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Abstract
Purpose Although fenretinide (4-HPR) has been studied
in breast cancer and in neuroblastoma, little is known
regarding its activity in pancreatic cancer, a neoplasm for
which there are few therapeutic options. Since pancreatic
cancer cells are susceptible to reactive oxygen species
(ROS) and ceramide, two hallmarks of 4-HPR cytotoxicity,
we investigated the eVect of 4-HPR on human pancreatic
cancer cells.
Methods Human pancreatic cancer cell lines MIA PaCa-2
and PANC-1 were treated with 4-HPR, followed by mea-
surement of viability, proliferation, ROS and ceramide pro-
duction, and Western blotting.
Results At the measured IC50 of 10 �M, 4-HPR led to a
44–68% reduction in [3H]thymidine incorporation, a >3-
fold increase in de novo ceramide levels, a 2.7-fold increase
in ROS, and minor increases in markers of apoptosis. 4-
HPR induced a robust, sustained increase in LC3 II expres-
sion and enhanced formation of acridine orange–stained
acidic vesicles that are markers of autophagy. In addition,
sustained, dose-dependent increases in JNK and p38 phos-
phorylation and decreased ERK phosphorylation were
observed following treatment. Pretreatment with vitamin E,
a ROS scavenger, and 3-methyladenine, an autophagy
inhibitor, individually led to decreased sensitivity to 4-HPR;
however, the de novo ceramide inhibitor myriocin had no
eVect.

Conclusions These data show that 4-HPR triggers pancre-
atic cancer cell death by apoptosis and autophagy and that
sensitivity appears to be mediated by ROS and not cera-
mide. This study is the Wrst to characterize the response of
human pancreatic cancer cells to 4-HPR and opens the door
to investigations into this compound in pancreatic adeno-
carcinomas.
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Abbreviations
4-HPR N-(4-hydroxyphenyl)retinamide
ROS reactive oxygen species
3-MA 3-methyladenine
MAPK mitogen-activated protein kinase
JNK Jun N-terminal kinase, ERK1/2, extracellular sig-

nal-regulated kinase
MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymeth-

oxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt

PI propidium iodide
zVAD carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-

Xuoromethylketone
dThd thymidine

Introduction

N-(4-hydroxyphenyl)retinamide (4-HPR), also known as
fenretinide, is a synthetic retinoid that has been shown to
eVectively kill several types of premalignant and malignant
tumors, leaving normal cells unharmed [30]. 4-HPR has
been used successfully in clinical trials with minimal toxic-
ity for the prevention and treatment of various cancers
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including breast [8, 13], prostate [6], head and neck [37],
oral leukoplakia [37], and neuroblastoma [34]. A 15-year
follow-up study showed that 4-HPR prevented second
breast cancer recurrence even after treatment cessation
[13]. In the majority of preclinical studies, 4-HPR inhibited
proliferation and led to caspase-dependent [2, 20] and
caspase-independent apoptosis [16]; however, features of
autophagy [12, 33] and necrosis [25] have also been
observed.

Pancreatic cancer remains one of the most deadly can-
cers, as it is largely unresponsive to current surgical and
chemotherapies [17]. A review of the literature suggested to
us that 4-HPR would likely limit pancreatic cancer cell
growth and decrease viability. The ability of 4-HPR to kill
cancer cells is multifaceted and has been attributed to
increased levels of reactive oxygen species (ROS) and cera-
mide,1 activated mitogen-activated protein kinase (MAPK)
signaling, and altered Bcl-2 regulation [16]. Recently, it
was shown that ceramide regulates gemcitabine-induced
cell death in pancreatic cancer cells [26] and that pancreatic
cancer cells are particularly sensitive to changes in steady-
state respiration and reactive oxygen species (ROS) [10].

In comparison with other carcinomas, there are few stud-
ies on pancreatic cancer, although there is a dire need for
eVective new therapies. 4-HPR is already in clinical trials
for the treatment of several cancers [6, 8, 13, 34, 37]; how-
ever, 4-HPR has not been studied in pancreatic cancer.
Here, we characterize for the Wrst time the eVects of clini-
cally relevant concentrations 4-HPR on pancreatic cancer
cells.

