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ABSTRACT
Ceramide synthase 6 (CerS6) is an enzyme that preferentially generates pro-apoptotic C16-ceramide in the
sphingolipid metabolic pathway. Reduced expression of CerS6 has been associated with apoptosis resis-
tance and recent studies point to a role for CerS6 in epithelial mesenchymal transition (EMT). Because cells
that undergo EMT are also more resistant to apoptosis, we hypothesized that reduced expression of CerS6
could induce changes that are associated with EMT. We found that shRNA-mediated knockdown of CerS6
increases expression of the EMT transcription factor SNAI2 but not SNAI1 or TWIST. Treatment with C6-
ceramide nanoliposomes (CNL) resulted in a preferential increase in C16-ceramide and suppressed SNAI2
transcriptional activation and protein expression. The increase in C16-ceramide following CNL treatment was
dependent on CerS activity and occurred even when CerS6 shRNA was expressed. shRNA against CerS5,
which like CerS6 preferentially generates C16-ceramide, also decreased transcriptional activation of SNAI2,
suggesting a role for C16-ceramide rather than a specific enzyme in the regulation of this transcription factor.
While loss of CerS6 has been associated with apoptosis resistance, we found that cells lacking this protein are
more susceptible to the effects CNL. In summary, our study identifies SNAI2 as a novel target whose
expression can be influenced by C16-ceramide levels. The potential of CNL to suppress SNAI2 expression
has important clinical implications, since elevated expression of this transcription factor has been associated
with an aggressive phenotype or poor outcomes in several types of solid tumors.
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Introduction

Sphingolipids have dual functions as structural components of
cellular membranes and as signal transducers. Stress-induced sti-
mulation of sphingolipid metabolism increases the generation of
ceramide, which is known to play a role in anti-proliferative
responses1. Ceramide is a central molecule in sphingolipid meta-
bolism and exists in multiple species with distinct fatty acid chain
lengths. Six members of the ceramide synthase family (CerS) with
preferential substrate specificity are responsible for the variety of
ceramide species that make up ceramide profiles in cells and
tissues.

CerS6 preferentially generates C16-ceramide, which has been
associated with cell death in response to radiation, chemother-
apy, and death ligands in cancer cells2. The enzyme is highly
responsive to various stressors and was identified as a direct
transcriptional target of p533-5. CerS6 is required for the toxic
effects of celecoxib and increases in response to stichoposide D,
which leads to activation of the mitochondria–dependent apop-
totic pathway6,7. Overexpression of the tumor suppressor gene
MDA-7/IL24 also increases CerS6 expression5. Although the
tumor suppressive effects of CerS6 have been demonstrated in
multiple models, CerS6 function is still relatively unknown.

A recent study exploring the role of sphingolipids in epithelial
mesenchymal transition (EMT) identified a signature of 35 sphin-
golipid genes associated with a significant reduction in ceramide
or an increase in the pro-survival lipid sphingosine-1-phosphate

(S1P)8. Among the ceramide generating enzymes, CerS6 mRNA
was significantly decreased8. In a separate study by Edmond et al.
cancer cells within the NCI-60 panel were grouped into “epithe-
lial” or “mesenchymal” phenotypes based on E-cadherin/vimentin
ratios, which revealed that mesenchymal cells had significantly
reduced levels of CerS6 mRNA expression9. Analysis of CerS6
expression at the protein level in a molecularly defined model of
EMT confirmed that reduced CerS6 expression coincides with the
“cadherin switch”9. Cadherin switching is a process during which
cells switch expression of cadherin transmembrane proteins that
form cellular junctions, which has a profound effect on cell
phenotype and behavior10. Since cells that undergo EMT acquire
apoptosis resistance, we hypothesized that loss of CerS6 contri-
butes to this process. Here we show that the EMT transcription
factor SNAI2 is regulated in a C16-ceramide-dependent manner.

