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Sphingolipid metabolites play a myriad of roles in cellu-
lar biology, including apoptosis, cell-cycle arrest, differen-
tiation, migration, proliferation, and senescence (1–4). In 
addition to signaling, sphingolipids constitute an impor-
tant component of cellular membranes, where they main-
tain the integrity of their structure and organization. In 
turn, these sphingolipid-mediated biologies have been im-
plicated in metabolism, neurodevelopment, inflammation, 
cancer, and several other physiological and pathological 
processes (5–10).

Because of their regulatory role in these critical pro-
cesses, the synthesis and turnover of sphingolipids appears 
to be tightly regulated. As shown in Fig. 1, de novo synthe-
sis begins in the endoplasmic reticulum (ER) with the con-
densation of serine and palmitoyl-CoA by way of serine 
palmitoyltransferase (SPT), the rate-limiting step in this 
pathway. The 3-keto-dihydrosphingosine product of this 
reaction is quickly reduced to generate dhSph. N-acylation 
of dhSph to form dihydroceramide (dhCer) is achieved 
via one of six (dihydro)ceramide synthases (CerSs), each 
with affinity for specific chain lengths of fatty acyl-CoAs. 
Beyond this, dhCer is desaturated via dhCer desaturase 
(DeS) into ceramide (Cer), which can then be transferred 
from the ER to the Golgi to form complex sphingolipids, 
the most abundant of which are SM and hexosylceramide 
(HexCer). The transport of Cer from ER to Golgi is 
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achieved by the action of the transfer protein, CERT, which 
preferentially couples Cer transport to SM synthesis (11), 
as well as via vesicular trafficking, which delivers Cer for the 
synthesis of both HexCer and SM. HexCer then serves as a 
substrate for the synthesis of more complex glycosphingo-
lipids (12). These complex sphingolipids are then trans-
ported to the plasma membrane and are ultimately fated to 
undergo degradation through hydrolytic pathways, mostly 
in the lysosomes, culminating with the release of sphingo-
sine (Sph) through the action of acid ceramidase (CDase). 
At this point, Sph flips and/or is transported across the ly-
sosomal membranes where it can either be phosphorylated 
through Sph kinase (SK) activity or reintegrated into the 
sphingolipid network through CerS activity via the salvage 
pathway.

Most sphingolipids can be metabolized via the activity of 
multiple enzymes, which are often localized in specific sub-
cellular compartments, and these compartments contain 
various sphingomyelinases, CDases, CerSs, and cerebrosi-
dases. Thus, regulation of these enzymes can create dis-
crete cellular pools of sphingolipids, thereby complicating 
the evaluation of sphingolipid metabolism and participa-
tion in specific regulatory pathways.

Indeed, evidence for the involvement of sphingolipids in 
biologic processes relies on studies focusing on specific en-
zymes of sphingolipid metabolism and/or changes of mass 
levels of bioactive sphingolipids. However, typical lipid 
analyses examine total cell lysates to evaluate mass levels. 
Thus, while these approaches have revealed regulated 
modulation of bioactive sphingolipids, they lack the ability 
to provide a comprehensive understanding of the dynamic 
changes occurring throughout the sphingolipid network. 
This becomes critical due to the complexity of the sphingo-
lipid network creating a need to establish more specific 
methods to probe these fluxes in their entirety.

Such needs have been partially met by the use of exoge-
nous lipids, inhibitors, radiolabeled lipids, fluorophores, 
and odd-chained lipids, which have all been employed to 
interrogate single enzymes or segments in the sphingo-
lipid metabolic pathway (13–21). Moreover, assays that uti-
lize thin-layer chromatography for the detection of the 

labeled lipids are unable to discriminate the variations in 
the N-acyl chain length, which can play a role in sphingo-
lipid biology (22–24). One approach to dissecting cellular 
pools of lipids is to utilize a label such as an unnatural 17 
carbon sphingoid base for flux analysis monitored by LC/
MS/MS (25, 26). Assays of this nature have been utilized 
to assess CerS and SK activities measuring the conversion 
of d17sphingosine (d17Sph) into d17ceramide (d17Cer) 
or d17sphingosine-1-phosphate (d17S-1-P), respectively 
(13, 27, 28).

To address the need for a comprehensive analysis of de 
novo sphingolipid biosynthesis that could quantitatively 
capture the flux through the different enzymatic phases of 
the pathway in cells, we set out to optimize the use of d17di-
hydrosphingosine (d17dhSph; precursor) in MCF-7 breast 
cancer cells. Mass spectrometer transitions and LC reten-
tion times were established for 17C metabolites, including 
d17dhCer, d17Cer, d17HexCer, d17SM, and 17 carbon 
sphingoid bases. The odd-chain backbone incorporation 
into the different metabolites was assessed at different con-
centrations and time points to generate pulse labeling pa-
rameters that spanned de novo synthesis. We then identified 
discrete temporal phases of enzyme activities through the 
de novo pathway and utilized modulators of sphingolipid 
metabolic steps to further define these enzymatic phases. 
This study lays the groundwork for precursor as a practical 
tool to decipher the intricate flux through de novo sphin-
golipid metabolism.

