
Abstract. Background: The effectiveness of photodynamic
therapy (PDT) for cancer treatment correlates with
apoptosis. We observed that suppression of de novo-
generated sphingolipids, e.g. ceramide, renders cells
resistant to apoptosis post-PDT. Ceramide synthase 6
(CerS6) has been implicated in apoptosis after various
stimuli. Aim: To investigate the involvement of down-
regulation of CerS6 in apoptosis and its impact on the
sphingolipid profile post-PDT with the silicone
phthalocyanine Pc 4 in a human head and neck squamous
carcinoma cell line. Materials and Methods: Besides siRNA
transfections and PDT treatment, immunoblotting for
protein expression, mass spectrometry for sphingolipid
analysis, spectroflurometry and flow cytometry for
apoptotic marker detection, and trypan blue assay for
cytotoxicity assessment, were used. Results: CerS6
knockdown led to reduction in PDT-induced DEVDase
activation, mitochondrial depolarization, apoptosis and cell
death. CerS6 knockdown was associated with selective
decreases in ceramides and dihydroceramides, markedly of
C18-dihydroceramide, post-PDT. Conclusion: CerS6 might
be a novel therapeutic target for regulating apoptotic
resistance to PDT. 

Sphingolipids, e.g. ceramide, modulate biological processes,
including apoptotic cell death (1, 2). A major route of
ceramide generation is the de novo sphingolipid biosynthesis
pathway (Figure 1), in which ceramide synthase (CerS)
acylates dihydrosphingosine to give rise to dihydroceramide,
which is then oxidized to yield ceramide. There are six CerS
isoforms showing fatty acyl CoA preferences (3), which have
been implicated in distinct biological functions (4, 5).
Specifically, CerS6 has been implicated in apoptosis after
various stimuli, including tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL), glutamate and nerve
growth factor (6, 7).

The de novo sphingolipid biosynthesis pathway affects the
response to anticancer drugs (8, 9), including photodynamic
therapy (PDT) (10-12). PDT utilizes a photosensitizer, visible
light and oxygen to generate reactive oxygen species that can
destroy malignant cells by apoptosis (13, 14). The effectiveness
of PDT regimens correlates with tumor cell apoptosis (15).
Using pharmacological and genetic approaches, we have
demonstrated that de novo sphingolipid modulate apoptosis
after PDT with the silicone phthalocyanine Pc 4 photosensitizer
(10-12). However, the role of CerS6 in PDT-induced apoptosis
is not known. In the present study, we tested the role of CerS6
knockdown in regulation of apoptotic cell death and the
sphingolipid profile after Pc 4-PDT in UM-SCC-22A, a human
head and neck squamous carcinoma cell line.

Materials and Methods

Materials. Pc 4, HOSiPcOSi(CH3)2(CH2)3N(CH3)2, was kindly
supplied by Dr. Malcolm E. Kenney (Case Western Reserve
University, Cleveland, OH, USA). Dulbecco’s modified Eagle’s
medium (DMEM) and serum were from Invitrogen Life Sciences
(Grand Island, NY, USA) and Hyclone (Logan, UT, USA),
respectively. UM-SCC-22A, a human head and neck squamous
carcinoma cell line from hypopharynx (16, 17), was kindly supplied
by Dr. Thomas Carey (University of Michigan, Ann Arbor, MI, USA).
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Cell culture. UM-SCC-22A cells were grown in DMEM medium
containing 10% fetal bovine serum, 1% non-essential amino acids,
100 units/ml penicillin, and 100 μg/ml streptomycin. Cells were
maintained at 37˚C in an incubator with a 5% CO2 atmosphere, and
were treated in the growth medium. 