Results

Loss of Cers6 increases expression of the SNAI2
transcription factor

Recent studies have investigated potential links between EMT and
sphingolipids8,9. EMT is a tightly regulated process that depends
on altered expression of cell adhesionmolecules such as cadherins,
which mediate calcium-dependent cell-cell adhesion. As cells
undergo EMT expression of the calcium-dependent adhesion
protein E-cadherin decreases and vimentin, an intermediate
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filament of mesenchymal origin increases. We previously gener-
ated SW480 cells that stably express an inducible shRNA against
CerS611. Given that CerS6 mRNA decreases with induction of
EMT and that cells with a mesenchymal phenotype have signifi-
cantly lower levels CerS6 mRNA than cells with an epithelial
phenotype, we asked whether CerS6 knockdown differentially
affects proteins associated with EMT8,9. shRNA-mediated target-
ing of CerS6 decreased E-cadherin and increased vimentin expres-
sion (Figure 1(a,c)). EMT is a multi-step process that is mediated
by several families of transcription factors. Analysis of EMT tran-
scription factors revealed that expression of SNAI2 but not SNAI1
or Twist expression was increased in cells with reduced CerS6
(Figure 1(b,c)). CerS6 knockdown in PPC1 prostate cancer cells
using an adenoviral expression system also increased expression of
SNAI2, suggesting the effect of CerS6 shRNA-mediated knock-
down was not cell line specific or dependent on the expression
system used (Figure 1(d)).

Downregulation of Cers6 results in transcriptional
activation of SNAI2

Next, we used reporter constructs to determine if knockdown
of CerS6 increases expression of SNAI2 at the transcriptional
level. HEK293 cells were co-transfected with plasmids expres-
sing shRNAs against CerS6 (shCerS6) or a negative control

(shScr) and luciferase reporter constructs in which reporter
gene expression is either under the control of the SNAI1 or
the SNAI2 promoter. Co-transfection of the shCerS6 plasmid
with the SNAI1-luciferase reporter plasmid had no effect on
luciferase reporter activity relative to the control (Figure 2(a)).
In contrast, co-transfection of the shCerS6 plasmid and with
the SNAI2-luciferase reporter plasmid increased the luciferase
signal about 2–3-fold relative to the control (Figure 2(b)). We
also investigated whether expression of SNAI2 affects CerS6
levels but did not detect any change in reporter gene activity
or CerS6 protein expression (Figure 2(c,d)). These results
suggest that loss of CerS6 is permissive for transcriptional
activation of SNAI2 but not vice versa.

Restoration of C16-ceramide reverses increased SNAI2
expression due to loss in CerS6

To gain a better understanding on how CerS6 knockdown
affects ceramide composition, we performed LC/MS profiling
of SW480 cells with differential CerS6 expression. When
analyzed by picomol sphingolipid per nanomol total phos-
phate, C16-ceramide as well as saturated very long chain
ceramides (C22, C24, C26) were significantly decreased in
cells with reduced CerS6 expression compared to control
(Table 1). Hetero-dimerization of CerS6/CerS2 has been
reported and is important for CerS activity12. Therefore, the
decrease in total ceramides including very long chain cera-
mides may reflect reduced overall CerS activity due to differ-
ential dimer formation in cells with and without CerS6. Since
CerS6 knockdown affected total ceramide levels, we calculated
percentages of each ceramide species. Using this approach
only C16-ceramide was significantly decreased (Table 1).

Next, we tested whether restoration of ceramide could reverse
the increase in SNAI2 expression in cells lacking CerS6. The
therapeutic utility of ceramide is greatly limited by its inherent
hydrophobicity, which leads to precipitation, insolubility and
limitedmembrane intercalation in biological fluids. Even though
delivery platforms have been engineered for long chain cera-
mides, these formulations are still limited by bench top and
biological shelf life issues. A possible solution is the use of C6-
ceramide nanoliposomes (CNL), which have shown anti-tumor
efficacy in numerous cancer models and are currently being
evaluated in a Phase I clinical trial (NCT02834611)13–17. First,
we investigated how the addition of CNL impacts ceramide
composition. Ghost nanoliposomes (GNL), which are identical
to CNL except that they lack C6-ceramide, were used as
a negative control. As shown in Figure 3(a), treatment with
CNL preferentially increased C16-ceramide. A CNL-driven
increase in C16-ceramide was also observed in cells with CerS6
knockdown, although the magnitude was reduced (Figure 3(b)).