MATERIALS AND METHODS

Chemicals and reagents
Synthetic sphingolipid reference standards (Cer 13:1/16:0, 

Cer 13:1/22:0, d17Sph, d17dhSph, d17S-1-P, Cer d17:1/16:0, 
Cer d17:1/24:1, SM d18:1/18:1, SM d18:1/17, GluCer d18:1/18:1, 
GluCer d18:1/C17, Sph, dhSph, S-1-P, Cer d18:1/16:0, Cer 
d18:1/24, Cer d18:1/24:1Cer, SM d18:1/16:0, SM d18:1/24:1, 
GluCer d18:1/16:0, and GluCer d18:1/24:1) were either synthe-
sized at the Medical University of South Carolina Lipidomics 
Shared Resource Core or acquired from Avanti Polar Lipids Inc. 

Fig.  1.  Cellular map of d17sphingolipid metabolism. 
This is a simplified scheme of the pathways of d17dh-
Sph metabolism. Major organelles in sphingolipid 
processing are represented, along with the localization 
of the major enzymes and metabolites measured with 
this methodology.
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(Alabaster, AL). Analytical grade solvents from Burdick and Jackson 
(Muskegon, MI) were used unless otherwise noted. Extraction 
solvent A consisted of 2-propanol/ethyl acetate (15:85 v/v) and 
was utilized in the extraction of medium samples, while extrac-
tion solvent B consisted of ethyl acetate/2-propanol/water 
(60:30:10, v/v) and was utilized for cell/tissue extractions.

Cell lines and cell culture
MCF-7 human breast adenocarcinoma cells were obtained 

from ATCC (Manassas, VA) and maintained in RPMI medium 
(Gibco-Invitrogen, Carlsbad, CA) containing 10% (v/v) FBS. 
Cells were maintained in a humidified incubator at 37°C with 
5% CO2.

Pulse labeling with d17dhSph
MCF-7 cells were plated in a 10 cm dish at approximately 30% 

confluence (400,000 cells) for 48 h prior to labeling with precur-
sor; 23 h after plating, the medium was changed to RPMI contain-
ing 2% FBS. Label was added to a final concentration of 500 nM 
(or as indicated in the specific experiment) from a 10 M stock in 
ethanol. Cells were incubated for the indicated time points and 
harvested utilizing direct extraction techniques previously estab-
lished by Bielawski et al. (29).

Inhibitor treatments
MCF-7 cells were grown and labeled as in the pulse section. 

When the medium was changed to RPMI with 2% FBS, either GT-
11 (1 M), fenretinide (4-HPR) (2.5 M), or fumonisin B1 (FB1) 
(25 M) was added. For brefeldin A (BFA)-treated cells, the re-
agent was added directly to the medium to a final concentration 
of 24 M for 1 h before pulse began. Abbreviated pulses were 
utilized when possible to focus only on the relevant phases.

Analysis by HPLC/MS/MS
Chromatographic separation was achieved utilizing a Thermo 

Accela HPLC (Thermo Fisher Scientific, Waltham, MA). Condi-
tions were optimized employing a Peek Scientific C-8 column  
(3 m particle, 4.6 × 150 mm). A column temperature of 45°C 
maximized intensity and integrity of analytes while maintaining 
baseline separation. Mobile phase A consisted of MS grade water 
containing 0.2% formic acid and 1 mM ammonium formate (pH 
5.6), and mobile phase B (MPB) consisted of MS grade methanol 
containing 0.2% formic acid and 1 mM ammonium formate (pH 
5.6). Chromatographic conditions were as follows: upon sample 
injection, the gradient was constant for 2 min at 82% MPB, then 
increased to 90% MPB by 4 min, then increased to 98% MPB by 
10 min, and 98% MPB was sustained until 28 min, at which point 
MPB was reduced to 82% by 30 min, and then reequilibrated for 
5 min, for a total gradient of 35 min. For SM analysis, an abbrevi-
ated gradient was utilized. Briefly, upon sample injection, the gra-
dient was ramped from 90% MPB to 99% MPB over the first  
7 min, then maintained at 99% MPB until 17 min into the gradi-
ent, at which point the gradient was returned to 90% MPB within 
1 min and allowed to equilibrate until 21 min. Detection was 
accomplished utilizing a Thermo Scientific Quantum Access 
triple quadrupole mass spectrometer (Thermo Fisher Scientific) 
equipped with an electrospray ion source operating in positive 
ion and multiple reaction monitoring modes. The ESI source was 
operated at 400°C vaporizer temperature and 300°C capillary 
temperature in positive ionization mode with a spray voltage of 
3,500 V. Gasses were set at 40, 5, and 10 for sheath, ion sweep, and 
auxiliary gases, respectively. MS detection of labeled lipids was ac-
complished using transitions described in supplemental Table S1 
(29). Due to limitations in standards availability and instrumenta-
tion (scan speeds versus sensitivity when detecting large numbers 

of mass transitions), only the major species of N-acyl chain length 
were monitored.

Statistical analysis
One-way ANOVA, two-way ANOVA, and Student’s t-test were 

utilized for statistical analysis in GraphPad Prism software. Bonfer-
roni’s posttest was applied for multiple comparisons for both one-
way and two-way ANOVA analysis.

