lung); and
ALVA31, DU145, and JCA-1 (prostate/bladder) human cancer cells were regularly maintained
in DMEM. PC-3 human prostate cancer cells were cultured in a 1:1 mixture of DMEM and
Ham’s F-12 medium. HCT15 and HCT116 human colon cancer cells were cultured in McCoy’s
5A medium. DLD1 human colon cancer cells were regularly maintained in RPMI 1640. p53-
inducible DLD1 cells (kindly provided by Dr. Bert Vogelstein, Johns Hopkins, Baltimore, MD)
were kept in DMEM and 40 ng/mL doxycycline was added to suppress p53 expression. All
media were supplemented with 10% fetal bovine serum (Gemini Bioproducts, Inc.), 100 units/
mL penicillin (Cellgro), 100 µg/mL streptomycin (Cellgro), and 2 mmol/L L-glutamine
(Cellgro). Adriamycin, cycloheximide, and doxycycline were purchased from Sigma-Aldrich.
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Plasmids
The plasmid containing an expressed sequence tag corresponding to SKNY/nSMase3 was
purchased from the American Type Culture Collection. pEGFP-C1, pEGFP-N1, and pDsRed2-
ER were purchased from Clontech. To create an NH2-terminal GFP-tagged nSMase3
expression vector, the nSMase3 ORF was amplified using the following primers: forward, 5′-
CCGCTCGAGGCATGACGACTTTCGGCGCCGT-3′; reverse, 5′-
GGAATTCTCAGGGCTGGTGCAGCTTCC-3′. The amplified products were digested with
XhoI and EcoRI and subcloned into pEGFP-C1 such that the nSMase3 ORF is in frame with
that of GFP. A COOH-terminal GFP-tagged nSMase3 expression vector was generated
similarly (forward, 5′-CCGCTCGAGGATGACGACTTTCGGCGCCGT-3′; reverse, 5′-
CGGAATTCGACAGGGCTGGTGCAGCTTCC-3′) and subcloned into the pEGFP-N1
expression vector with GFP in frame with nSMase3. NH2-terminal GFP-tagged nSMase3
mutation and deletion constructs were generated by using QuikChange Site-Directed
Mutagenesis kit (Stratagene). Primers used for the mutation and deletion of nSMase3 domains
are as follows: GFP-nSMase3 poly-ala, 5′-
GCTGACCGAGCGGGGGGCGGCGGCCGCGCCCTGAGAATTCTGC-3′ (forward) and
5′-GCAGAATTCTCAGGGCGCGGCCGCCGCCCCCCGCTCGGTCAGC-3′ (reverse).
Deletion of the COOH-terminal 63-amino acid residues of GFP-nSMase3 was accomplished
by excising a SacII fragment corresponding to base 2,412 of the nSMase3 ORF to a SacII site
in the COOH-terminal pEGFP-C1 multiple cloning site. pcDNA3.1(+) was obtained from
Invitrogen. pcDNA3.1-Myc was generated by introducing a Myc-tag plus linker into
pcDNA3.1(+) using NheI and NotI restriction sites. The primers that were annealed and ligated
into pcDNA3.1(+) are as follows: forward, 5′-
CTAGCCACCATGGAAGAGCAAAAACTCATCTCAGAAGAGGATCTGTTTAAACG
AATTCAAGCTTGC-3′; reverse, 5′-
GGCCGCAAGCTTGAATTCGTTTAAACAGATCCTCTTCTGAGATGAGTTTTTGCTC
TTCCATGGTGG-3′. To create an NH2-terminal Myc-tagged nSMase3 expression vector, the
nSMase3 ORF was amplified using the following primers: forward, 5′-
CGGAATTCGTTTAAAATGACGACTTTCGGCGCCGT-3′; reverse, 5′-
CCGCTCGAGTCAGGGCTGGTGCAGCTTCC-3′. The amplified products were digested
with EcoRI and XhoI and subcloned into pcDNA3.1-Myc such that the nSMase3 ORF was in
frame with that of the Myc tag. All vectors were sequenced to confirm the correct in-frame
subcloning or mutation/deletion.