We also evaluated the effect of CNL treatment on SNAI2
transcriptional induction. Treatment with CNL did not signifi-
cantly impact SNAI2 promoter activity when the reporter con-
struct was co-transfected with the control shRNA (Figure 4(a),
column 1 vs. 2). Expression of the CerS6 shRNA approximately
doubled luciferase reporter activity in cells treated with GNL
(Figure 4(a), column 1 vs. 3). This is consistent with results
shown in Figure 2 and indicates that the control liposomes do
not interfere with the increase in reporter activity in response to

Figure 1. Protein analysis in cells with different CerS6 expression. (a, b) SW480 cells
stably transfected with an inducible shRNA against CerS6 were analyzed for protein
expression. (c) Quantification of the results from at least three experiments. (d) PPC1
with adenovirally expressed CerS6 shRNA. Whole cell lysates were analyzed by
Western blot for protein expression. Actin served as loading control.
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Figure 2. Transcriptional regulation by CerS6. HEK293 cells were co-transfected with 100ng of each plasmid and luciferase reporter activity quantified 24 hours post-
transfection. (a) control and CerS6 shRNA co-transfected with SNAI1-luc reporter, (b) control and CerS6 shRNA co-transfected with SNAI2-luc reporter, (c) empty and
SNAI2 expressing vector co-transfected with CerS6-luc reporter. Data are from 3 independent experiments each performed in triplicate. (d) Western blot of HEK293
cells transfected with SNAI2 showing lack of impact on CerS6 expression. Actin serves as loading control.

Table 1. Sphingolipid composition in SW480 with and without CerS6 expression. SW480 cells were analyzed for sphingolipids by LC/MS. Data is the average and
standard deviation from 2 independent experiments each performed in triplicate expressed as pmol sphingolipid per nmol total phosphate (pmol SL/nmol Pi). Other
ceramides includes C14, C18, C18:1, C20, C22:1 and C26:1, which were each 1% of total ceramide or less.

CerS6 expressed CerS6 knockdown

Sphingolipid pmol SL/ nmol Pi % of total ceramide pmol SL/ nmol Pi % of total ceramide

C16-ceramide 2.4078 ± 0.2954 28 ± 4 0.9959 ± 0.0146*** 19 ± 5***
C22-ceramide 0.5706 ± 0.0362 7 ± 2 0.378.6 ± 0.0558*** 7 ± 0
C24-ceramide 3.3829 ± 0.4618 39 ± 4 2.3480 ± 0.4853** 43 ± 1
C24:1 ceramide 2.0166 ± 1.1361 22 ± 8 1.4731 ± 0.4265 27 ± 3
C26-ceramide 0.1093 ± 0.0127 1 ± 0 0.0451 ± 0.0152*** 1 ± 0
other ceramides 0.0268 ± 0.0113 3 ± 1 0.0214 ± 0.0091 4 ± 1
dhC16-ceramide 0.3093 ± 0.0239 0.0804 ± 0.0158***
sphingosine 0.0794 ± 0.0099 0.0389 ± 0.0035***
S1P 0.0044 ± 0.0014 0.0031 ± 0.0008
Total ceramide 8.7549 ± 1.9267 5.4554 ± 0.9953**

p < 0.01,* p < 0.001, ***p < 0.0001.

Figure 3. Sphingolipid profiles of SW480 cells following treatment with C6-ceramide nanoliposomes. SW480 cells expressing CerS6 (a) or with CerS6 knockdown (b)
were incubated with 50μM ghost nanoliposomes or 25μM and 50μM C6-ceramide nanoliposomes. At 36 hours cells were collected for LC/MS analysis. Data shown are
the average and standard deviation from two independent experiments each performed in triplicate.
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CerS6 knockdown. The addition of 25μM or 50μM CNL dimin-
ished SNAI2 promoter activity in cells expressing CerS6 shRNA to
levels comparable to controls (Figure 4(a), column 5/6 vs. 1/2).
Similar results were observed at the protein level. Treatment with
25μM GNL did not affect SNAI2 expression in SW480 cells
lacking CerS6 but the addition 25μM CNL decreased SNAI2 to
48% ± 5% relative to controls (n = 3) (Figure 4(b)).