RESULTS

Development of LC/MS conditions for acquisition and 
quantitation of d17-labeled sphingolipids

Chromatographic conditions and MS transitions for d17 
sphingoid bases, d17dhCers, and d17Cers have been estab-
lished in the literature (25, 29), yet expanding these stud-
ies to include complex sphingolipids has not been done. 
Only a single standard for each of d17HexCer and d17SM 
was commercially available, thus retention times for all 
d17HexCers and d17SMs were calculated utilizing a com-
parison of SM d18:1/17:0 to SM d18:1/18:1 and HexCer 
standards. The retention times for SM d18:1/17:0 differed 
from SM 18:1/18:1 by 30 s. To generate retention times for 
putative d17SM and d17HexCer analytes, MCF-7 cells were 
labeled with 1 M precursor for 2 h. When compared with 
their 18 carbon SM (standard) counterparts, SM d17:1/ 
16:0, d17:1/C24:1, and d17:1/24 were assigned to peaks 
corresponding to an average retention time shift of 25, 45, 
and 50 s, respectively. Similar shifts of 30, 45, and 50 s were 
observed for HexCer d17:1/16:0, d17:1/24:1, and d17:1/ 
24, respectively. MS transitions were calculated utilizing 18 
carbon backbone standards of the corresponding N-acyl 
chain length to 17 carbon analytes of interest. The minus 
water fragmentation product (m/z 18) was by far the most 
abundant product ion generated, thus the corresponding 
17 carbon product ions were calculated and utilized for 
quantitation. The characteristic fragment ion of m/z 250.3 
was utilized as a diagnostic peak corresponding to the 17 
carbon sphingoid backbone (supplemental Table S1).

Incorporation of precursor into de novo sphingolipid 
metabolism

Pulse labeling experiments to probe sphingolipid meta-
bolic flux have been traditionally performed with radioac-
tive isotopes or fluorescent lipids; however, these assays can 
suffer from a lack of sensitivity and specificity in acyl chain 
length. These limitations are circumvented by the use of a 
17 carbon Sph as a probe in conjunction with MS analysis 
of 17 carbon sphingolipid metabolites (25, 29). To gather 
a general picture of the metabolism of precursor into 
sphingolipids and to determine appropriate parameters 
(dose and time) for subsequent experiments, MCF-7 cells 
were first labeled for 1 h with increasing doses (50–1,000 nM) 
of precursor, and the resulting 17 carbon sphingolipid 
products were monitored by MS. The uptake of the exog-
enous precursor label into cells (Fig. 2A) and its conver-
sion into d17dhCer and d17Cers (Fig. 2B, C) occurred in a 
dose-dependent manner. However, below the concentration 
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of 500 nM, we could not achieve accurate quantitation of 
d17dhCer during the CerS phase (Fig. 2B). Because of 
these limitations in sensitivity, we selected the lowest con-
centration that allowed accurate quantitation across d17 
metabolites (500 nM). The metabolism of 500 nM precur-
sor did not contribute significantly to total cellular mass of 
SM and HexCer over the 120 min pulse, but generated ap-
proximately four times more labeled dhCer and Cer (sup-
plemental Fig. S1) compared with endogenous levels; 
though at the 120 min time point, the incorporation pro-
files of individual labeled molecular species matched the 
endogenous ones (supplemental Fig. S2), supporting the 
experimental legitimacy of utilizing a 500 nM concentra-
tion of precursor for our studies. Lastly, while the 1,000 nM 
concentrations of precursor demonstrated more robust in-
corporation into 17 carbon metabolites (Fig. 2), exogenous 
treatment with sphingoid bases in the low micromolar 
range can exert significant biological effects (30), thus we 
utilized 500 nM of precursor for subsequent labeling stud-
ies, as this dose was optimally incorporated into sphingolip-
ids, allowing clear detection of metabolites, even at very 
early time points, without apparent biological effects oc-
curring during the duration of the labeling.

Next, a time course of precursor label uptake and incor-
poration was performed. MCF-7 cells were labeled with 
500 nM of precursor for up to 120 min. Precursor label 
reached a maximal intracellular concentration within 5 min 
of addition to the media, which corresponded to approxi-

mately 5% of extracellular precursor, and remained stable 
for the rest of the incubation time (Fig. 3A, B). The amount 
of precursor label in the media was measured and found to 
slowly decrease over the 120 min time course, yet still rep-
resented over 60% of the initial label (Fig. 3C). Reciprocally, 
the incorporation of label into combined cellular pools of 
precursor, d17dhCer, d17Cer, d17SM, and d17HexCer, for 
the major N-acyl species (C16, C24:1, C24) was measured 
and found to show a progressive increase over this time 
course (Fig. 3C). These data indicate that extracellular pre-
cursor label was in excess throughout the pulse and that 
intracellular precursor was readily available for metabolism.