Materials and methods

Reagents and cell culture

All high-grade reagents were purchased from Sigma (St.
Louis, MO) or Fisher (Pittsburg, PA) unless otherwise indi-
cated. The human pancreatic carcinoma cell lines PANC-1
and MIA PaCa-2 were purchased from the American Type
Culture Collection (Manassas, VA) and maintained in com-
plete medium, which is RPMI 1640 medium supplemented
with 10% FBS (Atlanta Biologicals, Lawrenceville, GA),
100 U/ml penicillin, 100 �g/ml streptomycin, and 100 mM
L-glutamine (Invitrogen, Carlsbad). In all experiments,
cells were seeded into cultureware and allowed to adhere
overnight at 37°C, 5% CO2. Vitamin E (�-tocopherol) was
made fresh in ethanol and added to 1 M HEPES buVer;
3-methyladenine (3-MA) was mixed in water/ethanol
(94:6 v/v) and heated to 50°C before use; desipramine was

dissolved in water; GW4869 was dissolved in DMSO.
Myriocin (Matreya, Pleasant Gap, PA) and 4-HPR (Calbio-
chem, San Diego) were dissolved in ethanol; fumonisin B1
(Calbiochem, San Diego) was dissolved in DMSO;
L-cycloserine (Enzo, Plymouth Meething, PA) was dissolved
in water. All reagents were stored at ¡20°C, and immedi-
ately prior to addition to cultured cells, were reconstituted
in complete medium containing 5% FBS supplemented
with 25 mM HEPES. Pretreatments were for 2 h and were
not counted as part of the experimental time point. [3H]Pal-
mitic acid (60–80 Ci/mmol in ethanol) and [3H]thymidine
(60–80 Ci/mmol in water) were from American Radiola-
beled Chemicals (St. Louis, MO). FACSFlow™ and
Z-VAD-FMK (carbobenzoxy-valyl-alanyl-aspartyl-[O-
methyl]-Xuoromethylketone) were purchased from BD
Biosciences (San Jose, Ca); BCA (bicinchoninic acid) pro-
tein assay and SuperSignal® West Pico chemiluminescent
substrate were purchased from Pierce (Rockford, IL). Car-
boxy-H2DCFDA for ROS detection, acridine orange for
autophagy detection, precast gels, and electrophoresis and
Western blotting buVers were purchased from Invitrogen
(Carlsbad, CA). All antibodies were from Cell Signaling
Technologies (Danvers, MA). CellTiter 96® AQueous (3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS) and
Caspase-Glo® were purchased from Promega (Madison,
WI). Sphingolipid standards for TLC (thin-layer chroma-
tography) were purchased from Avanti Polar Lipids
(Alabaster, AL).

Sphingolipid analysis

To measure de novo ceramide production, 24 h after seed-
ing 2 £ 105 cells into 12-well plates and following 2-h
inhibitor pretreatments (0.25 �M myriocin, 25 �M fumoni-
sin B1, 10 mM L-cycloserine, 10 �M desipramine, or
10 �M GW4869), 1 �Ci/ml [3H]palmitic acid, and 4-HPR
in culture medium were added to cells for 2 or 24 h. To
measure ceramide derived from the salvage pathway, cells
were pulsed for 24 h with 1 �Ci/ml [3H]palmitic acid per
well and chased for 2 h with vehicle or inhibitors in fresh
medium without [3H]palmitic acid, followed by 10 �M
4-HPR for the indicated times. At the end of the treatment
periods, lipids were extracted as described previously [35].
The organic phase was dried under a stream of nitrogen
gas, and lipids were reconstituted in chloroform/methanol
(2:1 v/v). An aliquot was taken from each sample to deter-
mine total lipid radioactivity by liquid scintillation count-
ing. One-fourth or one-Wfth of the total lipid extract from
each sample was resolved by TLC on layers of Silica Gel G
(Analtech, Newark, DE) as previously described [35]. The
area of the TLC plate corresponding to standards was
scrapped into vials and mixed with 0.5 ml water, followed

1 “Ceramide” refers to the entire class of ceramide and dihydrocera-
mide molecular species, unless otherwise noted.
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by 4 ml Ecolume scintillation Xuid (MP Biomedicals,
Solon, OH). Radioactivity was measured in a Liquid Scin-
tillation 6500 counter (Beckman Coulter, Brea, CA).

MTS assay

Cells (3,000/well) seeded into 96-well plates were assayed
at 72 h by addition of MTS reagent, and color development
was analyzed on an FL600 plate reader (BioTek Instru-
ments, Winooksi, VT).

