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Thedihydroceramidedesaturase (DES) enzyme is responsible
for inserting the 4,5-trans-double bond to the sphingolipid
backbone of dihydroceramide. We previously demonstrated
that fenretinide (4-HPR) inhibited DES activity in SMS-KCNR
neuroblastoma cells. In this study, we investigated whether
4-HPR acted directly on the enzyme in vitro.N-C8:0-D-erythro-
dihydroceramide (C8-dhCer) was used as a substrate to study
the conversion of dihydroceramide into ceramide in vitro using
rat liver microsomes, and the formation of tritiated water after
the addition of the tritiated substrate was detected and used to
measureDES activity. NADH served as a cofactor. The apparent
Km for C8-dhCer and NADH were 1.92 � 0.36 �M and 43.4 �

6.47 �M, respectively; and the Vmax was 3.16 � 0.24 and 4.11 �

0.18 nmol/min/g protein. Next, the effects of 4-HPR and its
metabolites onDES activitywere investigated. 4-HPRwas found
to inhibit DES in a dose-dependentmanner. At 20min, the inhi-
bition was competitive; however, longer incubation times dem-
onstrated the inhibition to be irreversible. Among the major
metabolites of 4-HPR, 4-oxo-N-(4-hydroxyphenyl)retinamide
(4-oxo-4-HPR) showed the highest inhibitory effect with substrate
concentration of 0.5�M,with an IC50 of 1.68�Mas comparedwith
an IC50 of 2.32 �M for 4-HPR. N-(4-Methoxyphenyl)retinamide
(4-MPR) and 4-Oxo-N-(4-methoxyphenyl)retinamide (4-oxo-4-
MPR) had minimal effects on DES activity. A known competitive
inhibitor ofDES, C8-cyclopropenylceramidewas used as a positive
control.Thesestudiesdefine for the first timeadirect invitro target
for 4-HPR and suggest that inhibitors of DESmay be used as ther-
apeutic interventions to regulate ceramide desaturation and con-
sequent function.

Sphingolipids are known to be modulators of various cell
functions. They are not only components of cell membranes
but also play a role in cell survival, apoptosis, senescence, and
differentiation (1, 2). Ceramide, a central molecule in the
metabolism of sphingolipids and glycosphingolipids, is in-
volved in these regulatory cellular events. Intracellulary, cera-
mide is generated by different pathways. De novo synthesis of
ceramide starts with condensation of L-serine with palmitoyl-
CoA. Further reduction and subsequent N-acylation generates
dihydroceramide. Ceramide is finally generated by introduc-
tion of the 4,5-double bond into dihydroceramide by dihydro-
ceramide desaturase (DES)2 (3).

The DES enzyme was characterized previously, and an in
vitro assay was developed to determine its activity (4). In
subsequent studies, a family of sphingolipid �4-desaturases
(homologs of the Drosophila melanogaster degenerative sper-
matocyte gene 1 (des-1)) were identified via a bioinformatics
approach (5). These proteins contain threeHis-containing con-
sensus motifs that are characteristic of a group of membrane
fatty acid desaturases. The human homolog of des-1 is now
referred to as DEGS-1, although it was first cloned in 1997 and
named as membrane lipid desaturase because its physiologic
substrate was not determined at the time (6). DEGS-1 is the
only dihydroceramide desaturase reported to be present in
human cells, and its mouse homolog (mDES1) was shown to
have desaturase activity (7). hDES2, the human homolog of the
mouse DES2 (mDes2) gene, like mDES2 has dihydroceramide
hydroxylase activity (8). AlthoughmDES2 has been reported to
have both desaturase and hydroxylase activity, no desaturase
activity was detected in HEK 293 human embryonic kidney
cells overexpressing hDES2 (8). In thiswork,we refer to enzyme
as DES in experiments with rat liver microsomes and as
DEGS-1 in experiments with human SMS-KCNR cells.
We previously developed an assay to evaluate the in situ

activity of DEGS-1 using cell-permeable dihydroceramidoids
(dhCCPS analogs) (9). We showed in these studies that the
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synthetic retinoid N-(4-hydroxyphenyl)retinamide (4-HPR or
fenretinide) is an inhibitor of DEGS-1. 4-HPR is currently in
clinical trials for neuroblastoma, leukemia, lymphoma, lung,
breast, head and neck, prostate, and ovarian cancer. Function-
ally, inhibition of DEGS-1 by 4-HPR led to the accumulation of
endogenous dihydroceramides and cell cycle arrest.
In the present study, a truncated dihydroceramide analog,

N-C8:0-D-erythro-dihydroceramide (C8-dhCer), was used to
further characterize this enzyme, by establishing the conditions
for the in vitro assay, as well as determination of kinetic param-
eters. Importantly, we investigated whether the enzyme served
as a direct target for 4-HPR and its metabolites: 4-oxo-N-(4-
hydroxyphenyl)retinamide (4-oxo-4-HPR),N-(4-methoxyphe-
nyl)retinamide (4-MPR), and 4-oxo-N-(4-methoxyphenyl)reti-
namide (4-oxo-4-MPR). The results show that 4-HPR indeed
inhibits the enzyme in vitro in clinically relevant concentra-
tions. The implications of these results for therapeutic applica-
tions of 4-HPRand forDES as a candidate therapeutic target are
discussed.

