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pathways. Sphingomyelin and other complex sphingolipids 
form the substrates for the sphingolipid hydrolytic and 
salvage pathways. Catabolism of sphingomyelin is mediated 
by the activity of the sphingomyelin phosphodiesterases, 
which generate ceramide, and subsequent metabolism of 
ceramide can generate sphingosine (11). Ceramide can 
also serve as a substrate for the formation of C-1-P through 
the action of ceramide kinase (CERK) (12). Ceramide has 
been implicated in multiple cellular functions, including 
apoptosis, response to chemotherapeutics, and other anti-
mitogenic activities. In contrast, C-1-P has many important 
signaling functions in the mediation of several inflamma-
tory processes that promote tumor formation and progres-
sion (6, 13, 14). Therefore, CERK may have a dual function 
in tumor promotion involving both the production of mito-
genic C-1-P as well as clearance of apoptotic ceramide (15).

Previous work from our laboratory and others has re-
vealed a pro-inflammatory role for the sphingolipid salvage 
pathway, with a particular focus on acid sphingomyelinase 
(ASM) (16–19). ASM is a 631 amino acid protein, encoded 
by the SMPD1 gene. It mediates several downstream signal-
ing responses initiated by lipopolysaccharides, oxidative stress, 
ionizing radiation, IL-1, TNF-, and phorbol 12-myristate 
13-acetate, including roles in induction of protein kinase C,  
IL-6, and interferon  (INF-) (20–23). ASM has also been 
implicated in viral and bacterial uptake and infection (24, 
25). In particular, our previous studies disclosed an impor-
tant role for ASM in mediating the induction of CCL5/
RANTES in response to the action of IL-1 and TNF-. 
CCL5 has been implicated as a key chemokine in the regu-
lation of the tumor microenvironment, and along with 
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Bioactive sphingolipids are a diverse group of signaling 
molecules that includes ceramide, sphingosine, ceramide 
1-phosphate (C-1-P), and sphingosine 1-phosphate, with 
more than 40 metabolic enzymes that generate, catabolize, 
or interconvert them (1–7). Due to the large number of 
bioactive lipids and enzymes involved, the sphingolipid 
metabolic network is highly regulated and compartmental-
ized within the cell (8–10). Sphingolipid metabolism can 
be segregated into the de novo, hydrolytic, and salvage 
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other cytokines, including TNF-, has been implicated in 
tumor progression and development of intratumoral het-
erogeneity (26–29). In breast cancer cells, TNF- induces 
not only CCL5, but also NFkB, MAPK/AKT, AP1, JNK, Ras, 
as well as many other mitogenic pathways (30–33).

Interestingly, C-1-P and CERK are known to play roles in 
many of the same pathways induced by TNF- and regu-
lated by ASM. In nonsmall cell lung cancer cell lines, C-1-P 
has been found to be a potent activator of invasion and of 
MAKP and AKT signaling (34). Furthermore, CERK has 
been found to modulate NFkB activity in neutrophils from 
the lungs of mice challenged with lipopolysaccharides (35). 
In addition to its role as a modulator of stress responses in 
lung tissues, CERK has been found to activate stress-activated 
protein kinase/c-Jun N-terminal kinase and regulate lipid 
droplet formation in an ERK- and p38-independent man-
ner (36). CERK is also known to have a direct role in TNF- 
signaling. CERK has been shown to be a downstream mod-
ulator of TNF--induced cytosolic phospholipases A2 and in 
induction of NADPH oxidase (37, 38).

Due to the findings that ASM mediates inflammatory sig-
naling in breast cancers, CERK promotes tumor progression, 
and CCL5 has a prominent role in the tumor microenviron-
ment, we sought to investigate a possible connection between 
ASM, CERK, and CCL5. This was further prompted by an 
inability to pinpoint the role of ASM in mediating CCL5 on 
ceramide, sphingosine, or sphingosine 1-phosphate. Here, 
we present results that suggest that C-1-P mediates the pro-
duction of CCL5 in response to TNF- stimulation, and that 
CERK generates C-1-P from ceramide produced by ASM.

MATERIALS AND METHODS

Materials
MCF7 cells were obtained from ATCC (Manassas, VA). Nie-

mann-Pick disease types A and B (NPD) (Cat GM16195, passage 
11) and Lesch-Nyhan (LN) (Cat GM02226, passage 16) cells were 
obtained from Coriell Cell Repository (Camden, NJ). Trypsin-
EDTA (0.05%) was from Gibco (Holtsville, NY, Cat 25300062). 
TNF- was purchased from Peprotech (Rocky Hill, NJ). Porcine 
brain sphingomyelin was from Avanti Polar Lipids (Alabaster, AL, 
Cat 860062P).