Caspase 3/7 activity

Cells (7,000/well) seeded into 96-well plates were assayed
at 6, 24, and 48 h by addition of Caspase-Glo® 3/7 substrate
according to the manufacture’s instructions, and lumines-
cence was measured on a GloMax® Luminometer
(Promega, Madison, WI).

[3H]Thymidine incorporation

PANC-1 (3 £ 105/well) seeded into 6-well plates were
treated with various agents. One hour prior to the end of
treatment, 2 �Ci/ml [3H]thymidine was added, and culture
plates were placed at 37°C. After 1 h, plates were placed on
ice, medium was discarded, and cells were washed with
ice-cold PBS. Methanol/acetic acid (3:1 v/v) was added to
cells for 5 min and aspirated; methanol/acetic acid wash
was repeated twice more. NaOH (1 N) was added to wells,
plates were placed in the incubator for 10 min, followed by
neutralization with 1 N HCl. The reaction mixtures were
collected, and radioactivity was evaluated by liquid scintil-
lation counting.

Microscopy

Cells (2 £ 105/well) seeded into 6-well plates were treated
with various agents and monitored over time. Following 48-h
treatment, cells in culture medium were exposed to the single
agent acridine orange (1 �g/ml) for 10 min in the dark. In
acridine orange–treated cells illuminated with blue (488 nm)
excitation light, the cytosol and nucleolus Xuoresce green,
RNA Xuoresce pale yellow/orange, and acidic compartments,
such as autolysosomes, Xuoresce bright orange/red. For ROS
visualization, cells were washed twice with PBS, carboxy-
H2DCFDA (2.5 �M in PBS) was added to the cells for 10 min
in the dark, and cells were allowed to recover in serum-free
RPMI 1640 medium in the incubator for 30 min. Photomicro-
graphs were obtained on an Olympus IX70 microscope
equipped with a mercury lamp with a 488-nm band-pass blue
excitation Wlter. Images were collected on a Nikon DS-2Mv-
UI and processed using NIS Elements F 3.0 software.

Flow cytometry

For ROS determination, cells were washed twice with PBS
and exposed to carboxy-H2DCFDA (2.5 �M) for 10 min at
room temperature in the dark. The probe was aspirated oV,
and cells were allowed to recover in the incubator in serum-
free medium for 30 min. Cells were then exposed to
EDTA-trypsin, collected in complete medium, centrifuged
at 200 g for 5 min at 4°C, and resuspended in PBS. For
apoptosis and cell viability determination, cells Xoating in
the medium were collected into tubes; adherent cells were
trypsinized and pooled with Xoating cells. Cells were then
centrifuged at 200 g for 5 min at 4°C and washed with
PBS. Approximately 105 cells were resuspended in bind-
ing buVer containing FITC-Annexin V and propidium
iodide, or propidium iodide alone (5 �g/ml), according to
the manufacture’s instructions. Cells (104/sample) were
processed on a FACSCalibur™ (BD Biosciences, San
Jose, CA), and data were analyzed using CellQuest™ soft-
ware. Debris was excluded by gating on forward and side
scatter.

Western blotting

Cells (2x105) seeded in 35-mm culture dishes were
treated with various agents for 12, 24, or 48 h. Cells were
washed twice with PBS and lysed on ice in lysis buVer
(Tris–HCl (pH 7.4), 1% Triton X-100, 10% glycerol,
0.1% SDS, 1 mM EDTA, 1 mM EGTA, protease inhibi-
tor cocktail, 1 mM NaF, 2 mM Na3VO4, and 1 �M phen-
ylmethylsulfonyl Xuoride). Cells were scrapped into
tubes with rubber policemen and subjected to one freeze–
thaw cycle. Lysates were centrifuged at 13,000 rpm for
10 min at 4°C, and supernatants were collected. Protein
concentration was determined using BCA reagent, and
50 �g was reconstituted into NuPAGE® 4X LDS sample
buVer, �-mercaptoethanol, and water to ensure equal vol-
ume loading per lane. Samples were heated to 70°C for
5 min, loaded onto NuPAGE® Bis–Tris 4–12% gradient
gels, and SDS–PAGE was performed. Following transfer
and block, membranes were incubated with primary anti-
body in 5% BSA in TBST overnight at 4°C on a shaker.
Appropriate horseradish peroxidase–conjugated second-
ary antibody diluted into TBST/milk was added to mem-
branes for 1 h. Following chemiluminescent substrate
incubation, images were collected on a FluorChem® FC2
imaging system using AlphaView® 1.2.1.0 software.
Membranes were stripped (100 mM glycine and 0.1%
SDS, pH 2.5) and reprobed with �-actin to monitor pro-
tein loading. Brightness and contrast were adjusted
within the linear range on all images in Adobe® Photo-
shop®.
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Statistics