EXPERIMENTAL PROCEDURES

Materials—C8-dhCer was purchased from American Radio-
labeled Chemicals (St. Louis, MO). N-Octanoyl-D-erythro-di-
hydrosphingosine and C8-cyclopropenylceramide (C8-CPPC)
were purchased from Matreya, LLC (Pleasant Gap, PA). Bond
Elut� C18 columns were purchased from Varian (Palo Alto,
CA). EcoLumeTM Liquid Scintillation Fluid was purchased
from MP Biomedicals (Cleveland, OH). Fenretinide (N-(4-hy-
droxyphenyl)retinamide), bicine, and trichloroacetic acid were
obtained from Sigma. CHAPS was purchased from Thermo
Fisher Scientific. The ceramidoids (CCPS) D-erythro-2-N-[12�-
(1�-pyridinium)dodecanoyl]sphingosine bromide (C12-CCPS)
and D-erythro-2-N-[12�-(1�-pyridinium)dodecanoyl]-4,5-dihy-
drosphingosine bromide (C12-dhCCPS; D-erythro-C12-dihy-
droceramide) were synthesized by the Lipidomics Core Facility
at the Medical University of South Carolina (10).
The 4-HPR metabolites 4-oxo-4-HPR and 4-MPR were pre-

pared as described previously (11, 12). The yellow solid 4-oxo-
4-MPR was synthesized analogously to 4-oxo-4-HPR by reac-
tion of 4-methoxyaniline with 4-oxoretinoic acid activated as
its acid chloride: UV (methanol) �max 376 nm (� 60,000); 1H
NMR(acetone-d6) * 1.29 (s, 6, (CH3)2), 1.79 (s, 3, 5-CH3), 1.85 (t,
2, 2-CH2), 2.07 (s, 3, 9-CH3), 2.42 (s, 3, 13-CH3), 2.45 (t, 2,
3-CH2), 3.76 (s, 3, OCH3), 6.04 (s, 1, 14-H), 6.34–6.44 (m, 4,
vinyls), 6.97 (d, 2, Ar, J� 9Hz), 7.09 (dd, 1, 11-H), 7.63 (d, 2, Ar,
J � 9 Hz), 9.09 (s, 1, NH); MS (ESI) for C27H33NO3�Na, calcu-
lated 442.2358, observed 442.2351. HPLC analysis on a Beck-
man Instruments (San Ramon, CA) model 127 pump with
model 166 UV detector (set at 350 nm) and a 250 � 4.6 mm
Ultrasphere ODS column with 85% methanol/water at 1
ml/min showed a retention time of 7 min with a minor amount
(6%) of the 13-cis isomer at 5.8 min and no other impurities.
The UV spectrum was recorded on a Beckman Instruments
DU-40 spectrophotometer, and the 1H NMR spectrum was
recorded at 400MHz on a Bruker Instruments DRX400 instru-
ment (Billerica, MA). The MS was recorded at the Campus
Chemical Instrument Center of The Ohio State University on a
Micromass Q-Tof II spectrometer (Milford, MA).

Cell Lines andCultureConditions—TheSMS-KCNRcell line
was obtained fromDr.C. Pat Reynolds (TexasTechUniversity).
Cells were maintained in growth medium (RPMI 1640) con-
taining 10% FCS (Invitrogen) at 37 °C in 5%CO2. C8-CPPCwas
dissolved in methanol at a stock concentration of 10 mM, and
4-HPR, 4-oxo-4-HPR, 4-MPR, and 4-oxo-4-MPR were dis-
solved in 95% ethanol at a stock concentration of 100mM. Stock
solutions were diluted to the required concentrations (0.01–2.5
�M forC8-CPPC, and 0.5–10�M for 4-HPR and itsmetabolites)
just prior to use, then directly added to the cells in growth
medium. The final volume of methanol, ethanol, or DMSO in
themediumwas�0.02%, which had no effect on cell growth or
survival.
Preparation of Rat Liver Microsomes—To prevent enzyme

inactivation, all of the following procedures were carried out at
4 °C. Microsomes were prepared as described (13). Briefly, liv-
ers from male Sprague-Dawley rats were rinsed twice in ice-
cold normal saline and homogenized in buffer (0.25 M sucrose,
10 mM HEPES, 1 mM EDTA, pH 7.4) with a Polytron� PT 1200
E (Kinematica, Inc., Bohemia, NY) homogenizer. The homoge-
nate was centrifuged at 10,000� g for 15min followed by ultra-
centrifugation of the resulting supernatant at 104,000� g for 60
min. The microsomal pellet was resuspended in potassium
phosphate buffer (50 mM, pH 7.4). Aliquots were stored at
�80 °C until use. Protein concentration was determined by the
Bradford method (Bio-Rad) according to the manufacturer’s
directions.
Solubilization of Lipid Substrates and Inhibitors—A solution