Transfections
All transfections were done using Lipofectamine 2000 reagent (Invitrogen) per the
manufacturer’s instructions. For GFP-nSMase3 protein expression analysis, HEK293T cells
were transiently transfected for 6 h on 60-mm plates. For GFP-nSMase3 localization
experiments, HeLa cells were transiently cotransfected with pEGFP-nSMase3 constructs and
pDsRed2-ER in a 3:1 ratio for 6 h on LabTek II chamber slides. Both HEK293T and HeLa
cells were then washed with medium following transfection and allowed to express for ~24 h.

To establish DLD1 and RKO cells stably expressing nSMase3, cells were plated at
approximately 60% to 70% on 60-mm plates. Each cell line was transfected with either empty
pcDNA3.1-Myc or pcDNA3.1-Myc-nSMase3 for 6 h. Twenty-four hours after transfection,
DLD1 and RKO cells were harvested and reseeded onto 150-mm plates in the presence of 400
µg/mL or 1 mg/mL of G418 sulfate (Cellgro), respectively. At 12 to 14 d, several colonies
were isolated and screened for the expression of nSMase3 by Western blotting analysis.

Northern Blot Analysis
Cells were harvested and total RNA was extracted with Trizol reagent (Invitrogen) per the
manufacturer’s instructions. Approximately 7.5 or 15 Ag of total RNA per sample were
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resolved onto 1.2% agarose-formaldehyde gel, transferred to Nytran SuperCharge membranes
(Schleicher & Schuell), and cross-linked via UV irradiation at 1,200 J/m2. Membranes were
probed and signals were visualized using standard procedures as described previously (42). A
1,449-bp KpnI restriction fragment from the human nSMase3 ORF was generated for use as a
nSMase3 probe. Full-length ORFs were used as probes for cyclooxygenase-2 and p21 analyses.
To detect nSMase3 expression in paired human normal and cancer samples, Cancer Profiling
Array I, purchased from Clontech, was probed with the nSMase3 probe as described above.

Western Blot Analysis
Cells were harvested and lysed on ice for 20 min in buffer containing 20 mmol/L HEPES (pH
7.4), 2 mmol/L EGTA, 50 mmol/L β-glycerophosphate, 1 mmol/L DTT, 1 mmol/L Na3VO4,
5 mmol/L NaF, 1% Triton X-100, 10% glycerol, 10 µg/mL aprotinin, 2 µg/mL pepstatin A, 2
µg/mL chymostatin, 2 µg/mL leupeptin, 0.1 µg/mL okadaic acid, and 400 µmol/L
phenylmethylsulfonyl fluoride. Extracted protein samples were resolved on an 8% SDS-
polyacrylamide gel and transferred to nitrocellulose membrane (Bio-Rad). Anti-GFP
antibodies were purchased from Roche Applied Science, anti-Myc (9E10) from Santa Cruz
Biotechnology, Inc., and anti-β-actin from Sigma-Aldrich. Horseradish peroxidase–
conjugated secondary antibodies against mouse IgG were obtained from Vector Laboratories.

Measurement of Sphingomyelin Levels
RKO and DLD1 vector and nSMase3 stable cell lines were plated at a density of 2.0 × 106

cells in 150-mm plates and allowed to adhere for 48 to 72 h before harvesting. After washes
with PBS, lipids were extracted from cell pellets, and measurement of sphingolipids, including
sphingomyelin and ceramides, with different fatty acid chain lengths was done using liquid
chromatography-tandem mass spectrometry, as described previously (22). The sphingolipid
levels were normalized to Pi concentrations as described (22).