Data are expressed as mean § SEM; n indicates the number
of repeated experiments. A two-tailed Student’s t-test was
performed for comparisons of two means (e.g. the control
arm and treatment arm). For multiple comparisons (e.g. the
eVects of various treatments to control, or between treat-
ments), statistical analysis was performed using a one-way
ANOVA followed by Tukey’s post hoc test. DiVerences
were considered statistically signiWcant when P · 0.05. An
asterisk (*) denotes signiWcance over the control arm, and a
number sign (#) denotes signiWcance over 4-HPR experi-
mental arm.

Results

4-HPR decreases viability and proliferation

Following 4-HPR treatment, a loss of viability/proliferation
and an approximate IC50 of 10 �M were observed in both
pancreatic cancer cell lines (Fig. 1a). It should be noted that
a blood serum concentration of 12.9 �M can be achieved in
pediatric neuroblastoma patients receiving oral doses of 4-
HPR [14]. At 18 h after 4-HPR exposure, DNA synthesis
declined to 56% of control in PANC-1 and 32% of control
in MIA PaCa-2 (Fig. 1b). PI staining revealed little increase
in cell death at 24 h and a >3-fold increase at 72 h (Fig. 1c),
suggesting 4-HPR initially decreases proliferation followed
by cell death.

EVect of 4-HPR on sphingolipid production

4-HPR has been shown to increase cellular ceramide lev-
els by stimulating de novo ceramide production [36] and
inhibiting dihydroceramide desaturase activity [21].
Accordingly, we measured ceramide generated from the
de novo pathway and from sphingomyelin by sphingomy-
elinase. Within 2 h, ceramide generated by the de novo
pathway doubled following exposure to 4-HPR (Fig. 2a).
At 24 h after 4-HPR exposure, de novo-generated cera-
mide increased 3.3-fold, with concomitant increases in
glucosylceramide (3.9-fold) and sphingomyelin (1.7-fold)
(Fig. 2b), indicative of robust anabolic pathways for
regulating ceramide levels in these cells. Pulse-chase
experiments showed little to no increase in sphingomye-
lin-derived ceramide in PANC-1 or MIA PaCa-2 cells at
15 min (P = 0.6 and 0.38, respectively) nor at 2 h
(P = 0.14 and 0.446, respectively). Minor but signiWcant
increases in ceramide were measured at 6 and 24 h
(Fig. 2c); however, GW4869 and desipramine, neutral and
acid sphingomyelinase inhibitors, respectively, did not
block sphingomyelinase-derived ceramide production
(Fig. 2c). GW4869 and desipramine did not block the
generation of de novo ceramide as expected (data not
shown). The increase in ceramide following 4-HPR treat-
ment was blocked only by de novo ceramide inhibitors
myriocin and fumonisin B1, which block serine palmito-
yltransferase and ceramide synthase, respectively, and
L-cycloserine, which competes for serine at the Wrst step
of synthesis (Fig. 2b, c).

Fig. 1 EVect of 4-HPR on pancreatic cell viability and proliferation.
a Proliferation/viability assays (MTS) were performed on PANC-1
and MIA PaCa-2 cells after a 72-h exposure to the concentrations of
4-HPR indicated, compared with vehicle control; n = 6. b DNA syn-
thesis in PANC-1 (black bars) and MIA PaCa-2 (hatched bars) was
measured after an 18-h treatment with 10 �M 4-HPR or vehicle (¡).
Cells were then exposed to 2 �Ci/ml [3H]thymidine (dThd) for 1 h.
The reaction mixtures were collected as detailed in “Materials and

methods”, and radioactivity was evaluated by liquid scintillation
counting. c Cell death analyzed by Xow cytometry. Cells were treated
with vehicle or 10 �M 4-HPR for 24 and 72 h. Cells were stained with
propidium iodide (PI) and analyzed by Xow cytometry. Bar graph
shows fold increase in mean PI Xuorescence in treated cells compared
with control; n = 3, error bars show SEM of ratios. An asterisk denotes
a signiWcant diVerence between the control arm, P · 0.05
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4-HPR increases ROS generation