Our results suggested that loss of CerS6 decreases intracel-
lular C16-ceramide, which is permissive for transcriptional acti-
vation of SNAI2 but can be reversed through treatment with
CNL through a preferential increase C16-ceramide. The
increase in C16-ceramide in cells expressing CerS6 shRNA
suggested that the activity of another enzyme such as CerS5,
which also preferentially generates C16-ceramide, compensates
for the loss of CerS6. To investigate the role of CerS activity in
the generation of C16-ceramide from C6-CNL, we pretreated
cells with the pan-CerS inhibitor fumonison B1. In the absence
of FB1, expression of CerS6 shRNA reduced C16-ceramide by
about 50% (see GNL, -FB1, Figure 5(a)). In the presence of
FB1, the C16-ceramide content was reduced equally regardless
of CerS6 expression (see GNL, +FB1, Figure 5(a)). These results
suggest that a very small pool of C16-ceramide is generated
independent of CerS and that the amount of C16-ceramide in
cells lacking CerS6 likely results from CerS5 activity. FB1 sig-
nificantly reduced the amount of C16-ceramide upon treatment
with CNL, indicating that CerS5/6 activity is required for

incorporation of C6-ceramide from CNL into C16-ceramide
(Figure 5(a), CNL, -FB1 vs. CNL, +FB1). In cells expressing
the CerS6 shRNA, C16-ceramide was presumably generated by
activity of CerS5. To further investigate the role of specific
CerS, we performed experiments in which the SNAI2 promoter
driven luciferase plasmid was co-transfected with plasmids
targeting other CerS family members. CerS1 preferentially gen-
erates C18-ceramide and its knockdown did not significantly
alter SNAI2-driven reporter activity (Figure 5(b)). Similarly
shRNA against CerS4, which preferentially generates
C18-ceramide and C20-ceramide, did not significantly impact
on reporter gene activity. Knockdown of CerS2, which gener-
ates C24-ceramides, decreased SNAI2-driven reporter activity,
although it fell short of reaching statistical significance. An
increase in SNAI2 reporter activity was detected only when
either CerS5 or CerS6 shRNA were expressed (Figure 5(b)).
These results suggest that C16-ceramide levels rather than
a specific enzyme transcriptionally regulates SNAI2 expression.

Since CNL have recently entered the clinic, we evaluated
their effect on viability in cells expressing and lacking CerS6.
Cells expressing CerS6 tolerated dosages up to 50 μM CNL
with minimal loss in viability as determined by mitochondrial
activity, although cells assumed a rounded morphology at the

Figure 4. CNL reduce transcriptional activation and expression of SNAI2. (a) HEK293
cells co-transfected with control or CerS6 shRNA and the SNAI2-luciferase reporter
were in parallel incubated with the indicated dose of ghost- or C6-ceramide
nanoliposomes. Data shown are the average and standard deviation of the lucifer-
ase signal at 24h from two independent experiments each performed in triplicate.
*p < 0.05. (b) SW480 cells expressing CerS6 shRNA were untreated (-) or incubated
with 25μM GNL or CNL. A representative experiment is shown. Similar results were
obtained in two independent experiments. Figure 5. C16-ceramide generation from CNL occurs in a CerS-dependent manner

and its loss is sufficient for transcriptional activation of SNAI2. (a) SW480 cells were
pretreated with 25μM FB1 for one hour before adding 25μM GNL or CNL for
18 hours. Data shown are the mean and standard deviation from two experiments
performed in duplicate. (b) Control and CerS shRNAs were co-transfected with the
SNAI2-luc reporter to determine luciferase activity. Data are from two independent
experiments each performed in triplicate. * p < 0.05, *** p < 0.005.
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higher concentrations (Figure 6). Interestingly, cells lacking
CerS6 were more susceptible to CNL with an approximately
50% decrease in mitochondrial activity at 50 μM CNL and
appearance of the rounded cell morphology at 30 μM CNL
(Figure 6). These results suggest that cells lacking CerS6 may
be preferentially eliminated by CNL.

Discussion

In solid tumors cancer progression involves loss of polarization
and adhesion among epithelial cells, which allows them to
migrate and invade other tissues and/or to acquire
pluripotency18. This process is similar to EMT during embryonic
development and is driven by several families of transcription
factors that directly or indirectly suppress the expression of
E-cadherin resulting in a so-called “cadherin switch” during
which E-cadherin is lost and expression of the mesenchymal
filament protein vimentin is gained. A recent study identified
a 35-gene signature that associated EMT with alterations that
lead to a significant reduction in ceramide and an increase in
S1P8. One of the geneswith reduced expressionwasCerS6,which
has previously been linked to apoptosis resistance1,19. Since
apoptosis resistance is also observed in EMT, we investigated
how loss of CerS6 impacts on EMT markers and transcription
factors. CerS6 knockdown led to reduced E-cadherin and
increased vimentin expression, which is consistent with previous
findings that associate low CerS6 levels with a mesenchymal