CerS phase occurs between 2 and 15 min into the pulse
In order to determine flux rates through the sphingolipid 

network, we next utilized precursor to define consecutive 
enzymatic reactions of the de novo biosynthetic pathway, 
past the SPT/3-keto-dhSph reductase reactions. MCF-7 
cells were labeled with 500 nM of precursor for 120 min, 
and sphingolipid metabolism was assessed via ESI/MS/MS. 
The maximal rate of precursor label incorporation into 
d17dhCer was observed during the first 15 min of the pulse 
(Fig. 4A), thus a best fit line was constructed utilizing time 
points between 2 and 15 min (Fig. 4B). For MCF-7 cells, the 
major species of N-acyl chain length incorporated via the six 
different CerSs included dhCer d18:0/16:0, dhCer d18:0/ 
24:1, and dhCer d18:0/24. It was observed that the maxi-
mum rate of precursor incorporation into the different 

Fig.  2.  d17dhSph dose-dependent label incorpora-
tion. MCF-7 cells were labeled with 50, 100, 500, or 
1,000 nM of 17 carbon backbone dihydrosphingosine 
(precursor) (17CdhSph) for a 120 min pulse, then 
harvested and analyzed with HPLC/MS/MS. Intracel-
lular levels of d17dhSph (A), dhCer d17:0/16:0 (B), 
d17Cer (C), d17SM (50 nM not acquired) (D), and 
d17HexCer (E) are presented (n = 2). Data are ex-
pressed as mean ± SD.
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N-acyl chain lengths of dhCer occurred between 2 and 
15 min (supplemental Fig. S3). Therefore, the slope of the 
line in Fig. 4B represents the rate of d17dhCer production 
and corresponds to the total activity of the CerS enzymes. 
This rate is calculated at 0.61 pmol of d17dhCer per nano-
mole of lipid Pi per minute (pmol/nmol Pi/min) (Table 1). 

As CerSs are the first enzymes in de novo sphingolipid syn-
thesis to utilize precursor, the conversion of precursor into 
d17dhCer via CerS activity commenced almost immedi-
ately with the x-intercept reading at 1.2 min (Fig. 4B). 
Therefore, the interval of time between 2 and 15 min de-
fined what we termed the “CerS phase”.

Fig.  3.  The 17dhSph cellular uptake. MCF-7 cells 
were labeled with 500 nM d17dhSph. Cells were har-
vested at the indicated time points and analyzed with 
HPLC/MS/MS. A: Intracellular levels of d17dhSph. B: 
Intracellular d17dhSph given as a percentage of extra-
cellular d17dhSph levels. C: Extracellular (media) 
d17dhSph after indicated times incubated with cells 
and the combined intracellular levels of d17dhSph, 
d17dhCer, d17Cer, d17SM, and d17HexCer. Data are 
are expressed as mean ± SD, n = 3.

Fig.  4.  Identification of CerS phase during d17dh-
Sph pulse. MCF-7 cells were labeled with 500 nM 
d17dhSph and labeled sphingolipids analyzed by LC/
MS/MS. A: d17dhCer levels throughout the full 120 
min pulse. B: Inset represents CerS phase between 2 and 
15 min with calculated line of best fit. C, D: Cells were 
treated with 25 µM FBI for 24 h prior to pulse; CerS 
phase (d17dhCer) (C) and intracellular levels (D) of 
d17dhSph were analyzed. Data are expressed as 
mean ± SD, n = 3. **P < 0.01, ***P < 0.001, and ****P < 
0.0001 as compared with vehicle.
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To further confirm the involvement of CerS during the 
first phase of precursor metabolism, we tested the effect of 
the potent CerS inhibitor, FB1, on d17dhCer formation 
(31). MCF-7 cells were pretreated with 25 M of FB1 for 24 h 
prior to labeling with precursor, and labeled sphingolip-
ids were assessed via LC/MS/MS. Pretreatment with FB1 
decreased CerS activity by 90% during the CerS phase with 
minimal accumulation of d17dhCer detected (Fig. 4C,  
Table 1). Interestingly, the precursor substrate of the CerS 
accumulated rapidly upon inhibition by FB1 (Fig. 4D), 
demonstrating that initial label incorporation is CerS de-
pendent. Further metabolism of the precursor label was 
similarly reduced in the subsequent DeS, HexCer, and SM 
metabolic phases (Table 1).

DeS phase occurs between 20 and 60 min into the pulse
The product of CerS activity, dhCer, is next desaturated 

via DeS (32) to produce d17Cer. The maximum rate of 
d17Cer formation occurred between 20 and 60 min 
(Fig. 5A). Again, a line was constructed for this interval, 
the x-intercept was at 6.2 min and a rate of 0.85 pmol/nmol 

Pi/min for Cer generation was calculated, establishing the 
“DeS phase” (Fig. 5B, Table 1). In agreement with the 
higher activity of DeS (0.85 pmol/nmol Pi/min) compared 
with CerS (0.61 pmol/nmol Pi/min), labeled DeS substrate 
(d17dhCer) began to decline at 45 min (Fig. 4A), during 
the DeS phase. As we did not observe changes in the rates 
of formation of the different N-acyl species, the DeS phase 
is being shown as total d17Cer (supplemental Fig. S3).