Increased ROS production in cancer cells is a hallmark
eVect of 4-HPR treatment and a major contributor of
4-HPR-induced cancer cell death [16]. However, not all
cancer cells respond to 4-HPR by increased ROS yet are
sensitive to 4-HPR-induced cytotoxicity [31]. In both
PANC-1 and MIA PaCa-2 cell lines, 4-HPR treatment elic-
ited ROS production in cells, whereas control cells gener-
ated little to no ROS (Fig. 3a). Figure 3b demonstrates that
ROS production was dose responsive at 24 h and increased
over time following 4-HPR exposure. To determine
whether ROS induced by 4-HPR exposure contributed to
the ceramide increases, PANC-1 cells were pretreated with

the antioxidant vitamin E. Blocking ROS did not alter cera-
mide levels, nor did it attenuate the generation of ceramide
in response to 4-HPR (Fig. 3c), suggesting that ROS does
not drive the production of de novo ceramide under our
experimental conditions.

EVect of 4-HPR on markers of apoptosis

4-HPR treatment led to minor, albeit signiWcant, dose-
dependent increases in caspase 3/7 activity (Fig. 4a, b, c),
which were attenuated by pretreatment with the pan-
caspase inhibitor Z-VAD-FMK (ZVAD) (Fig. 4b,c). The
table in Fig. 4d, a compilation of PI and FITC-conjugated
Annexin V Xow cytometry data, shows that 4-HPR induced

Fig. 2 EVect of 4-HPR on sphingolipid production. a, b De novo
ceramide generation. Cells were pretreated with 0.25 �M myriocin,
25 �M fumonisin B1 (FB1), and 10 mM L-cycloserine (L-CS) for
2 h, followed by treatment with medium containing [3H]palmitic
acid and 10 �M 4-HPR or vehicle (¡) for (a) 2 h or (b) 24 h.
c Sphingomyelinase-generated ceramide. Ceramide derived by the
salvage pathway was measured in PANC-1 (closed circles) or MIA
PaCa-2 cells (open squares) by pulsing cells with [3H]palmitic acid for
24 h, a 2-h chase with 10 �M GW4869 or 10 �M desipramine, fol-
lowed by exposure to vehicle (¡) or 10 �M 4-HPR for indicated times.

Student’s t-test was performed (n = 3). An asterisk denotes a signiW-
cant diVerence between the control arm, P · 0.05. Radiolabeled lipids
were analyzed by thin-layer chromatography following total lipid
extraction. Ceramide dpm was divided by total lipid dpm for each sam-
ple. Data represent fold change over control levels. One-way ANOVA
with Tukey’s post hoc analyses was preformed (n = 3). An asterisk de-
notes a signiWcant diVerence between the control arm, and a number
sign denotes a signiWcant diVerence between the 4-HPR experimental
arm, P · 0.05
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a small, dose-dependent increase in Annexin V/PI-positive
cells over control. The percentage of Annexin V/PI-positive
cells following 10 �M 4-HPR treatment was diminished by
pretreatment with ZVAD. Lastly, little to no cleaved PARP
was detected by Western blot (Fig. 4e). Other measures of
apoptosis including DNA laddering and diVerential expres-
sion of caspase-independent expression of apoptosis initia-
tor factor (AIF) were not evident (data not shown).

4-HPR treatment elicits autophagy

In response to 4-HPR treatment, large and small red acidic
vesicles formed in PANC-1 and MIA PaCa-2 cells, whereas
controls did not exhibit red vesicle staining (Fig. 5a). Expo-
sure to 4-HPR also led to a marked increase in LC3 II pro-
tein expression in MIA PaCa-2 (Fig. 5b) and in PANC-1
cells (Fig. 5c). LC3 II expression was similar to control lev-
els at 12 h, but expression was elevated at 24 and 48 h
(Fig. 5b, c). Pre-incubation with autophagy inhibitor 3-MA
or ROS inhibitor vitamin E blocked the 4-HPR-induced
LC3 II expression (Fig. 5b, c); however, pre-incubation
with myriocin did not prevent 4-HPR-elicited LC3 II
expression (Fig. 5b, c). None of the inhibitors alone altered
LC3 II expression (Fig. 5c).