containing labeled and unlabeled substrates as well as inhibi-
tors was dried under a stream of nitrogen in a 1.5-ml Eppendorf
tube. 1.1 mg of CHAPS dissolved in 10 �l of water was added to
each tube, mixed thoroughly, and sonicated for 3 min in a bath
sonicator. This step was repeated three times, and the tubes
were vortexed for 30 s each time.
In Vitro Dihydroceramide Desaturase Assay—The assay was

performed as described previously (14) with some modifica-
tions. Heat-inactivated microsomes were used as negative con-
trols. All reactions were performed with 100 �g of protein and
20 min incubation time at 37 °C unless otherwise mentioned.
(Data from optimization studies showed that 100 �g of protein
and 20min of incubation timewere bothwithin the linear range
of the assay; data not shown; see supplemental data). Labeled
substrate (see Fig. 1A, 2 nM equal to 0.125 �Ci, and 	100,000
dpm) and 500 nM unlabeled substrate were used in all reactions
unless otherwise specified. Briefly, the reaction mixture con-
tained 2 mM of NADH (dissolved in double distilled H2O), 20
mM bicine, pH 8.5, 50 mM NaCl, and 50 mM sucrose. The sub-
strates as well as the inhibitors dissolved in CHAPS were
pipetted into glass tubes. Themixture was incubated for 20min
at 37 °Cwith shaking. The reaction was terminated by the addi-
tion of 100 �l of 8% BSA (w/v), immediately followed by 100 �l
of 72% trichloroacetic acid (w/v). To remove denatured protein,
the reaction mixture was centrifuged at 1100 � g for 20 min at
4 °C. The supernatant was transferred to a 13 � 100 mm glass
tube containing 350 �l of 1 M Na2HPO4 to bring the pH to 5.5.
TheVarian BondElute�C18 columnswerewashedwith 1ml of
methanol followed by a wash of 1 ml of water right before use,
and then the supernatant was passed over the columns. The
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flow-through fraction and a wash fraction of 2ml of water were
collected. A 900 �l fraction of each eluate was transferred to
counting tubes, and tubes were filled with Eco-LumeTM sol-
vent, and the radioactivity was determined using a liquid scin-
tillation counter. Released radioactivity was determined, and
the formation of product was calculated based on the specific
activity of the substrate. In calculating the results, the amount
of radioactivity was halved to take into account only the amount
of radioactivity that was relevant to the enzyme activity. This is
important because the action of the enzyme abstracts only one
of the two hydrogen atoms, and only one is “randomly” labeled
with 3H.
Note that for assays using SMS-KCNR total cell homoge-

nates instead of rat livermicrosomes, cells were grown inT-150
(Corning�) flasks at a density of 3 � 106 cells per flask. The
confluency on the day of treatment was 	35–40%. Cells were
treatedwith 5�Mof 4-HPR for 2 h. Cells were thenwashedwith
PBS, and the medium was replaced by fresh medium. Control
flasks contained 0.1% ethanol, which did not affect DES activity
(data not shown). Cells were incubated with fresh medium for
24, 48, or 72 h. After each time point, flasks were washed twice
with ice-cold PBS after removing the medium. Cells were
scraped and centrifuged at 1000� g for 5 min at 4 °C. Total cell
homogenates were prepared from the cell pellets as described
previously (15). Briefly, pellets were resuspended in homogeni-
zation buffer (5 mMHEPES, pH 7.4, containing 50 mM sucrose)
and kept on ice for 10min. Cell suspensions were homogenized
employing a 1-ml insulin syringe using 10 strokes. Homoge-
nates were centrifuged at 250 � g for 5 min at 4 °C to remove
unbroken cells. The assays were performed as described above,
substituting 400�g of total cell homogenate for rat liver micro-
somes at 37 °C for 20 min. (Data from previous optimization
studies using total cell homogenates demonstrated that 400 �g
of protein and 20 min of incubation time were both within the
linear range of the assay (16).)
Statistical Analysis and Determination of Kinetic Constants—

Data were analyzed using SigmaPlot� EnzymeKineticsModule
(Systat Software, Inc. San Jose, CA) software to determine the
IC50, Ki, Km constants, and Vmax value.
In Situ Dihydroceramide Desaturase Assay—C12-dhCCPS

was used as a cellular substrate for this enzyme. C12-dhCCPS
was dissolved in 100% ethanol at concentrations of 100mM, and
this stock solution was diluted immediately prior to use and
directly added to the cells in medium containing 10% fetal calf
serum to obtain a final concentration of 0.5 �M. Cells were
incubated with C12-dhCCPS for 6 h. The cells were collected at
this time points, and levels of C12-dhCCPS and its product C12-
CCPS were detected by LC/MS (9, 10). The percentage of the
conversion C12-CCPS was then calculated.
LC-MS Analysis of Endogenous Ceramides and Cellular

Level of CCPS and dhCCPS Analogs—Advanced analyses
were performed by the Lipidomics Core Facility at the Med-
ical University of South Carolina on a ThermoFinningan
TSQ 7000, triple-stage quadrupole mass spectrometer oper-
ating in a multiple reaction monitoring positive ionization
mode as described (17).