phenotype (Figure 1(a))9. Our results also indicated that these
changes were accompanied by increased expression of the SNAI2
but not SNAI1 or TWIST transcription factors, suggesting the
possibility that loss of CerS6 expression (or reduced C16-
ceramide) is specifically associated with a decrease in
E-cadherin and increased SNAI2. Clinical studies appear to sup-
port this possibility. A recent TMA analysis of 251 samples of
primary colorectal cancer failed to detect a correlation between
decreased E-cadherin and increased SNAI1 expression20. SNAI1
expression, which was detected in 76% of samples, also did not
correlatewith nodal stage20. In contrast, lowE-cadherin and high
SNAI2 expression closely correlatedwith lymph nodemetastasis,
tumor-node-metatastasis stage, and lymphatic vessel metastasis
in breast cancer and in colorectal cancer patients high SNAI2 and
low E-cadherin expression were associated with worst overall
prognosis21,22. Lymph node progression in early stages of non-
small cell lung cancer has also been associated with SNAI2 but
not SNAI123,24. Similar results were found in a meta-analysis of
11 studies with 1817 patients with ovarian cancers25. In breast
cancer, PLD2 expression, which is highly increased in larger
tumors and associated with poor prognosis, is positively regu-
lated by SNAI2 but not SNAI126. These results underscore
important differences between closely related SNAI1 and
SNAI2 family members.

The specific effect of CerS6 knockdown on increased
SNAI2 (and not SNAI1) expression was also demonstrated
at the transcriptional level in co-transfection experiments of
HEK293 cells. To determine whether increased SNAI2 pro-
moter activity was specifically dependent on loss of CerS6, we
evaluated the effect of shRNAs against other CerS family
members and found a similar effect on SNAI2 promoter
activity occurred with CerS5 shRNA. Both of these CerS
family members preferentially generate C16-ceramide, sug-
gesting that levels of this specific ceramide species play an
important role in SNAI2 regulation. Interestingly, expression
of CerS2 shRNA trended towards decreasing SNAI2 promoter
activity. CerS2 preferentially generates C24-ceramide and stu-
dies from CerS2-deficient mice have shown that loss of this
very long chain ceramide is compensated through increased
C16-ceramide to maintain total ceramide levels27,28. Thus
decreasing CerS2 expression may also lead to an increase in
C16-ceramide levels, which may decrease SNAI2.

Clinically, a significant correlation has been found between
SNAI2 expression levels and Dukes stage, distant metastasis
and overall survival in colorectal cancer patients22. The study
identified SNAI2 as an independent prognostic factor asso-
ciated with poor outcome22. SNAI2 has also been found to be
a critical effector of EMT in head and neck squamous cell
carcinoma29. The correlation between elevated SNAI2 expres-
sion and poor clinical outcome coupled with our finding that
SNAI2 expression increases when C16-ceramide levels
decrease, suggests that restoration of ceramide could emerge
as an important therapeutic strategy. C16-ceramide has speci-
fically been associated with anti-tumor effects but delivery of
long chain ceramides is difficult due to hydrophobicity.
Recently, C6-ceramide containing ceramide nanoliposomes
(CNL) have entered the clinic as part of a Phase I trial
(NCT02834611). CNL enter cells via a rapid bilayer exchange
mechanism and it has been proposed that they subsequently

Figure 6. Loss of CerS6 increases susceptibility to CNL. SW480 cells were incubated
with 50 μM GNL or increasing concentrations of CNL for 72 hours. (a) Data shown
are the mean ± standard deviation from 5 experiments. (b) Representative images
of SW480 cells treated with GNL or CNL (200x magnification).
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accumulate in caveoli30,31. We found that treatment with CNL
results in a preferential increase in C16-ceramide in the pre-
sence or absence of CerS6 expression. Since CerS5 and CerS6
preferentially generate C16-ceramide, these results suggest that
CerS5 likely compensates for loss of CerS6 activity.
Experiments using the pan-CerS inhibitor FB1 indicate the
C6-ceramide from CNL is converted to C16-ceramide via the
salvage pathway. Only a small fraction of C16-ceramide was
generated independent of CerS activity. Hydrolysis of com-
plex sphingolipids, such as C16-sphingomyelin, is likely
responsible for this FB1-insensitve pool of C16-ceramide.