4-HPR treatment elicits MAPK signaling

Under vehicle control conditions, phosphorylated (P) ERK
was expressed in MIA PaCa-2 (Fig. 6a, left) and PANC-1
cells (Fig. 6a, right). Treatment with 4-HPR, however,
decreased (P)ERK and increased non-phosphorylated ERK
in MIA PaCa-2 cells (Fig. 6a). 4-HPR also leads to

decreased (P)ERK in PANC-1 cells, and vitamin E or
3-MA pretreatment partially prevented the 4-HPR-induced
decrease in (P)ERK (Fig. 6a). 4-HPR led to increased
(P)p38 in both cell lines, and no change in non-phosphory-
lated p38 was observed (Fig. 6b). Vitamin E pretreatment
partially blocked the 4-HPR-induced increase in (P)p38,
while myriocin and 3-MA almost completely blocked
the 4-HPR-induced increase in (P)p38 (Fig. 6b). Similarly,
4-HPR led to an increase in (P)JNK in both cell lines, and
pretreatment with vitamin E, myriocin, and 3-MA pre-
vented the 4-HPR-induced increases in (P)JNK (Fig. 6c).

EVect of inhibition of ROS and autophagy

Next, we tested whether blocking production of ROS or
inhibiting autophagy would aVect 4-HPR cytotoxicity. The
bar graph in Fig. 7a and the corresponding histograms
show that 4-HPR exposure produced a 3.0-fold increase in
PI-positive stained cells over control at 72 h. Pretreatment
with vitamin E and 3-MA, but not myriocin, provided lim-
ited protection from 4-HPR-induced cell death. Experi-
ments measuring DNA synthesis at 24 h showed that 3-MA
and 4-HPR decreased proliferation to similar degrees (53
and 49%, respectively), and the combination of 3-MA and
4-HPR led to a 78% reduction in DNA synthesis over con-
trol (Fig. 7b).

Discussion

In the present study, we show for the Wrst time that
clinically relevant concentrations of 4-HPR are growth

Fig. 3 EVect of 4-HPR on the production of reactive oxygen species.
a Fluorescence microscopy of carboxy-H2DCFDA-treated PANC-1
and MIA PaCa-2 cells was performed following 24-h incubation with
10 �M 4-HPR or vehicle (Control). b Flow cytometry of carboxy-
H2DCFDA-treated PANC-1 was performed following 24-h incubation
with 0, 2.5, 10, and 25 �M 4-HPR (graph on left), or following a 10 �M
4-HPR incubation for 2, 24, or 48 h (graph on right). Data are dis-
played as fold change over control. c EVect of vitamin E on de novo

ceramide production. PANC-1 cells were pretreated with 250 �M vita-
min E for 2 h, followed by treatment with 10 �M 4-HPR or vehicle (¡)
for 24 h in medium containing [3H]palmitic acid. Data represent fold
change over control levels. One-way ANOVA with Tukey’s post hoc
analyses was preformed (n = 3). An asterisk denotes a signiWcant
diVerence between the control arm, and a number sign denotes a sig-
niWcant diVerence between the 4-HPR experimental arm, P · 0.05
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inhibitory and cytotoxic to human pancreatic cancer cells.
The mechanism of 4-HPR cytotoxicity is not fully under-
stood; however, previous studies have documented the
involvement of ceramide [36] among other factors. In the
studies presented herein, 4-HPR led to an increase in
the production of ceramide, which was derived from the
de novo pathway and not the sphingomyelinase pathway
(see Fig. 2). It should be noted that fumonisin B1 blocks
ceramide synthase that converts sphinganine to dihydro-
ceramide in the de novo pathway, as well as sphingosine
to ceramide in the salvage pathway. Desipramine also has
oV-target eVects by inhibiting ceramidase, the enzyme
responsible for converting ceramide to sphingosine in the
salvage pathway. Importantly, blocking the de novo path-
way with myriocin or L-cycloserine decreased ceramide
production, but blocking elements of the salvage pathway

with GW4869 or desipramine did not decrease ceramide
production. Unlike previous studies, inhibiting ceramide
production with myriocin did not decrease 4-HPR cyto-
toxicity (see Fig. 7), nor did inhibition of sphingomyeli-
nase with GW4869 and desipramine (data not shown),
suggesting that ceramide does not contribute to 4-HPR
cytotoxicity in pancreatic cancer cells. PANC-1 and MIA
PaCa-2 cells metabolized over half of the ceramide gener-
ated in response to 4-HPR to glucosylceramide and sphin-
gomyelin, classes of non-toxic sphingolipids (see Fig. 2).
Upregulation of glucosylceramide synthase, the enzyme
that converts ceramide to glucosylceramide, has been
shown previously to play a role in resistance to ceramide-
governed cytotoxicity [24] and thus may be a potential
target for increasing sensitivity of pancreatic cancer cells
to 4-HPR.