siRNA transfection and PDT treatment. The siRNA targeting the
sequence AAG GCA CCA AAA AGT ACC CGG of human CerS6
was from Qiagen (Valencia, CA, USA). In addition, to verify CerS6
knockdown effects, siGenome SMART pool silencing RNA was
purchased from Thermo Scientific/Dharmacon (Lafayette, CO,
USA). The pool contains three siRNAs targeting different sequences
of human CerS6. For control siRNA, AllStars Negative Control
siRNA from Qiagen was used. UM-SCC-22A cells were transfected
with double-strand siRNAs using Oligofectamine from Invitrogen
Life Sciences according to the manufacturer’s instructions. The
protocol was optimized regarding the concentration of siCerS6,
transfection and post-transfection conditions in preliminary dose-
response experiments (10-100 nM siCerS6). Consequently, the
following protocol was employed: cells (1×106) were transfected
with 25 nM of each siRNA. Twenty-four hours after transfection,
cells were collected and seeded in fresh growth medium. Following
overnight exposure to Pc 4 (250 and 500 nM), cells were irradiated
with red light (2 mW/cm2; λmax ~670 nm) using a light-emitting
diode array (EFOS; Mississauga, ONT, Canada) at a fluence of 200
mJ/cm2 at room temperature. Following PDT, cells were incubated
at 37˚C for 2 or 24 hours, rested on ice and processed for various
analyses. For mass spectrometric analysis, cells were washed twice
with cold phosphate-buffered saline, resuspended in a mixture of
ethyl acetate/methanol (1:1, v/v), dried under nitrogen, and shipped
overnight on dry ice to the Lipidomics Shared Resource (Medical
University of South Carolina, Charleston, SC, USA) for further
processing. 

Sphingolipid analysis by quantitative high performance liquid
chromatography (HPLC)/mass spectrometry (MS). Following
extraction, sphingolipids were separated by HPLC, introduced to
electrospray ionization source and then analyzed by double MS
using TSQ 7000 triple quadrupole mass spectrometer from Thermo-
Fisher Scientific (Waltham, MA, USA) as described previously (18). 

Immunoblotting. Following PDT, cells were collected, lysed in
reducing Laemmli buffer, boiled and then subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
western immunoblotting, as reported previously (11, 19). Equal
protein loading was confirmed using anti-pan-actin. The following
antibodies were obtained from Novus Biologicals (Littleton, CO,
USA): anti-CerS1 and anti-CerS6 (mouse polyclonal each);
antiCerS2 (mouse monoclonal); anti-CerS5 (rabbit polyclonal).
These antibodies were originally made by Abnova (Taipei City,
Taiwan, ROC). Mouse monoclonal anti-pan-actin was from Neo
Markers (Kalamazoo, MI, USA). Following visualization of blots
using ECL Plus chemifluorescence kit and STORM 860 imaging
system (GE Healthcare, Piscataway, NJ, USA) they were quantified
by ImageQuant 5.2 (GE Healthcare). 

DEVDase (caspase-3-like) activity assay. After PDT, cells were
harvested and lysed in radio immunoprecipitation assay (RIPA)
buffer. Following centrifugation (10,000 ×g), cytosolic fraction was
obtained, and DEVDase activity was determined by an assay based
on the enzyme’s cleavage of a fluorogenic derivative of the
tetrapeptide substrate Asp-Glu-Val-Asp [Ac-DEVD-AMC (7-amino-
4-methylcoumarin)] from Enzo Life Sciences (Farmingdale, NY,
USA) (11). The fluorescence of the cleaved DEVD substrate was
measured using an F-2500 spectrofluorometer (Hitachi; Dallas, TX,
USA) (380 nm excitation, 460 nm emission).

Mitochondrial membrane depolarization measurement. The lipophilic
cationic dye JC-1 (5,5’,6,6’-tetrachloro-1,1’3,3’-tetraethylbenzimidazo-
lylcarbocyanine iodide) was used to determine mitochondrial membrane
potential by flow cytometry, as we described previously (12). In normal
mitochondria with a high negative membrane potential, JC-1 produces
aggregates that emit a red fluorescence (590 nm). In mitochondria with
low membrane potential (depolarized mitochondria), the dye generates
monomers in the cytosol that emit a green fluorescence (527 nm) (20).
Following PDT, cells were harvested and processed for flow cytometry
according to the manufacturer’s instructions (BD Biosciences, San
Diego, CA, USA). BD LSR II flow cytometer was used for the analysis
(BD Biosciences). 