To confirm the identification of the DeS phase, the ef-
fects of two well-established DeS inhibitors, GT-11 (33) and 
4-HPR (34), were tested on production of d17Cer. MCF-7 
cells were treated with 1 M of GT-11 or 2.5 M of 4-HPR, 
and metabolism of the 17 carbon label was measured with 
LC/MS/MS. Both DeS inhibitors resulted in increased lev-
els of labeled d17dhCer during the DeS phase (Fig. 5C); 
for example, d17dhCer increased by 279 ± 39% with GT-11 
and by 128 ± 17% with 4-HPR at the 60 min time point, cor-
responding to the end of the DeS phase, indicating a 
backup in the DeS substrate (Fig. 5C). This was accompa-
nied by a near total inhibition of formation of the d17Cer 
products (Fig. 5D, Table 1), such that the rate of d17Cer 

TABLE  1.  In situ sphingolipid enzymatic activity rates

Phase
Vehicle  

(pmol/nmol Pi/min)
FB1  

(pmol/nmol Pi/min)
GT-11  

(pmol/nmol Pi/min)
BFA  

(pmol/nmol Pi/min)

CerS (total) 0.61 (100%) 0.061 (10%) 0.60 (98%) 0.54 (89%)
DeS 0.85 (100%) NI 0.026 (3%) 0.24 (28%)
HexCer synthesis 0.37 (100%) NI NI 0.39 (105%)
SM synthesis 0.39 (100%) NI NI 1.2a (308%)

Rates are the calculated as slope of label incorporation into the product analyte for a given enzymatic reaction 
during the time frames (phases) established in Figs. 4–6. Units are picomolesof labeled product per nanomole of 
lipid Pi per minute. Percent vehicle is also given. NI, no incorporation.

a Rate for adjusted phase.

Fig.  5.  Identification of DeS phase during d17dh-
Sph pulse. MCF-7 cells were labeled with 500 nM 
d17dhSph and labeled sphingolipids analyzed by LC/
MS/MS. A: d17Cer flux throughout the full 120 min 
pulse. B: Inset represents DeS phase between 20 and 
60 min with calculated line of best fit. C, D: Cells were 
treated with l µM GT-11 or 2.5 µM 4-HPR for 24 h prior 
to pulse; d17Cer (C) and d17dhCer (D) were analyzed. 
Data are expressed as mean ± SD, n = 3. **P < 0.01, and 
****P < 0.0001 as compared with vehicle.
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formation displayed a 97% decrease with GT-11 and a 98% 
decrease with 4-HPR during the DeS phase (Fig. 5D). 
There was no detectable label incorporation in d17SM  
or d17HexCer in either condition (Table 1). Importantly, 
generation of the DeS substrate remained unaffected dur-
ing the CerS phase (Fig. 5C, Table 1). The selective inhibi-
tion of d17Cer production by GT-11 and 4-HPR and the 
fact that the rate of d17dhCer remained unaffected upon 
treatment with the DeS inhibitors support the correct as-
signment of the CerS and DeS phases during the metabolic 
labeling with precursor.

Complex sphingolipid metabolic phases occur after  
60 min of precursor pulse

In order for Cer to be converted into complex sphingo-
lipids, it first has to be transported from the ER to the 
Golgi. This transfer represents a metabolic “fork in the 
road”, in which the CERT protein transfers Cer from ER to 
Golgi, preferentially for generation of SM, while vesicular 
transfer favors the incorporation of Cer into HexCer (Fig. 
1). In accordance with the literature (35, 36) and the spa-
tial separation of the ER and Golgi, the generation of ap-
preciable amounts of labeled complex sphingolipids only 
appeared after 20–45 min into the pulse (Fig. 6). The max-
imal rate of d17SM synthesis occurred between 60 and 120 
min (Fig. 6A). Analysis of kinetics during this phase dem-
onstrated a rate of synthesis of 0.39 pmol/nmol Pi/min 
(Fig. 6B, Table 1) with an x-intercept that indicates synthe-
sis began at 35 min. Consistent with C16SM being the most 
abundant SM molecular species in this cell type in steady 
state conditions (supplemental Fig. S2) (37), SM d17:1/16:0 
was the predominant molecular species of SM produced 
during the 60–120 min period of the pulse designated the 
“SM synthesis phase” (supplemental Fig. S2, Fig. 6). Hex-
Cer synthesis exhibited a similar delay to that of SM (x-in-
tercept of 28 min) and a maximal rate of 0.37 pmol/nmol 
Pi/min between 60 and 120 min, establishing the “HexCer 
synthesis phase” (Fig. 6C, D; Table 1). As we did not ob-
serve changes in the rates of formation of the different  
N-acyl species, the HexCer synthesis phase is being shown 
as total d17HexCer. Taken together, these data establish 
rates of synthesis for complex 17 carbon-labeled sphingo-
lipids and the time interval at which Cer is delivered from 
the ER to the next biosynthetic step in the Golgi.

As a means to investigate the delay in the initial label in-
corporation into complex sphingolipids, BFA was utilized. 
BFA is an antibiotic that has been shown to induce fusion 
of the Golgi and ER (38), producing an increase in SM 
synthase (SMS) activity, while having lesser effects on Hex-
Cer synthesis (39). MCF-7 cells were pretreated with a  
24 M dose of BFA for 1 h, and d17-labeled sphingolipids 
were assessed with ESI/MS/MS. The results showed a dra-
matic decrease in the delay of incorporation for labeled 
SM, which began almost immediately (Fig. 6E). Moreover, 
there was an increase in the maximum rate of synthesis to 
1.2 pmol/nmol Pi/min occurring within the first 10 min of 
the pulse (Fig. 6E, Table 1). No significant change in the rate 
of synthesis of d17HexCer was observed, but the initiation 
of incorporation was reduced by 20 min, when calculated 

using a best fit line during the normal HexCer synthesis 
phase (Fig. 6F, Table 1). Finally, BFA caused the substrate 
for both pathways, d17Cer, to be utilized at a much greater 
rate; such that by the end of the 120 min pulse, incorpora-
tion of the label into d17Cer had decreased by 50 ± 15% in 
BFA-treated cells (Fig. 6G). Taken together, these data 
verify the assessment that the delay in generation of labeled 
complex sphingolipids is due to the limiting step in the 
transfer of Cer between the ER and Golgi.