Fig. 4 EVect of 4-HPR on markers of apoptosis. (a–c) Caspase 3/7
activity was measured in (a) PANC-1 cells that were treated for 48 h
(n = 5), and in (b) PANC-1 and c MIA PaCa-2 cells pretreated with
40 �M of the pan-caspase inhibitor Z-VAD-FMK (ZVAD) followed
by vehicle¡) or 10 and 25 �M 4-HPR for 24 h (n = 6). Data represent
fold change over control levels. One-way ANOVA with Tukey’s post
hoc analyses was preformed (n = 3). An asterisk denotes a signiWcant
diVerence between the control arm, and a number sign denotes a sig-
niWcant diVerence between the 4-HPR experimental arm, P · 0.05.

(d) Flow cytometry of Annexin V/PI-positive cells. Cells pretreated
with 40 �M ZVAD followed by exposure to vehicle (¡) or 4-HPR (2.5
and 10 �M) for 48 h were co-stained with FITC-Annexin V (x-axis)
and propidium iodide (PI) (y-axis). Data in the table show the percent-
age of cells per quadrant stained positive for Annexin V only and cells
stained positive for both Annexin V and PI. Superscripts a and b in the
table correspond to the dot plots shown to the right. (e) Western blot of
full-length and cleaved PARP. Cells were treated for 48 h in the pres-
ence of vehicle (¡) or 10 �M 4-HPR
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Elevated ROS has been shown to positively correlate
with or directly lead to 4-HPR cytotoxicity in other cancer
cell lines [16]. Furthermore, many ROS-generating agents
have been shown to induce autophagy in transformed cells
and in cancer cell lines but not in normal cells [1]. In the
present study, 4-HPR elicited a sustained increase in ROS
(see Fig. 3), and when ROS levels were abrogated by vita-
min E, sensitivity to 4-HPR decreased (see Fig. 7). Addi-
tionally, in our system, blocking ROS led to decreased
autophagy (see Fig. 5), suggesting that ROS plays a major
role in 4-HPR autophagic cytotoxicity in these pancreatic
cancer cell lines.

In data presented herein (see Fig. 6), 4-HPR led to a
strong, sustained phosphorylation of JNK and p38 and
decreased phosphorylation of ERK. In pancreatic cancer
cells [15, 29, 40] and in clinical samples of pancreatic
tumor tissue [17, 18, 38], ERK is aberrantly and constitu-
tively upregulated. In some studies, ERK aids in pancreatic
cell proliferation [15, 18] and may be negatively regulated
by p38 [9]. Activated JNK has been shown to phosphory-
late Bcl-2, leading to its dissociation from beclin 1 to initi-
ate autophagy [27, 32], and ceramide has been shown to
activate JNK and cause the dissociation of Bcl-2 and
beclin-1 [7, 42]. Ceramide was also shown to be required
for induction of autophagy in human cancer cell lines [27].
In the studies presented herein, inhibiting the increase in de
novo ceramide levels with myriocin decreased 4-HPR-
induced expression of phosphorylated JNK but did not
decrease 4-HPR cytotoxicity (see Figs. 6 and 7), suggesting
that ceramide does not contribute to 4-HPR cytotoxicity in
pancreatic cancer cells. 4-HPR also led to a strong, sus-
tained phosphorylation of JNK and p38, which was pre-
vented by de novo ceramide inhibitor myriocin, or
autophagy inhibitor 3-MA. These data suggest either that
the sphingolipid and autophagic pathways induce activity
of the MAPK enzymes or that the inhibitors have oV-target
eVects. Future studies will be required to elucidate the rela-
tive inXuence of the individual MAPK members on 4-HPR-
induced cytotoxicity.

In the present study, indications of apoptosis, albeit
weak, included caspase 3/7 activity and Annexin V binding.