Cell Viability Assay
Approximately 5.0 × 104 DLD1 cells stably expressing empty pcDNA3.1-Myc or pcDNA3.1-
Myc-nSMase3 were split into each well of a six-well plate. The cells were allowed 24 h to
attach before being treated continuously with 100 nmol/L Adriamycin. At the time points
indicated, cells were incubated with 1 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide for 30 to 60 min, depending on cell density. Absorbance was read
at 570 and 650 nm, with 650 nm serving as a background.

Clonogenic Survival Assay
DLD1 or RKO cells (5.0 × 103) stably expressing empty pcDNA3.1-Myc or pcDNA3.1-Myc-
nSMase3 were split onto 100-mm plates and allowed 36 h to attach. To allow for the counting
of untreated control plates, 5.0 × 102 cells were simultaneously plated and subsequently
counted colonies were multiplied by a factor of 10. DLD1 and RKO cells were treated with 20
and 40 nmol/L of Adriamycin, respectively, for 24 or 48 h. Plates were then rinsed with medium
and cultured in drug-free medium for 10 to 15 d before they were fixed with ethanol, stained
with crystal violet, and counted.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. nSMase3 protein sequence and schematic illustration of nSMase functional motifs
A. Amino acid sequences of human nSMase3. The predicted proline-rich (242–264) region is
underlined. The putative glutamic acid (Glu316) involved in Mg2+ binding is denoted by an
asterisk. The predicted transmembrane-spanning region (819–857) is in bold letters and the
predicted KKXX-like ER retention signal KLHQ (862–865) is italicized. B. Schematic
illustration of putative nSMase3 domains; schematic illustration of known nSMase1 and
nSMase2 domains is also shown for comparison.
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FIGURE 2. Subcellular distribution of GFP-tagged nSMase3
A. Schematic illustration of full-length and mutation/deletion constructs of nSMase3. Numbers
represent the amino acid residues corresponding to putative functional domains. Predicted
KKXX-like signal (KLHQ) in WT nSMase3 and those residues changed to alanine in nSMase3
(Poly-ala) are boxed. B. Western blotting was done using an anti-GFP antibody to detect GFP
and GFP-nSMase3 expression. The same blot was then probed for β-actin to show equal protein
loading. C. HeLa cells were cotransfected with expression vectors carrying GFP or GFP-
nSMase3 with pDsRed2-ER using Lipofectamine 2000. Cells were washed with PBS, fixed
with 4% paraformaldehyde, and incubated with 4′,6-diamidino-2-phenylindole (DAPI) to stain
nuclei. Cells were analyzed with an Olympus AX70 fluorescent microscope and photographs
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were captured using a digital camera. Photomicrographs of GFP-transfected cells are not to
scale with those transfected with GFPnSMase3 expression vectors.
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FIGURE 3. TNF-α and DNA-damaging agents regulate nSMase3 mRNA expression
A. A representative Northern blot showing the effect TNF-α treatment on endogenous nSMase3
mRNA levels in HT29 cells. Cells were either left untreated or treated with 50 ng/mL TNF-
α for 2, 4, 8, 12, 24, 36, or 48 h. COX-2, cyclooxygenase-2. B. A representative Northern blot
showing the effect of short-term Adriamycin treatment on endogenous nSMase3 mRNA levels
in RKO cells. Cells were either left untreated or treated with 1 µmol/L Adriamycin for 30, 60,
90, or 120 min. C. A graphic representation of nSMase3 levels depicted in B. Relative nSMase3
mRNA levels were determined by normalizing nSMase3 mRNA to 18S rRNA. D. A
representative Northern blot showing the effect of long-term Adriamycin treatment on
endogenous nSMase3 mRNA levels. Cells were either left untreated or treated with 0.50 µmol/
L (RKO), 1 µmol/L (DLD1), or 5 µmol/L (HT29) of Adriamycin for 12, 24, 36, or 48 h. A,
B, and D. Total RNA was harvested and then subjected to Northern blot analysis as described
in Materials and Methods. The blots were sequentially probed with 32P-labeled nSMase3 and
cyclooxygenase-2 or p21 probes; ethidium bromide staining of the 28S and 18S rRNA is also
shown to illustrate loading and RNA integrity.
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FIGURE 4. nSMase3 is down-regulated by p53
A representative Northern blot showing the effect of inducible WT p53 on endogenous
nSMase3 mRNA levels in DLD1 cells. Cells grown in the presence (p53 repressed) or absence
(p53 induced) of 40 ng/mL doxycycline (Dox) for indicated periods of time were harvested,
RNA extracted, and subjected to Northern blot analysis as described in Materials and Methods.
The blot was sequentially probed with 32P-labeled nSMase3 and p21WAF1 probes; ethidium
bromide staining of the 28S and 18S rRNA is also shown for RNA loading and integrity.
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FIGURE 5. nSMase3 sensitizes cells to DNA damage-induced apoptosis
A. A representative Western blot showing the stable expression of exogenous Myc-tagged
nSMase3 in DLD1 or RKO cells. Pooled vector (pcDNA3.1-Myc) transfectants and isolated
single clones stably expressing exogenous nSMase3 (pcDNA3.1-Myc-nSMase3) were
harvested and subjected to SDS-PAGE. Western blotting was done using an anti-Myc antibody.
The same blot was then probed for β-actin to show equal protein loading. B. Membrane
fractions from RKO and DLD1 vector and nSMase3 stable cell lines in two independent stable
clones named 55 and 61, and 7 and 35, respectively. C and D. Vector and nSMase3 stable cell
lines were treated with 20 nmol/L (RKO) or 40 nmol/L (DLD1) of Adriamycin for 24 or 48 h
and clonogenic survivals were assessed as described in Materials and Methods. Representative
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plates from an RKO (C) and DLD1 (D) experiment are shown. E. DLD1 vector (○) and
nSMase3-clone 7 (●) and nSMase3-clone 35 (■) stable transfectants were treated continuously
for 48, 72, or 96 h with 200 nmol/L Adriamycin and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide cell viability assays were done as described in Materials and
Methods. The experiment was done in triplicate. Points, average of triplicates; bars, SE.
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FIGURE 6. nSMase3 is differentially expressed in matched normal and tumor samples
A. Representative Northern blots showing nSMase3 expression in breast, prostate, colon, and
lung cancer cell lines. The blots were probed with 32P-labeled nSMase3 probes; ethidium
bromide staining of the 28S and 18S rRNA is also shown to illustrate loading and RNA
integrity. JCA-1 cells were previously considered as prostate cancer cells; now, they are
believed to represent bladder cancer. B and C. Cancer profiling arrays containing normalized
cDNA from tumor (T) and corresponding normal (N) tissue samples from individual patients
were probed with nSMase3 probe as described in Materials and Methods. *, matched pairs
showing higher nSMase3 mRNA levels in tumor versus matched normal tissue samples; **,
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matched pairs showing lower nSMase3 mRNA levels in tumor versus matched normal tissue
samples.