Treatment with CNL reduced SNAI2 promoter activity as well
as SNAI2 protein expression indicating that SNAI2 is regulated in
a C16-ceramide-dependent manner. While CNL treatment
resulted in comparable levels of ceramide regardless of CerS6
expression, cells lacking CerS6 weremore susceptible to the effects
of CNL. We previously studied SW620 cells, an isogenic meta-
static derivative of SW480 cells that has reduced CerS6 expression.
Interestingly, treatment of SW620 cells with 30 μM C6-ceramide
resulted in a similar rounded morphology as treatment with 30
μMCNL in SW480 cells expressing CerS6 shRNA32. It remains to
be investigated why CerS6 knockdown renders cells more suscep-
tible to CNL when intracellular C16-ceramide levels appear com-
parable. This prompts the question of compartmentalization as
the CerS5-generated C16-ceramide could occur in a different sub-
cellular location than CerS6-derived C16-ceramide. Regardless of
mechanism, the potential therapeutic implication is that CNL
have the potential to preferentially target cells with low or no
CerS6 expression, which are more difficult to eliminate through
radiation, chemotherapy, or death ligand stimulation2.

Sphingolipids have been studied extensively in the context of
proliferation and apoptosis but also play important roles in gene
regulation33. The Chalfant group has shown that ceramide impacts
SR proteins, which direct alternative splicing of pre-mRNA of
caspase-9 and Bcl-XL thereby impacting apoptosis susceptibility-
34-36.More recently ceramidewas shown to impact onp53 splicing-
37. The Ogretmen group has identified inhibitor 2 of protein
phosphatase 2A (I2PP2A) as a ceramide-binding protein38. In
addition, this group has shown that exogenous C6-ceramide or
endogenous C16-ceramide decrease the expression of human telo-
merase reverse transcriptase (hTERT), an enzyme that is involved
in cancer cell immortality through the addition of telomeres39,40.
Our results suggest that SNAI2 is a novel addition to genes whose
expression is regulated by intracellular C16-ceramide levels. The
acyl chain of C16-ceramide has recently been shown to specifically
impact cellular processes. For example,C16-ceramide directly binds
to RIPK1, which leads to the formation of ceramidosomes during
necroptosis41. C16-ceramide also directly binds to p53, thereby
disrupting the interaction of the E3 ligase MDM2, which results
in p53 accumulation42. A potential mechanism for SNAI2 regula-
tion could involve direct binding of C16-ceramide to a SNAI2
transcriptional regulator. Using the Champion ChiP transcription
factor search portal based on SABiosciences database known as
DECODE, several transcription factors, including Sox9, Sp1, YY1,
MyoD, C/EBPα, CREB, ΔCREB, HNF-4α1, and HNF-4α2, were
identified. Increasing endogenous ceramide levels has been shown
to inhibit the expression of C/EBPα but whether C/EBPα directly
binds C16-ceramide or whether a reduction in C16-ceramide

increases the expression of C/EBPα thereby inducing SNAI2 tran-
scription remains to be determined43.

In conclusion, our results demonstrate that loss of
C16-ceramide as a consequence of decreased CerS6 expression
is permissive for transcriptional activation of the EMT tran-
scription factor SNAI2, which has been associated with poor
clinical outcomes. We also show that treatment with CNL that
increase C16-ceramide can reverse the transcriptional induc-
tion and expression of SNAI2. Analysis of SNAI2 levels in
cancer patients treated with CNL maybe worthwhile to deter-
mine if SNAI2 expression changes in response to therapy and
whether an inverse relationship between C16-ceramide levels
and SNAI2 expression can be detected in a clinical setting.