Sphingoid bases and phosphates
The phosphorylation of Sph into S-1-P by SK1 and -2 is  

a very important step in sphingolipid-mediated signaling,  
as well as clearance of sphingolipids from cellular pools. 
While d17S-1-P was below the detection limit during the 
labeling time, d17dhS-1-P, the direct product of label 
phosphorylation, paralleled the cellular levels of precursor 
with an almost immediate increase followed by a plateau 
(Fig. 7A). Because the precursor substrate was still in ex-
cess, these data suggest that dhS-1-P achieves steady state 
levels very rapidly. The generation of Sph from dhSph first 
requires conversion into Cer and then the action of CDases. 
The generation of d17Sph appeared to reach a maximum 
rate between 20 and 60 min, with a rate of synthesis of 
0.016 pmol/nmol Pi/min (Fig. 7B). This activity paralleled 
the generation of the CDase substrate, d17Cer, during the 
DeS phase in the ER. Taken together, these data establish 
the discrete intervals during the pulse that reflect the activi-
ties of individual enzymes in de novo sphingolipid synthe-
sis (post-SPT).

DISCUSSION

In this study, we set out to define and optimize precursor 
as a tool to study flux through the de novo sphingolipid 
pathway. Based on rates of label incorporation into 17 car-
bon sphingolipid metabolites during a 120 min precursor 
pulse, we identified discrete phases of synthesis of sphingo-
lipid metabolites that correspond to the enzymatic activi-
ties for CerS, DeS, HexCer, and SM synthesis in MCF-7 
breast cancer cells. These kinetic results also agree with 
what is currently known about the subcellular localization 
of de novo synthesis of sphingolipids (36, 38–40). Notably, 
all results were acquired from a single-step approach utiliz-
ing a 17 carbon sphingoid label that demonstrates very 
similar biochemical properties to the endogenous sub-
strates; as such, all obtained metabolic rates are compara-
ble to those of natural sphingolipids. Taken together, these 
results establish the use of d17dhSph as a novel tool for 
probing and distinguishing multiple de novo sphingolipid 
enzymatic activities simultaneously.

The first phase to be detected was that of the CerS. This 
CerS phase was established based on the formation of 
d17dhCer, and was initiated almost immediately upon ad-
dition of labeled precursor to media, proceeding linearly 
for 15 min (up to 40 min) into the pulse. It should be noted 
in this context that uptake of precursor was detected at the 
very earliest time point we could measure, and remained 
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steady throughout the course of this experimental ap-
proach. The incorporation of 17 carbon backbone sphin-
goid bases by CerS is well-studied (18, 28, 41), though 
mostly utilizing d17Sph in the context of the salvage path-
way. Jin et al. (41) incubated cells with 1 M of precursor 
for 30 min to measure changes in CerS enzymatic activity in 
response to Compound C, a potent inhibitor of AMP- 
activated protein kinase. Importantly, changes in label 

incorporation paralleled those in mRNA levels of CerS, 
and were consistent with the observed changes in endoge-
nous Cer levels in response to CerS induction by Com-
pound C. Our data demonstrate that more robust results 
may be achieved by monitoring d17dhCer directly during 
the CerS phase in the first 15 min of the pulse. In another 
study, d17Sph was utilized to measure CerS activity in BMK 
cells (18). As d17Sph forms d17Cer directly without the 

Fig.  6.  Identification of complex sphingolipid synthetic phases from de novo-generated d17Cer during pulse. MCF-7 cells were labeled 
with 500 nM d17dhSph. Cells were harvested at the indicated time points and analyzed with HPLC/MS/MS. A: d17SM levels throughout the 
full 120 min pulse. B: Inset represents SM synthesis phase between 60 and 120 min with calculated line of best fit. C: d17HexCer levels 
throughout the full 120 min pulse. D: Inset represents HexCer synthesis phase between 60 and 120 min with calculated line of best fit. E–G: 
Cells were treated with 25 µM BFA for 1 h prior to pulse and d17Cer (E), d17SM (F), and d17HexCer (G) were analyzed for the entire 120 
min pulse. Data are expressed as mean ± SD, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 as compared with vehicle.



1054 Journal of Lipid Research  Volume 59, 2018

need for desaturation, the authors were able to monitor 
CerS-dependent label incorporation within 13 min of  
label addition. Notably, both in vitro and in situ assays uti-
lizing d17Sph aligned to indicate regulation of specific iso-
forms of CerS via BAK protein in the context of apoptosis. 
Thus, either d17Sph or precursor labels are amenable to 
measuring CerS activity, as long as the proper time points 
(phases) and substrates are considered.