Corcoran et al. Page 22

Mol Cancer Res. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Corcoran et al. Page 23
Ta

bl
e 

1
nS

M
as

e3
 O

ve
re

xp
re

ss
io

n 
Se

ns
iti

ze
s R

K
O

 C
el

ls
 to

 A
dr

ia
m

yc
in

-I
nd

uc
ed

 A
po

pt
os

is

St
ab

le
 C

el
l L

in
e

C
ol

on
ie

s p
er

 P
la

te

E
xp

er
im

en
t 1

E
xp

er
im

en
t 2

E
xp

er
im

en
t 3

C
on

tr
ol

A
dr

ia
m

yc
in

C
on

tr
ol

A
dr

ia
m

yc
in

C
on

tr
ol

A
dr

ia
m

yc
in

V
ec

to
r

3,
46

0
30

3
2,

55
0

16
2

3,
09

0
37

9

nS
M

as
e3

 5
5

2,
93

0
30

2,
59

0
11

3,
08

0
78

nS
M

as
e3

 6
1

3,
55

0
18

0
2,

79
0

10
4

3,
64

0
28

0

N
O

TE
: R

K
O

 h
um

an
 c

ol
on

 c
an

ce
r c

el
ls

 st
ab

ly
 e

xp
re

ss
in

g 
pc

D
N

A
3.