RESULTS

Determination of Dihydroceramide Desaturase Activity in
Vitro byMeasurement of FormedWater—Thismethodwas first
described by Geeraert et al. (14). In this procedure, the enzyme
activity is determined by formation of tritiated water that
accompanies the 4,5-double bond formation if the substrate is
labeled appropriately (Fig. 1A). C8-dhCer was employed as the
substrate, and NADH served as a cofactor. After 20 min of
incubation, the reaction mixture, and a wash fraction of 2 ml
with water were loaded onto C18 columns, and the eluate was
collected. A fraction was taken, and the radioactivity was
determined.
Determination of Kinetic Parameters for C8-dhCer and

NADH—For enzyme kinetic determinations, a fixed amount of
labeled C8-dhCer of 100,000 dpm (0.125 �Ci � 2 nM), and
increasing amounts of unlabeled C8-dhCer starting from 0.05
�M to 10�Mwere used. TheKm andVmax forC8-dhCer (Fig. 1B)
as well as for NADH (Fig. 1C) were determined, and the Km for
C8-dhCer was 1.92 
 0.36 �M, andVmax was 3.16 
 0.24 nmol/
min/g protein. To determine the kinetic parameters forNADH,
the concentration of substrate used was three times the Km of
C8-dhCer. The NADH concentration was varied from 5 �M up
to 300�M. TheKm forNADHwas 43.4
 6.47�M, and theVmax

was 4.11 
 0.18 nmol/min/g protein, respectively.
Determination of Ki for 4-HPR—4-HPR is a synthetic analog

of retinoic acid that inhibits DES (9, 18, 19).We have previously
demonstrated the inhibitory effects of 4-HPR on DEGS-1 in
situ in intact cells using the SMS-KCNR neuroblastoma cell
line. Inhibition ofDEGS-1 resulted in increased levels of endog-
enous dihydroceramides leading to cell growth inhibition. In
this study, a dose response experiment was first conducted
using the in vitro enzyme assay at 20 min and varying the con-
centrations of 4-HPRwith a fixed amount of substrate (0.25Km,
equal to 0.5 �M) (Fig. 2A). Next, to demonstrate that with
increasing substrate concentrations the percentage of inhibi-
tion would decrease, assays were conducted with a fixed
amount of 4-HPR (10 �M) and increasing amounts of substrate
(between 0.25 Km to 3 Km) (Fig. 2B). To determine the Ki (the
dissociation constant for binding of inhibitor to enzyme) for
4-HPR and whether it inhibited in a competitive manner,
experiments were performed with a fixed amount of substrate
and increasing amounts of inhibitor. TheKm substrate concen-
trations utilized were 0.25, 0.5, 1, 2, and 3. The amount of
4-HPR ranged from 0, 1, 2.5, 5, 10, 25, and 50 �M. The results
showed that at 20 min 4-HPR interacted with the dihydrocera-
mide substrate in a competitive manner (Fig. 2C). The Ki value
was determined using SigmaPlot� and its enzyme kinetics
module. The Ki for 4-HPR was 8.28 
 1.25 �M.
Effects of 4-HPR and Its Metabolites on DES Activity—Two

metabolites of 4-HPR have been identified in human plasma,
4-MPR and 4-oxo-4-HPR (20). 4-MPR is the most abundant
metabolite in human plasma. It has been found to be ineffective
in inducing cell growth inhibition and does not generate reac-
tive oxygen species. 4-oxo-4-HPR is an oxidized form of 4-HPR
withmodification in position 4 of the cyclohexene ring. Similar
to 4-HPR, it induces reactive oxygen species generation and
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apoptosis (11). 4-oxo-4-MPR is a putativemetabolite of 4-HPR.
The structures of the metabolites are depicted in Fig. 4.
First, we tested the ability of 4-HPR to inhibit desaturase

activity using our in situ assay with C12-dhCCPS (Fig. 3A).
SMS-KCNR human neuroblastoma cells were treated with
increasing concentrations (0.25, 0.5, 1, 2.5, and 5�M) of 4-HPR,
4-MPR, 4-oxo-4-HPR, or 4-oxo-4-MPR for 6 h. The substrate
C12-dhCCPS (0.5�M)was added at the same time as 4-HPR and
its metabolites, and the conversion to C12-CCPS was measured
by LC/MS. 4-HPRand 4-oxo-4-HPR inhibited desaturase activ-
ity in a dose-dependent manner (Fig. 3B). Inhibition was
observed even at the lowest dose. In untreated (control) cells,
	74% of measured CCPS were converted to C12-CCPS at 6 h.
The conversion was decreased in cells treated with 0.25, 0.5, 1,
2.5, and 5 �M 4-HPR and 4-oxo-4-HPR starting at 0.25 �M,
decreasing conversion levels to 	52 and 	35%, respectively
(Fig. 3B). The percentage of the conversion toC12-CCPS in cells