Materials and methods

Reagents

Antibodies were purchased commercially as follows: Epithelial
Mesenchymal Transition Antibody Sampler Kit (Cell Signaling
Technologies, #9782), anti-CerS6 (Abcam, #ab56582), anti-
GAPDH (SantaCruz Biotechnologies, #sc32233), anti-actin
(Sigma, #A2068). Plasmids expressing the control and CerS6
shRNA (B10, target sequence GAACTGCTTCTGGTCT
TACTT) were purchased from OpenBiosystems. Additional
shRNA plasmids were provided by Besim Ogretmen. shRNA
sequences were as follows: shCerS1, gene id: 10715,
TRCN0000168211:CCGGCTACTTCTTCTTCAATGCGCTCT
CGAGAGCGCATTGAAGAAGAAGTAGTTTTTTG; shCers2,
gene id: 29956, TRCN000276376: CCGGCCTGCCTTCTTTG
GCTATTACCTCGAGGTAATAGCCAAAGAAGGCAGGTT-
TTTG; shCerS4, gene id: 204219, TRCN0000016986:
CCGGGTTACATGATTCCTCTGACTACTCGAGTAGTCAG-
AGGAATCATGTAACTTTTT; shCerS5, gene id: 91012,
TRCN0000022221: CCGGGTGGGCTTTATCACTATTATAC
TCGAGTATAATAGTGATAAAGCCCACTTTTT; shCerS6,
gene id: 253782, TRCN0000344342: CCGGGAACTGCTT
CTGGTCTTACTTCTCGAGAAGTAAGACCAGAAGCAGTT-
CTTTTTG. The CerS6-driven luciferase reporter plasmid was
also provided by Besim Ogretmen44. SNAI1 and SNAI2-driven
luciferase reporter plasmids (Snail_pGL2, Addgene plasmid
#31694 and Slug_pGL2, Addgene plasmid #31695) were a gift
from Paul Wade45. Mark Kester kindly supplied the Ghost
NanoLiposomes (GNL) and C6-ceramide NanoLiposomes
(CNL)31.

Cell culture

The cell lines SW480 (CRL-228) and HEK293A (CRL-1573)
were purchased from ATCC. PPC1 prostate cancer cells were
a gift from Dean Tang (Roswell Park Comprehensive Cancer
Center). Cells were maintained in DMEM (SW480, HEK293A)
or RPMI1640 (PPC1) medium supplemented with 10% heat-
inactivated FBS (Hyclone,#SH30088-03), 1% Antibiotic-
Antimycotic (Gibco Life Technologies, #15240–062) and 0.1%
Gentamycin (Lonza, #17-519Z) and cultured at 37°C, 5%CO2 in
humidified air. Cell lines were not carried more than 30 con-
secutive passages and were periodically tested for mycoplasma.
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Western blot analysis

Western blot analysis was performed as previously
described32. Following electrophoresis and transfer of pro-
teins, nitrocellulose membranes were probed with primary
antibodies overnight at 4°C followed by HRP-labeled sec-
ondary anti-mouse or anti-rabbit antibodies for 1 hour at
room temperature (Santacruz Biotechnologies, #sc-2204 and
sc-2005). Signals were detected using the Immobilon
Western chemiluminescence HRP substrate (Immobilon
#WBKL50100, Millipore). For Figure 1(c), signals were
quantified using ImageJ software, normalized to the loading
control, and expressed as fold change relative to cells expres-
sing CerS6.

Transfections and transductions

SW480 cells expressing shRNA against CerS6 have previously
been described11. Adenoviral vectors expressing scrambled or
CerS6 shRNA were purchased from Vector Biolabs (#1122 and
shADV-213700). For transductions, PPC1 cells were plated and
allowed to adhere before adding adenoviral vector (MOI 50) for
72 hours. Transient transfections of HEK293 cells were per-
formed in 96-well plates using 200 ngDNA (100 ng per plasmid)
and 0.5μl lipofectamine (Invitrogen, #11668–019) per well
according to manufacturer’s instructions.

Luciferase activity assay

Luciferase activity was determined at 24 hours post-transfection
using the Steady-Glo kit (Promega, E2520). Signals were quanti-
fied using a BMG Optima plate reader. Background values from
untransfected cells were subtracted and values from triplicate
wells averaged. The fold-change in luminescence was calculated
relative to cells that were co-transfected with control shRNA and
the relevant luciferase reporter.

Sphingolipid analysis

Sphingolipid analysis was performed as described previously32.
Briefly, cell pellets were stored at −80°C until processing for
sphingolipid analysis by liquid chromatography/mass spectro-
metry (LC/MS) in theMUSC Lipidomics facility46. An aliquot of
the lipid extract was used to carry out lipid phosphate estimation
using Bligh Dyer extraction and a colorimetric assay47.

Viability assays and microscopy

Viability was determined at 72 hours using the CellTiterBlue
kit according to manufacturer’s instructions (Promega).
Images were captured at 200x using a Zeiss Axiovert 200
microscope equipped with an Axiocam MRC digital camera.
Images were captured using the Axiovision Rel.6 software.

Statistical analysis- Linear regressionwas used tomodel log of
fold change of expression in luciferase reporter assays, adjusting
for other factors including well and repeats. Student’s t test was
performed using GraphPad software.
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