1-
M

yc
 o

r p
cD

N
A

3.
1-

M
yc

-n
SM

as
e3

 w
er

e 
tre

at
ed

 w
ith

 2
0 

nm
ol

/L
 A

dr
ia

m
yc

in
 fo

r 2
4 

h.
 C

el
ls

 w
er

e 
th

en
 c

ul
tu

re
d 

in
 m

ed
iu

m
 w

ith
ou

t
A

dr
ia

m
yc

in
 fo

r 1
0 

to
 1

4 
d 

an
d 

th
e 

nu
m

be
rs

 o
f c

ol
on

ie
s w

er
e 

co
un

te
d.

Mol Cancer Res. Author manuscript; available in PMC 2009 May 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Corcoran et al. Page 24
Ta

bl
e 

2
nS

M
as

e3
 O

ve
re

xp
re

ss
io

n 
Se

ns
iti

ze
s D

LD
1 

C
el

ls
 to

 A
dr

ia
m

yc
in

-I
nd

uc
ed

 A
po

pt
os

is

St
ab

le
 C

el
l L

in
e

C
ol

on
ie

s p
er

 P
la

te

E
xp

er
im

en
t 1

E
xp

er
im

en
t 2

E
xp

er
im

en
t 3

C
on

tr
ol

A
dr

ia
m

yc
in

C
on

tr
ol

A
dr

ia
m

yc
in

C
on

tr
ol

A
dr

ia
m

yc
in

V
ec

to
r

2,
43

0
16

8
2,

43
0

46
4

3,
17

0
63

6

nS
M

as
e3

 7
2,

41
0

88
2,

79
0

40
0

3,
01

0
14

8

nS
M

as
e3

 3
5

2,
92

0
6

2,
22

0
57

2,
75

0
60

N
O

TE
: D

LD
1 

hu
m

an
 c

ol
on

 c
an

ce
r c

el
ls

 st
ab

ly
 e

xp
re

ss
in

g 
pc

D
N

A
3.

1-
M

yc
 o

r p
cD

N
A

3.
1-

M
yc

-n
SM

as
e3

 w
er

e 
tre

at
ed

 w
ith

 4
0 

nm
ol

/L
 A

dr
ia

m
yc

in
 fo

r 4
8 

h.
 C

el
ls

 w
er

e 
th

en
 c

ul
tu

re
d 

in
 m

ed
iu

m
 w

ith
ou

t
A

dr
ia

m
yc

in
 fo

r 1
0 

to
 1

4 
d 

an
d 

th
e 

nu
m

be
rs

 o
f c

ol
on

ie
s w

er
e 

co
un

te
d.

Mol Cancer Res. Author manuscript; available in PMC 2009 May 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Corcoran et al. Page 25

Table 3
nSMase3 Expression Is Deregulated in Human Malignancy

Tissue % Increased nSMase3 Expression

Breast 58.0 (29/50)

Uterus 52.4 (22/42)

Colon 55.9 (19/34)

Stomach 39.3 (11/28)

Ovary 50.0 (7/14)

Rectum 72.2 (13/18)

Tissue % Decreased nSMase3 Expression

Lung 42.9 (9/21)

Kidney 70.0 (14/20)

NOTE: Summary of the cancer array results indicating that nSmase3 mRNA expression is up-regulated in cancers of the breast, uterus, colon, stomach,
ovary, and rectum and down-regulated in lung and kidney versus matching normal tissues.
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