Apoptosis detection. As we showed previously (21, 22), to detect
apoptosis, the exposure of phosphatidylserine in the outer leaflet of the
cell membrane was measured using annexin V, a protein which binds
with high affinity to negatively charged phosphatidylserine in the
presence of calcium. As apoptosis progresses, cell membrane integrity
is lost, and this can be detected using DNA-binding fluorescent dye
propidium iodide (PI, red fluorescence). By attaching annexin V to
fluorescein isothiocyanate (green fluorescence), one can discriminate
between intact cells (annexin V–/PI–), early apoptotic (annexin V+/PI–),
and late apoptotic or necrotic cells (annexin V+/PI+). The kit was
purchased from BD Pharmingen (BD Biosciences) and the flow
cytometric protocol was followed, as described by the manufacturer.

Trypan blue dye exclusion assay. After PDT, cells were harvested,
resuspended in cell growth medium, and diluted 1:1 with 0.4%
trypan blue stain from Sigma-Aldrich (St. Louis, MO, USA).
Stained and unstained cells were counted using a hemocytometer.
Trypan blue-positive cells were considered to be dead cells. 

Statistical analysis. Following data collection, the average value of
untreated and each treated group and the standard error were
calculated for at least n=3. Data were analyzed for statistically

ANTICANCER RESEARCH 32: 753-760 (2012)

754

Figure 1. The de novo sphingolipid biosynthesis pathway.



significant differences between groups using Student’s t-test of unequal
variance. Statistical significance was ascribed to the data when p≤0.05. 

Results 

Effect of CerS6 knockdown and PDT on ceramide synthase
expression. To verify down-regulation of CerS6 by RNA
interference in UM-SCC-22A cells, expression levels of the
protein were determined using immunoblotting. As shown in
Figure 2a and b, CerS6 levels were reduced by 52% after
CerS6 knockdown. PDT had no effect on CerS6 expression
in either siControl- or siCerS6-transfected cells (Figure 2c). 

To test for potential off-target effects, expression levels of
CerS1, -2, and -5 were determined using immunoblotting. As
shown in Figure 2c, expression of CerS1 and CerS2 was not
affected by CerS6 knockdown. CerS5 levels were only
marginally down-regulated after CerS6 knockdown. Following
PDT (500 nM Pc 4 + 200 mJ/cm2), only CerS1 levels were
slightly reduced in both siControl- and siCerS6-transfected cells. 

CerS6 knockdown suppressed DEVDase activation after
PDT. Although CerS6 has been implicated in apoptosis (5,
7), the involvement of CerS6 in PDT-induced apoptosis is
unknown. We first examined the effect of CerS6 knockdown
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Figure 2. Effect of ceramide synthase 6 (CerS6) knockdown and photodynamic therapy (PDT) on expression of ceramide synthases. UM-SCC-22A
cells were transfected with siRNA targeted against non-targeted control (siControl; 25 nM) or CerS6 (siCerS6; 25 nM). Twenty-four hours after
transfection, cells were collected and seeded in fresh growth medium. a and b: Cells were incubated at 37˚C for an additional 24 hours prior to
collection. c: After overnight exposure to Pc 4 (250 and 500 nM), cells were irradiated with red light (2 mW/cm2). Following PDT, cells were
incubated at 37˚C for two hours, collected on ice and processed for PAGE/western immunoblotting. Equal protein loading was verified using anti-
pan-actin. a: Knockdown of CerS6 was confirmed in seven independent experiments. b: CerS6 protein levels were quantified from the blots and
expressed in arbitrary units. The data are shown as the mean±SEM, *p≤0.05, n=11. c: Western blots of CerS1, CerS2, CerS5 and CerS6 in siControl-
and siCerS6-tranfected cells are shown. Representative blots from 2-14 independent determinations are shown. 



on DEVDase (caspase-3-like) activity after PDT. We found
that at 2 h after PDT, DEVDase activation was significantly
inhibited by CerS6 knockdown (Figure 3). The effect was
reproduced in cells transfected with siGenome SMART pool
of siCerS6 (Dharmacon). These findings support the
involvement of CerS6 in activation of DEVDase post-PDT.