treated with 0.5, 1, 2.5, and 5�M 4-HPRwas	43,	25,	6, and
	5% respectively. The percentage of the conversion to C12-
CCPS in cells treated with 0.5, 1, 2.5, and 5 �M 4-oxo-4-HPR
was 	22, 	13, 	6, and 	3%, respectively. Measurement of
total endogenous ceramides (Cer), dihydroceramides (dhCer),
and sphingosine levels was also performed (Fig. 3, C–F) by
LC/MS. Approximately 1.8-, 2.7-, 5.5-, 11.7-, and 18-fold
increases in total endogenous dihydroceramides were observed
in cells treatedwith 0.25, 0.5, 1, and 2.5�M 4-HPR, respectively,
correlating with the inhibition of DEGS-1 (Fig. 5B). Approxi-
mately 2.7-, 4.8-, 8-, 17.3-, and 24.3-fold increases in total
endogenous dihydroceramides were observed in cells treated
with 0.25, 0.5, 1, and 2.5 �M 4-oxo-HPR, respectively (Fig. 3D).
4-oxo-4-HPR was a slightly more potent inhibitor of DEGS-1
than 4-HPR. There were no significant changes seen in endog-
enous sphingosine, dihydrosphingosine, or sphinogosine-1-
phosphate levels (data not shown). The other metabolites

FIGURE 1. Kinetic parameters for in vitro DES assay. A, conversion of C8-dhCer into C8-Cer. This scheme depicts the oxidation of C8-dhCer into C8-Cer by the
enzyme dihydroceramide desaturase. The formed water is radiolabeled, and it was the target for measurements in our assays. B and C, Michaelis-Menten plots
of DES activity for determination of Km and Vmax for C8-dhCer and NADH. B, determination of Km and Vmax for C8-dhCer. A fixed amount of labeled C8-dhCer and
increasing amounts of unlabeled C8-dhCer starting from 0.05 �M to 10 �M were used. C, determination of Km and Vmax for NADH. Increasing amounts of NADH
were used and [C8-dhCer] was 0.25 Km. Assays were performed in vitro using rat liver microsomes with an incubation time of 20 min. Values represent the
mean 
 S.D. of at least two separate determinations performed in triplicate. Km and Vmax values are shown in Table 1. D, table showing Km and Vmax values for
NADH and C8-dhCer.
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(4-MPR and 4-oxo-MPR) had minimal effects on DEGS-1
activity or endogenous ceramide levels (Fig. 3, B, E, and F).
Determination of IC50 for 4HPR, ItsMetabolites, andC8CPPC—

We then tested the effects of 4HPRand itsmetabolites using the
in vitro assay with rat liver microsomes at 20 min. For determi-
nation of IC50 (the concentration of inhibitor at which there
was 50% inhibition of enzyme activity at 20 min), the substrate
concentration utilized was 0.25Km (0.5�M). The inhibitor con-
centration ranged between 1 and 7.5�M (Fig. 4A). The IC50 was
determined using SigmaPlot� and its enzyme kinetics module
by plotting the log of inhibitor concentration against percent-
age of inhibition. The IC50 for 4-HPR was 2.32 �M. Among
4-HPR metabolites, 4-oxo-4-HPR was the most potent inhibi-
tor with an IC50 of 1.68 �M. The inhibition was slightly more
than 4-HPR, an effect consistent with the previous experiment
on in situ DEGS-1 inhibition, where 4-oxo-4-HPR showed
more inhibition than 4-HPR. 4-MPR and 4-oxo-4-MPR had
minimal effects on DES activity. C8-cyclopropenylceramide, a

known competitive inhibitor of the DES enzyme (21–23) was
used as a positive control in these assays. The IC50 for C8CPPC
was 685 nM (Fig. 4B). Fig. 4F summarizes the IC50 values for
inhibitors studied in these experiments.
Effects of 4-Oxo-HPR and Its Metabolites on DES Activity—

As for 4-HPR, a dose response experimentwas conducted using
the in vitro enzyme assay at 20 min and varying the concentra-
tions of 4-oxo-HPR with a fixed amount of substrate (0.25 Km,
equal to 0.5 �M) (Fig. 2A). Assays were also conducted with a
fixed amount of 4-oxo-HPR (10 �M) and increasing amounts of
substrate (between 0.25 to 3 Km) (Fig. 2B). We also determined
the Ki for 4-oxo-4-HPR at 20 min of incubation in the same
manner as we did for 4-HPR. In brief, the substrate concentra-
tion in each experiment was constant (ranging from 0.25 to 3�
Km), and the inhibitor concentration ranged from 1 to 50 �M.
As with 4-HPR, the results showed that at 20 min, 4-oxo-HPR
interacted with the dihydroceramide substrate in a competitive
manner (Fig. 4C). The Ki value was determined using Sigma-