Fig. 5 EVect of 4-HPR on markers of autophagy. a Fluorescence
microscopy of autophagic vesicles. Autophagasomes (red/dark or-
ange) were visualized after a 48-h exposure to 4-HPR by staining cells
with acridine orange. PANC-1 cells (top and middle rows) and MIA
PaCa-2 cells (bottom row) were treated with 10 �M 4-HPR or vehicle
(Control). b, c Western blot of LC3 I/II expression. b MIA PaCa-2 and
c PANC-1 cells were pretreated with 250 �M vitamin E, 0.25 �M myr-
iocin, 5 mM 3-MA, or vehicle (¡) prior to incubation with 2.5 or
10 �M 4-HPR for 24 and 48 h

�
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Although membrane blebbing and plasma membrane phos-
phatidylserine presentation is an ATP-dependent process
that has also been shown to occur during autophagy [19], a

pan-caspase inhibitor was suYcient to decrease the percent-
age of FITC-Annexin V-positive cells nearly to control lev-
els (see Fig. 4), suggesting that 4-HPR induces canonical
apoptosis. The apoptosis was likely caspase dependent, as
there was a slight increase in caspase 3/7 activity and no
DNA laddering or upregulation of AIF, a caspase-indepen-
dent protein. Hallmarks of autophagy were also expressed
in response to 4-HPR treatment. The autophagy inhibitor 3-
MA decreased basal PANC-1 cell proliferation, at levels
similar to 4-HPR. This suggested to us that autophagy is
required for normal pancreatic cancer cell viability. How-
ever, 3-MA also decreased cell death initiated by 4-HPR as
measured by propidium iodide staining, suggesting that
autophagy is also the route by which 4-HPR provokes cyto-
toxicity.

There are several possible explanations for the co-occur-
rence of markers for autophagy and apoptosis, and one
explanation is that cancer cells are dose sensitive. Data pre-
sented in Fig. 4 show increased caspase 3/7 activity and an
increase in FITC-Annexin V-positive cells at higher com-
pared with lower concentrations of 4-HPR. A similar exam-
ple was shown in HL-60 leukemia cell response to
tamoxifen, which induced autophagy at low concentrations,
apoptosis at medium concentrations, and necrosis at high
concentrations [5]. Another explanation is that caspase 3/7
activation is either integral to the execution of autophagy-
mediated cell death or that autophagy precedes caspase
activation and cell death [4]. A variety of drugs have been
shown to coordinately activate autophagy and apoptosis in
leukemia [28, 41], Kaposi’s sarcoma [3], and in prostate
cancer cells [39]. There are many genes that are shared
between autophagy and apoptosis, and cross talk has been
observed [11, 23, 27, 28].

Another probable reason for the co-occurrence of
autophagy and apoptosis markers is that the dominant
response to 4-HPR is apoptosis in some cells and autoph-
agy in other cells. Pancreatic tumors are highly heteroge-
neic, i.e., cells from the same tumor will express diVerent
genotypes [17]. In a recent study, examination of individual
cancer cells showed evidence of autophagy in some cells
and apoptosis in other cells, but not concurrently in the
same cell in response to 4-HPR challenge [22]. Regardless,
in this study, 4-HPR was cytotoxic to both MIA PaCa-2
and PANC-1, whether by induction of autophagy or apop-
tosis, and future studies will be required to fully elucidate
the mechanism of cell death.

In summary, we have shown in human pancreatic cancer
cells that 4-HPR increased ROS, elicited de novo ceramide
generation, increased the phosphorylation of JNK and p38,
and decreased ERK phosphorylation. Importantly, we show
for the Wrst time that clinically relevant concentrations of 4-
HPR are cytotoxic to PANC-1 and MIA PaCa-2 pancreatic
cancer cells. Drug combinations to further amplify the

Fig. 6 EVect of 4-HPR on the phosphorylation of the MAPK family
of kinases. a–c Western blot of MAPKs. Expression of phosphorylated
and non-phosphorylated isoforms of (a) ERK(p44/42), b p38, and
c SAPK/JNK (p54/46). MIA PaCa-2 cells (left column) were exposed
to vehicle (¡) or 10 �M 4-HPR for 24 or 48 h. PANC-1 cells (right
column) were pretreated with 250 �M vitamin E, 0.25 �M myriocin,
5 mM 3-MA, or vehicle prior to addition of 10 �M 4 HPR for 48 h.
Blots are representative of repeated experiments, and densitometry
plots display the phosphorylated protein/non-phosphorylated protein/
�-actin, normalized to control
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cytotoxicity of 4-HPR, targeting strategies, and/or new
drug formulations will likely be a pertinent endeavor.
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