CerS6 knockdown suppressed mitochondrial depolarization,
apoptosis and cell death after PDT. The loss of
mitochondrial membrane potential is associated with PDT-
evoked apoptosis (12, 23). We asked whether CerS6 affects
apoptosis at the mitochondrial level after PDT. We found that
PDT-induced mitochondrial depolarization was suppressed
by CerS6 knockdown not at 2 h (not shown) but at 24 h
(Figure 4a). The data suggest that CerS6 knockdown-
dependent suppression of mitochondrial depolarization was
preceded by its inhibition of DEVDase activation after PDT. 

We further investigated the role of CerS6 in apoptosis
after PDT using the apoptotic marker annexin V. Flow
cytometric data revealed that CerS6 knockdown led to
significant reductions in the appearance of annexin V+/PI–

and annexin V+/PI+ cells at 24 h after PDT (Figure 4b).
These findings support the notion that CerS6 knockdown
yields the cells resistant to early and late apoptosis post-PDT. 

To assess the effect of CerS6 knockdown on short-term
cell viability post-PDT, trypan blue dye exclusion assay was
used. We found that following PDT the appearance of trypan
blue-positive cells was attenuated by CerS6 knockdown at
24 h (Figure 4c). Thus, CerS6 knockdown was able to
suppress cytotoxicity after PDT.

Effect of CerS6 knockdown on resting C16-ceramide levels
and PDT-induced accumulation of global ceramides and
dihydroceramides. To determine the effect of CerS6
knockdown on the sphingolipid profile, resting levels of
ceramide and dihydroceramides were measured by MS. Of all
ceramides tested, CerS6 knockdown significantly reduced
only C16-ceramide levels (Figure 5a). The data are consistent
with CerS6 being responsible for C16-ceramide generation.

We then explored the effect of PDT on the sphingolipid
profile in cells transfected with siControl- or siCerS6. The data
presented here were obtained at 2 h post-PDT. CerS6

ANTICANCER RESEARCH 32: 753-760 (2012)

756

Figure 3. Ceramide synthase 6 (CerS6) knockdown suppressed DEVDase activation after photodynamic therapy (PDT). Following 2-h incubations
post-PDT, cells were collected, cell lysates were prepared and DEVDase activity was measured using Ac-DEVD-AMC as the fluorogenic substrate.
Qiagen and Dharmacon refer to the corresponding siCerS6s used for transfections. The data are expressed as ratios of PDT-treated versus untreated
controls and are presented as the mean±SEM, n=3-8. The significance (p≤0.05) is indicated as follows: *PDT-induced DEVDase activation is
reduced by CerS6 knockdown; +DEVDase activation is different at two PDT doses. 



knockdown attenuated global accumulation of ceramides and
dihydroceramides after PDT (Figure 5b). Among all ceramides
and dihydroceramides tested, PDT induced the greatest
increase in C18-dihydroceramide (Figure 6). The 56-fold
increase in C18-dihydroceramide after PDT was substantially
reduced by CerS6 knockdown. CerS6 knockdown also
significantly reduced PDT-induced accumulation of the
following dihydrocetamides: C20-, C22-, C22:1-, C24-,
C24:1- and C26:1-dihydroceramide. Furthermore, CerS6
knockdown elevated levels of the CerS substrate
dihydrosphingosine after PDT (not shown). 

PDT-induced accumulation of the following ceramides
was significantly suppressed by CerS6 knockdown: C18-,
C20-, C20:1- and C26:1-ceramide (Figure 6). The effects of
CerS6 knockdown on accumulation of other ceramides and

dihydroceramides did not correlate with reduced functional
responses (not shown). Taken together, CerS6 knockdown
was associated with selective decreases in individual
ceramides and dihydroceramides, in particular of C18-
dihydroceramide, as well as with global decreases in
ceramides and dihydroceramides after PDT.