FIGURE 2. The effects of 4-HPR on DES activity and determination of Ki for 4-HPR. A, the effects of increasing concentrations of 4-HPR on DES activity in rat
liver microsomes. DES activity was measured using a fixed amount of substrate (2 nM labeled and 500 nM unlabeled substrate) and increasing concentrations
of 4-HPR (0, 1, 2.5, 5, 10, 25, and 50 �M). Values represent the mean 
 S.D. of three independent experiments performed in triplicate. B, the effects of increasing
amounts of substrate on 4-HPR inhibition of DES activity in rat liver microsomes. DES activity was measured using a fixed concentration of 4-HPR (10 �M) and
increasing amounts of substrate (between 0.25 and 3 Km). Values represent % inhibition as compared with controls and the mean 
 S.D. of two independent
experiments performed in triplicate. C, Lineweaver-Burke plot for Ki demonstrating DES activity with increasing concentrations of 4-HPR. For these experi-
ments, the [substrate] was fixed and ranged from 0.25, 0.5, 1, 2, to 3 Km, and the [4-HPR] used ranged from 0, 1, 2.5, 5, 10, 25, and 50 �M. Values represent the
mean 
 S.D. of five independent experiments performed twice in triplicate.
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FIGURE 3. Effects of 4-HPR and its metabolites on in situ desaturase activity and endogenous sphingolipids. A, structures of 4-HPR and its metabolites.
B, desaturase activity was measured using the in situ assay. SMS-KCNR cells were treated with increasing concentrations of 4-HPR, 4-oxo-4-HPR, 4-MPR, or
4-oxo-4-MPR for 6 h. C12-dhCCPS was added at the same time as 4-HPR or its metabolites. Cells were collected after 6 h, and the conversion to C12-CCPS was
determined by LC/MS. Total endogenous levels of ceramides (Cer) and dihydroceramides (dhCer) in SMS-KCNR cells treated with 4-HPR (C), 4-oxo-4-HPR (D),
4-MPR (E), or 4-oxo-4-MPR (F) were measured by LC/MS as described under “Experimental Procedures.” Sphingolipid levels were normalized to total lipid
phosphate. The data presented are representative of the mean of two independent experiments 
 S.D. The error bars represent the S.D., and when not seen,
they are smaller than the thickness of the lines on the graphs.
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Plot� and its enzyme kinetics module. The Ki for 4-oxo-4-HPR
was 6.61 
 1.25 �M.
Determination of Reversibility of Enzyme Inhibition by 4-HPR—

Weexaminedwhether 4-HPR could be an irreversible inhibitor
because an irreversible inhibitor would appear competitive
until a significant amount of the enzyme had been inactivated.
To test the veracity of this, the in vitro assaywith rat livermicro-

somes was performed were with 1, 2.5, and 5 �M of 4-HPR for
either 20, 60, and 120 min along with controls for each time
point (Fig. 5A). The percent inhibition for microsomes treated
with 1 �M 4-HPR for 20, 60, or 120 min was 	35, 	52, and
	69%, respectively. The percent inhibition for microsomes
treatedwith 2.5�M4-HPR for 20, 60, or 120minwas	46,	73,
and	84%, respectively. The percent inhibition formicrosomes

FIGURE 4. The effects of 4-HPR, 4-HPR metabolites, and C8-CPPC on desaturase activity in vitro. A, the effects of increasing concentrations of 4-HPR and
4-HPR metabolites on DES activity in rat liver microsomes. In these experiments, [C8-dhCer] was 0.25 Km, and the inhibitor concentrations were between 1 and
7.5 �M. The values represent the mean 
 S.D. of two independent experiments performed in triplicate. B, the effects of increasing concentrations of C8-CPPC
on DES activity in rat liver microsomes. In these experiments, [C8-dhCer] was 0.25 Km, and C8-CPPC concentrations were 0.5, 0.75, and 1 �M. The values represent
the mean 
 S.D. of two independent experiments performed in triplicate. C, the effects of increasing concentrations of 4-oxo-HPR on DES activity in rat liver
microsomes. DES activity was measured using a fixed amount of substrate (2 nM labeled and 500 nM unlabeled substrate) and increasing concentrations
of 4-oxo-HPR (0, 1, 2.5, 5, 10, 25, and 50 �M). The values represent the mean 
 S.D. of two independent experiments performed in triplicate, D, the effects of
increasing amounts of substrate on 4-oxo-HPR inhibition of DES activity in rat liver microsomes. DES activity was measured using a fixed concentration of
4-oxo-HPR (10 �M) and increasing amounts of substrate (from 0.25 to 3 Km). The values represent % inhibition as compared with controls and the mean 
 S.D.
of two independent experiments performed in triplicate. E, Lineweaver-Burke plot for Ki demonstrating DES activity with increasing concentrations of 4-oxo-
HPR. For these experiments, the [substrate] was fixed and ranged from 0.25, 0.5, 1, 2, to 3 Km, and the [4-oxo-HPR] used ranged from 0, 1, 2.5, 5, 10, 25, and 50
�M. Values represent the mean 
 S.D. of five independent experiments performed twice in triplicate. F, table of IC50 values for 4-HPR, 4-oxo-4HPR, and C8-CPPC.
Values represent the mean 
 S.D. of three independent experiments performed in triplicate.