While CerS activity is considered the major form of 
sphingoid base N-acylation, reverse CDase activity, which is 
FB1 insensitive, has also been implicated in Cer production 
(16, 42). Thus, as a means of determining reverse CDase 
contribution to d17dhCer pools, we utilized the CerS in-
hibitor, FB1, to more accurately define enzymatic contribu-
tion to the CerS phase. As reported by El-Bawab et al. (16), 
reverse CDase activity has very low affinity toward dhSph, 
thus it was expected that there would be very little contri-
bution from reverse CDase activity. Indeed, we observed a 
90 ± 5% decrease in d17dhCer levels at the end of the CerS 
phase (15 min) upon FB1 treatment (Fig. 4C), indicating 
that CerS activity is the overwhelming Cer synthesizing 
mechanism and that it could be accurately monitored dur-
ing this period of the pulse.

Interestingly, an increase in the precursor substrate for 
CerS was observed upon FB1 treatment (Fig. 4D). In this 
context, it was important to note that during the 120 min 
pulse, precursor levels appeared to be maintained by the 
cell at 5% of the media concentration (Fig. 3C). With CerS 
inhibition, this number doubled to almost 10% only dur-
ing the CerS phase, then remained stable for the remain-
der of the pulse (Fig. 4D). The reason for this is unknown 
at present, but may represent saturated mechanisms of up-
take, clearance, and/or feedback.

This approach also defines a discrete DeS phase by mon-
itoring the formation of d17Cer following the production 
of d17dhCer. This phase is the next step in the de novo 
metabolism of the 17 carbon label (Fig. 1), and it produced 
the maximum rate of labeled product between 20 and 60 
min into the pulse. Utilizing D-erythro-C12-dihydro pyri-
dinium bromide as an analog of dhCer, Apraiz et al. (43) 
demonstrated that DeS inhibition by 4-HPR could be de-
termined at 60 min following label addition. Indeed, in our 
study, DeS inhibition with either GT-11 or 4-HPR was uti-
lized to further demonstrate the d17Cer generated during 
the 20–60 min window of time to be DeS dependent (Fig. 
5D). Of note, the CerS phase remained unaffected by the 

treatments, as it was only during the DeS phase that d17dh-
Cer began to accumulate (Fig. 5C), further validating the 
2–15 min time points selected for CerS. While there cur-
rently are adequate substrates for measuring DeS activity in 
vitro and in situ, this is the first time, to our knowledge, that 
this label has been utilized to monitor flux between the 
CerS and DeS.

Analysis of the kinetics of formation and loss of d17dh-
Cer also provides further insights into the actions of both 
CerS and DeS. Rapid N-acylation of exogenous sphingoid 
bases has been observed (13, 18, 28), but of particular in-
terest in our study was the peak in 17 carbon label incor-
poration into d17dhCer pools at 45 min, followed by a 
significant decrease. This decrease in the d17dhCer can be 
interpreted by considering the rates established during the 
phases responsible for dhCer generation and utilization. 
Michaelis-Menten kinetics have been established for both 
enzymes involved in dhCer metabolism. In vitro Vmax values 
established in the literature consistently range in the pico-
moles per minute per milligram for CerS activity (44, 45). 
Faster DeS activity has been measured in vitro utilizing 
both dhCerC6NBD (46) and D-erythro-C12-dihydro pyri-
dinium bromide (34) as substrates, with Vmax values of 1.71 
and 3.16 nmol/min/mg, respectively. However, it is diffi-
cult to extrapolate these in vitro rates to cells, as the in vitro 
rates are dependent on the purity of the enzyme prepara-
tion, whereas cell studies can also be affected by factors 
present in cells and not accounted for in vitro, including 
the cellular location of the enzymes, regulatory subunits, 
and cofactors. In our study, under basal conditions, the cel-
lular CerS rate was calculated to be 0.61 pmol/nmol Pi/
min, while DeS demonstrated a faster rate of 0.85 pmol/
nmol Pi/min (Table 1). Thus, it is not surprising that dur-
ing the DeS phase, the d17dhCer substrate begins to de-
crease. Additionally, when DeS activity was inhibited (Fig. 
5C), the production of d17dhCer continued past the 45 
min peak observed in vehicle, maintaining the initial maxi-
mal rate of synthesis. These results indicate that CerS activ-
ity is not inhibited by accumulation of its product (at least 
during the interval of time considered) and that the rela-
tive activity of DeS versus CerS is the critical determinant of 
the amounts of d17dhCer produced.

Importantly, the generation of d17Sph, which requires 
the action of CDases, occurred with a maximal rate at the 
same time interval in the pulse as DeS activity (Figs. 5B, 
7B), indicating that CDase activity could be measured with 

Fig.  7.  Time-dependent incorporation of d17dhSph 
label into sphingoid base and phosphate. MCF-7 cells 
were labeled with 500 nM d17dhSph. Cells were har-
vested at relevant time points and analyzed with 
HPLC/MS/MS. A: d17dhSph-l-P levels during entire 
120 min pulse. B: d17Sph levels throughout the full 
120 min pulse. Data are expressed as mean ± SD, n = 3.
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this approach as well. It is important to consider that there 
are three alkaline CDases (ACER 1–3), two of which have 
distinct localization to either the ER or Golgi. Thus, the 
time window during the pulse in which d17Sph is being 
generated can indicate which ACERs are likely responsible 
for Cer metabolism. In unperturbed MCF-7 cells, it appears 
that rapid turnover of newly synthesized Cer occurs imme-
diately upon generation in the ER, thus either ACER 1 and/
or ACER 3 activity is likely responsible. CDase activities have 
been monitored via fluorescent and natural substrate in vi-
tro (47, 48), but this is the first time an in situ flux assay has 
been performed to measure ER CDase activity rates.