Discussion

The key finding of our present study is that CerS6 knockdown
suppresses apoptotic cell death post-PDT. Although CerS1 was
down-regulated after treatment of cells with the higher PDT
dose, this occurred in siControl- and siCerS6-transfected cells,
and therefore, does not account for observed differences in
their apoptotic responses. Our present data indicate the
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Figure 4. Ceramide synthase 6 (CerS6) knockdown suppressed mitochondrial depolarization, apoptosis and cell death after photodynamic therapy
(PDT). Following 24-h incubations post-PDT, cells were collected and processed for flow cytometry (a, b) or stained with trypan blue and counted
(c). JC-1 and annexin V/propidium iodide (PI) staining were used to detect mitochondrial membrane potential (a) and apoptosis (b), respectively.
In all panels data are shown as the mean±SEM, n=3-6. The significance (p≤0.05) is indicated as follows: *CerS6 knockdown suppresses PDT-
induced mitochondrial depolarization, apoptosis or cell death; +mitochondrial depolarization, apoptosis or cell death is different at two PDT doses. 



involvement of CerS6 in apoptotic susceptibility. This is in
line with our previous work showing the involvement of CerS6
in promoting apoptosis after treatment with glutamate and
nerve growth factor (7). Similarly, CerS6 knockdown inhibits
TRAIL-induced apoptosis (6). 

In contrast to the present findings, CerS6 has been shown
to have an antiapoptotic role in endoplasmic reticulum (ER)
stress responses (24, 25). Unlike PDT-induced apoptosis
(26), ER stress response-evoked apoptosis includes
transcriptional/ translational signaling, which could account
for the apparently opposite role of CerS6 in apoptosis. Low
levels of CerS6 have been proposed to affect translocation
of activated caspase-3 into the nucleus (6). Our finding that
CerS6 knockdown inhibits DEVDase (caspase3-like)
activation paves the way for future studies addressing the
putative role of CerS6 in regulating nuclear permeability for
caspase-3. 

Mammalian CerS6 has been shown to utilize C16-, C14-
and C18-CoA preferentially (27). Reduced basal levels of
C16-ceramide by CerS6 knockdown support specificity of
the enzyme for C16-CoA in resting cells. However,
specificity of CerS6 for C16-ceramide was not observed
following PDT. CerS6 knockdown was associated with
decreases in ceramides (and dihydroceramides) other than
C16-ceramide. On the other hand, decreases in PDT-induced
C18-ceramide levels by CerS6 knockdown support the idea
of preferential utilization of C18-CoA by CerS6. Major
changes in C18-ceramide that we discovered after PDT are
in agreement with previous findings showing correlation
between increases in C18-ceramide and inhibition of growth
by mitochondrial apoptosis in UM-SCC-22A cells (28).
Moreover, CerS6 knockdown induced decreases in global
ceramides and dihydroceramides after PDT. In contrast,
CerS6 knockdown increased total ceramides after UV
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Figure 5. Effect of ceramide synthase 6 (CerS6) knockdown on resting C16-ceramide levels (a) and photodynamic therapy (PDT)-induced
accumulation of global ceramides and dihydroceramides (DHceramides) (b). a: Resting C16-ceramide levels obtained from untreated and Pc 4-
treated (dark control) cells are expressed as pmol/mg. b: Following 2 h-incubations post-PDT (500 nM Pc 4 + 200 mJ/cm2), cells were collected and
processed for MS. The data are expressed as ratios of PDT-treated versus untreated controls. In both panels, the data are shown as the mean±SEM,
n=3-4. *Indicates that CerS6 knockdown suppresses resting C16-ceramide levels or PDT-induced global ceramide accumulation at p≤0.05.



irradiation (29). In the absence of differences in expressions
of other CerSs between cells transfected with control- or
CerS6-siRNA, observed wide range of changes in ceramides
and dihydroceramides by CerS6 knockdown suggest
relaxation of substrate specificity of the enzyme after PDT,
as proposed elsewhere (4). 

The involvement of the de novo sphingolipid
biosynthesis pathway by CerS6 knockdown after PDT is
supported by the following data: all significant changes in
dihydroceramides, products of CerS, were displayed as
decreases in their levels, and the levels of the CerS
substrate dihydrosphingosine were increased. The results
are in accord with our previous observations showing that
PDT regulates sphingolipid levels by this pathway and that
de novo sphingolipids modulate the apoptotic response to
PDT (10-12).

In summary, our present study indicates that CerS6
controls apoptotic susceptibility to PDT via the de novo
sphingolipid biosynthesis pathway. These novel findings
suggest that alterations in CerS expression might be utilized
therapeutically to control resistance to PDT. 
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