FIGURE 5. The effects of 4-HPR on the reversibility of inhibition of desaturase activity in rat liver microsomes or SMS-KCNR cells. A, the effects of
inhibition by 4-HPR over time. Rat liver microsomes were treated with 1, 2.5, and 5 �M of 4-HPR, and the in vitro assay was performed for either 20, 60, or 120
min along with controls. Values represent the remaining activity (% to controls), and they represent the mean 
 S.D. of two independent experiments
performed in quadruplicate. B, the effects of dilution of 4-HPR on DES activity. Rat liver microsomes were preincubated with either 0.5 or 5 �M 4-HPR for 60 min
at 37 °C. After preincubation, the microsomes were centrifuged and washed twice. The in vitro enzyme assay was performed with 100 �g of either “control
microsome” or “preincubated and washed microsomes” for 60 or 120 min. Control microsomes were not washed or preincubated with 4-HPR. The values
represent the remaining activity (% to controls), and they represent the mean 
 S.D. of two independent experiments performed in quadruplicate. C, the effect
of 4-HPR inhibition on SMS-KCNR cells. Cells were treated with 5 �M of 4-HPR for 2 h. After 2 h, cells were washed with PBS, and the medium was replaced by
fresh medium. Total cell homogenates were prepared from SMS-KCNR cells after 2 h of 4-HPR treatment, and at 24, 48, and 72 h after 4-HPR treatment.
Determination of DES activity was performed at these time points, using the in vitro assay with 400 �g of total cell homogenate for 20 min. Values represent the
remaining activity (% to controls), and they represent the mean 
 S.D. of two independent experiments performed in quadruplicate.
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treated with 5 �M 4-HPR for 20, 60, or 120 min was 	57, 	79,
and 	89%, respectively. In these experiments, inhibition
increased with time suggesting time-dependent irreversible
inhibition.
To further determine whether 4-HPR was an irreversible

inhibitor, rat livermicrosomeswere preincubatedwith concen-
trations of 4-HPR that would inhibit DES by 	30% (0.5 �M) or
	90% (5 �M) for 60 min at 37 °C. After preincubation, the
microsomes were centrifuged and washed twice with 5ml of 50
mM potassium phosphate buffer, pH 7.4. The assay was per-
formed with 100 �g of microsomes that had not been preincu-
bated or washed or with 100 �g of preincubated and washed
microsomes for 60 or 120 min. This method of washing has
been reported to give a dilution of inhibitor of �800,000:1 (24,
25). If an enzyme inhibits irreversibly, then little recovery of
enzyme activity should be noted. There was very little recovery
of enzyme activity in the preincubated and washed (diluted)
samples (Fig. 5B). Enzyme activity was 	6 and 	9% of control
for microsomes preincubated with 0.5 �M 4-HPR and assayed
for 60 or 120 min and 	5 and 	7% of control for microsomes
preincubated with 5 �M 4-HPR and assayed for 60 or 120 min,
respectively.
We then examined the reversibility of DEGS-1 inhibition in

SMS-KCNR cells (Fig. 5C). Cells were treated with 5 �M of
4-HPR for 2 h. After 2 h, cells were washed with PBS, and the
mediumwas replaced by freshmedium.Total cell homogenates
were prepared from SMS-KCNR cells after 2 h of 4-HPR treat-
ment, and at 24, 48, and 72 h after 4-HPR treatment. Determi-
nation ofDES activitywas performed at these time points, using
the in vitro assay with total cell homogenates for 20 min. After
2 h of 5 �M 4-HPR treatment, there was almost no activity
detected. After replacement of medium and time, there was
some recovery of enzyme activity; there was 	90, 	80, and
	67% inhibition of DES activity after 24, 48, and 72 h,
respectively.

DISCUSSION

In this study, we established the conditions for an in vitro
assay for DES using rat liver microsomes and a tritium-labeled
dihydroceramide analog, and evidence is provided for potent
direct inhibition of DES by 4-HPR and its active metabolites.
These results have implications for the mechanism of action
of 4-HPR and for a potential role for DES as a target for
chemotherapy.
The in vitro assay optimized in this study was accurate and

very reproducible. As solubilizing agents, we tested BSA,
CHAPS, and ethanol/dodecane, as the substrate was difficult to
get into solution without solubilizing agents. The best solubili-
zation was achieved using CHAPS (data not shown). Under
these conditions (with NADH as a co-factor), reactions pro-
ceeded according to classical Michaelis-Menten kinetics and
were linear with time and protein concentration. The Km value
for the dihydroceramide substrate was in the low �M range
(about 2 �M) whereas the Km for the NADPH substrate was
determined at 43 �M.

The development of the assay allowed us to investigate
whether 4-HPR functions as a direct inhibitor of DES. 4-HPR is
employed as a chemotherapeutic agent especially in neuroblas-

toma as well as leukemia and various solid tumors, including
lung and prostate cancer. In addition to being employed as a
cytotoxic drug in clinical trials, it has also been reported to act
as a chemopreventive agent in breast cancer and oral leukopla-
kia (26–28).
Our previous results showed that at clinically achievable �M

concentrations, 4-HPR inhibits DEGS-1 activity in cells (using
an in situ assay) in SMS-KCNR human neuroblastoma cells,
causing marked increases in the levels of endogenous dihydro-
ceramides, leading to cell cycle arrest by hypophosphorylation
of retinoblastoma protein (9). Initial investigation of the mech-
anism failed to reveal effects on protein or message levels for
DEGS-1. These results suggested the possibility that 4-HPR
may act as a direct inhibitor of the enzyme, especially because it
is a lipid amide with some resemblance to the dihydroceramide
substrate of the enzyme.
4-HPRhas a very broad range (0.7–10�M) of cytotoxicity and