The final phases to be detected with this approach were 
the subsequent synthesis of both SM and HexCer, which 
were delayed until 60–120 min. The lag observed in initial 
incorporation of the label into complex sphingolipids cor-
responds quite closely to established knowledge on the rate 
of transfer for Cer from the ER to the Golgi, with initial 
incorporation calculated in the current study at 35 min for 
SM and 28 min for HexCer. Indeed, previous observations 
utilizing either NBD-C6-Cer (35) or a photoactivable and 
clickable analog of Sph (36), indicated that exogenously 
added sphingolipid requires at least 30 min to begin incor-
poration into Golgi pools of sphingolipid. Of note, these 
studies both observed initial localization of labeled lipid in 
a different compartment from the Golgi, thus transfer of 
labeled metabolites was required. These earlier studies had 
the obvious limitation of not knowing how well the exoge-
nous analogs mimicked the function of endogenous sphin-
golipids. Given that the d17Cer generated during the pulse 
closely mimics natural Cer substrate in biophysical proper-
ties as well as localization, it should more accurately reflect 
processing of endogenous substrates. Moreover, dissection 
of flux through these two pathways by examining endoge-
nous levels has been complicated by the fact that both me-
tabolites are at relatively high concentrations in the cell 
when compared with their biosynthetic precursor Cer, with 
the latter also serving as product of hydrolysis of SM and 
HexCer. Thus, small changes in SM and HexCer can affect 
Cer levels substantially. The current approach allows the 
detection of small changes in these synthetic pathways.

Vesicular trafficking and protein-mediated transport via 
the action of CERT are required for generation of both 
HexCer and SM (Fig. 1). Our data demonstrate that gen-
eration of d17SM and d17HexCer occur at relatively the 
same rate and with similar initial incorporation of our label 
(Fig. 6). Thus, utilizing BFA allowed the deconvolution of 
these two fundamentally different forms of lipid traffick-
ing. Previously, it has been reported that BFA treatment 
enhanced incorporation of short-chain Cers into short-
chain SM, while the conversion into short-chain HexCer 
was unchanged (39, 49). In our study, BFA decreased the 
time the d17Cer took to reach SMS enzymes from 35 min 
to 5 min, suggesting that 30 min is approximately the time 
necessary for Cer to reach SMS in the Golgi from the ER 
(Fig. 6E). Moreover, the rate of flux for d17SM synthesis 
was increased by 300% during BFA treatment (Fig. 6E). As 
both substrates for SM synthesis, phosphatidylcholine and 
Cer, are synthesized in the ER, there is a large excess of 

substrate available to the SMS enzyme upon BFA treatment 
and the increase in the rate of SM synthesis under these 
conditions indicates that substrate limitation occurs in the 
Golgi (49). In our conditions, treatment with BFA initiated 
the synthesis of HexCer at an earlier time point (8.6 min), 
while the maximal rate of synthesis remained unchanged, 
reflecting the fact that the substrate availability for GCS is a 
function of trafficking of the label from the ER to the Golgi 
and not of the Cer availability. On the other hand, it has 
been shown that the formation of glycosphingolipids could 
be driven under high glucose conditions, thus pointing to 
UDP-glucose as the rate limiting factor in this metabolic 
step (50). Interestingly, these results highlight a substantial 
difference between GCS and SMS utilization of Cer sub-
strate transferred from the ER.

Phosphorylation of Sph has been probed in a few studies 
utilizing 17 carbon sphingoid bases as a substrate for SK 
activity, though no consensus has been established in the 
literature for assay parameters (27, 51–53). Importantly, our 
study would suggest that steady state levels of d17dhSph-1-P 
are reached very rapidly (within 2 min, Fig. 7A) making it 
unfeasible to probe flux through SK. Thus, studies assess-
ing conversion of precursor into d17dhSph-1-P as a mea-
sure of SK activity at steady state are actually measuring 
the balance between the synthesis of d17dhSph-1-P and its 
catabolism.

One limitation of this approach is the exclusion from 
the analysis of the first two steps of sphingolipid metabo-
lism, SPT and reductase. Probing SPT activity would require 
labeling with either serine or palmitate metabolites (20) 
that are not unique to the sphingolipid pathway. Moreover, 
SPT can utilize the additional amino acids, glycine and ala-
nine, as well as additional fatty acyl-CoAs, such as stearoyl-
CoA and myristoyl-CoA. Thus, evaluation of SPT activity 
itself would then require a range of different precursors.

In summary, we have established precursor as a one-step 
practical molecular label for a comprehensive analysis of 
sphingolipid metabolic flux in situ. The phases ascribed 
based on the 120 min pulse of precursor accurately depict 
flux through de novo sphingolipid generation through 
complex sphingolipid synthesis. Thus, this tool can now be 
applied to known modulators of the sphingolipid network 
to gain a better understanding of regulation of key en-
zymes in the pathway.
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