may have different effects dependent on the concentration and
type of cancer cell used (29). In neuroblastoma, high concen-
trations of 4-HPR (�5 �M) have been shown to induce apopto-
sis and necrosis (3), whereas lower concentrations (� 3 �M) of
4-HPR have been reported to induce G1-S phase arrest and
hypophosphorylation of retinoblastoma (9, 30, 31). For neuro-
blastoma patients enrolled on a phase I pediatric trial, themean
plasma steady-state concentration on day 7 was as 9.9 �mol/
liter with the maximal tolerated dosage of 2475 mg/m2 per day
(32). Another more recent pediatric phase I study using a new
formulation of 4-HPR to improve bioavailability (4HPR/Lym-
X-Sorb oral powder), reported the day 7 mean peak plasma
concentrations to be 19.7�M at the recommended dose of 1700
mg/m2 per day (33). These doses safely achieved levels active
against neuroblastoma in vivo with minimal toxicity. Although
our in vitro study employed rat liver microsomes, we may infer
that the levels of 4-HPR used for the in vitro assays would cor-
respond with levels that are clinically achievable in patients.
Indeed, the results from this study show that 4-HPR func-

tions as a potent and direct inhibitor of DES in rat liver micro-
somes with a Ki of 8 �M at 20 min. The in vitro assay initially
showed a competitive pattern of inhibitionwith respect to dihy-
droceramide. Further studies with longer assay times and pre-
incubation with 4-HPR strongly support that the inhibition is
irreversible. As there was little recovery of enzyme activity in
samples preincubated with 4-HPR and assayed for 2 h, the inhi-
bition is unlikely to be slow reversible inhibition. Further stud-
ies are underway to characterize the inhibition. Our experi-
ments using SMS-KCNRcell homogenates demonstrated some
1recovery of enzyme function over time. Enzyme activity was
likely restored by de novo enzyme synthesis in these cells. These
results demonstrate for the first time a direct clinically relevant
target for the action of 4-HPR. As such, DES may emerge as a
novel target for chemotherapeutic development.
DES is an important enzyme that has the potential to modu-

late the dihydroceramide/ceramide ratio in the cell; however,
the regulation of DES activity has not been well characterized.
Moreover, although the cell biology of ceramide has been well
studied with roles in regulation of cell apoptosis, growth, and
differentiation, the functions of dihydroceramides have been
largely obscure. Consequently, dihydroceramide has been con-
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sidered primarily as an inactive precursor of ceramide (34).
However, recent studies have shown dihydroceramides to be
involved in important cellular responses such as cell cycle
arrest, apoptosis, ceramide channel formation, autophagy, and
oxidative stress (9, 16, 18, 35–37). These studies indicate the
significance of endogenous levels of dihydroceramides in cell
regulatory processes, and they suggest that DES has the poten-
tial to regulate cell function through both ceramide and dihy-
droceramide (and their respective sphingolipid metabolites).
In addition to 4-HPR and C8-CPPC, other cellular inhibitors

of DES such as �-tocopherol, celecoxib, resveratrol, XM462,
photodynamic therapy, and hydrogen peroxide have been iden-
tified recently (16, 35, 38–41); however, these are unlikely to
function as direct inhibitors and probably function bymodulat-
ing the redox status of the cell that has been shown tomodulate
DES activity.
The current results also implicate key metabolites of 4-HPR

as inhibitors of DES activity in situ in SMS-KCNR neuroblas-
toma cells and in vitro in rat liver microsomes. The 4-oxo-4-
HPR metabolite has been detected in human plasma and can
also be formed through induction of CYP26A1 (20). It was the
most potent inhibitor among the metabolites tested. 4-MPR
and 4-oxo-4-MPR showed minimal inhibition. 4-oxo-4-HPR
has also been reported to induce apoptosis in both 4-HPR-sen-
sitive and -resistant cells, and it has been demonstrated to have
more potent cytotoxicity than 4-HPRor 4-MPRalone (11). Fur-
thermore, it has also been reported that clinically achievable
levels of 4-oxo-4HPR are possible with daily oral dosing of
4-HPR (29).
Exploring and studying inhibitors of ceramide metabolism

pathways is a valuable approach in modulating ceramide-me-
diated biological processes. As such, targeting ceramidemetab-
olism has been shown to be an effective method of cancer cell
destruction (2). Drugs that augment ceramide and dihydroce-
ramide levels induce cell toxicity and apoptosis in cancer cells.
The current results and previous results suggest that inhibition
of DES is a novel target for cancer therapy. The balance of
ceramides and dihydroceramides within a cell may be key to
cancer cell proliferation.
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Giuliano, A. E., and Cabot, M. C. (2008)Mol. Cancer Ther. 7, 2967–2976

37. Stiban, J., Fistere, D., and Colombini, M. (2006) Apoptosis 11, 773–780
38. Munoz-Olaya, J. M., Matabosch, X., Bedia, C., Egido-Gabás, M., Casas, J.,

Llebaria, A., Delgado, A., and Fabriàs, G. (2008) Chem. Med. Chem. 3,
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