Cell culture
MCF7 cells were maintained in RPMI from Gibco (Holtsville, 

NY, Cat 11875-093) supplemented with 10% (v/v) heat-inacti-
vated FBS from HyClone (Port Washington, NY, Cat SH30396.03). 
MCF7 cells were kept in culture for no longer than 30 days. All 
cell lines were tested monthly for mycoplasma contamination us-
ing the MycoAlert kit from Lonza (Allendale, NJ, Cat LT07-218). 
NPD and LN cells were maintained at less than 75% confluency. 
All cell treatments with TNF- were carried out in serum free me-
dia, unless otherwise noted.

Plasmids and transient transfection
The CERK-DsRed plasmid was a kind gift of Charles Chalfant. 

Generation of the pEF6-ASM-V5 plasmid was described previously 
(39). Transient transfections were carried out in 6-well trays with 
1×105 cells per well. 24 h after seeding cells, the media were 
changed and cells were transfected with 1 µg of plasmid DNA per 

well, using X-tremeGENE DNA transfection reagent from Roche 
(Basel, Switzerland, Cat 06365787001) according to manufactur-
er’s instructions.

RNA Interference
Small interfering RNA (siRNA) duplexes were obtained from 

ThermoScientific (Rockford, IL), and were designed against the 
following target sequences: ASM, 5′-AACTCCTTTGGATGGG-
CCTGG-3′; and CERK (prevalidated, s34929). All-Star Negative 
Control siRNA was obtained from Qiagen. A total of 5×105 cells 
was plated in each well of a 6-well tray and 20 nM siRNA was trans-
fected using Lipofectamine RNAiMAX from ThermoFisher (Cat 
13778150), according to manufacturer’s specifications. After  
24 h, RNAi complexes were washed out, and cells were incubated 
with complete media for another 24 h. Media were exchanged 4 
h prior to experimental manipulation.

ELISA
Sandwich ELISA kits for Human CCL5 were obtained from 

R&D Systems (Minneapolis, MN, Cat DY278-05 and DY008) and 
used according to the manufacturer’s specifications. Briefly, cell 
supernatants were harvested, and centrifuged for 5 min at 21,000 
g in a table top microcentrifuge, and 100 µL of supernatant was 
used per well of the ELISA assay. Cell lysates were prepared in buf-
fer containing 50 mM TrisHCl, 0.2% TritonX-100, and protease 
inhibitor from Sigma (St. Louis, MO, Cat S8830-20TAB) (cell lysis 
buffer). Cell lysates were adjusted to a protein concentration of 
0.5 mg/ml, and 100 µL of lysate was applied to each well of the 
ELISA.

Real time RT-PCR
RNA purification was performed with the Purelink RNA Kit 

from ThermoFisher, according to manufacturer’s protocol. Con-
centration of RNA was determined by nanodrop, and 500 ng of 
RNA was transformed into cDNA using the Quanta cDNA Kit 
(Gaithersburg, MD, Cat 95047) according to the manufacturer’s 
protocol. For RT-PCR, reactions were performed in triplicate in 
96-well plates with each reaction containing 10 l 2 × iTAQ mas-
termix, 5 l of diluted (1:10, v/v) cDNA, 1 l of 20× FAM tagged 
Taqman gene specific primer probe, 0.3 µL of 60× VIC tagged 
Actin probe, and 4 l of water. The following probes were pur-
chased from Life Technologies: ACTB (Cat Hs01060665_g1); 
ASM (Cat Hs03679347_g1); CERK (Cat Hs00368483_m1); CCL5 
(Cat Hs00174575_m1).

Cytokine array
MCF7 cells were plated in 10 cm dishes at 105 cells per plate. 

The following day, cells were transfected with the plasmids con-
taining overexpression vectors with the indicated genes. Cells 
were incubated for an additional 24 h. Cells were lysed, and 
mRNA was harvested and converted to cDNA as above. Cytokine 
arrays were obtained from SA Biosciences (Cat PAHS-150Z) and 
used according to manufacturer’s protocol. Data were analyzed 
using the SA Biosciences PCR Array Data Analysis Software.

Sphingolipidomic analysis
MCF7 or NPD or LN cells were seeded at 106 cells per plate in 

10 cm plates. Following 24 h of growth in complete media, cells 
were treated as indicated. Following treatment, cells were scraped 
and pelleted in cold PBS, and lipids were extracted in 2 ml 
isopropanol:water:ethyl acetate (30:10:60 by vol). Cell extracts 
were analyzed by reverse phase high pressure liquid chromatogra-
phy coupled to electrospray ionization and subsequent separation 
by mass spectrometry. Analysis of sphingoid bases, ceramides, and 
sphingomyelins was performed on a Thermo Quantum Ultra 
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mass spectrometer, operating in a multiple reaction-monitoring 
positive ionization mode, as described (40). Lipid phosphate con-
centrations were measured and sphingolipid levels were normal-
ized to total lipid phosphate in each sample.

In vitro ASM activity assay
ASM assays were performed as previously described (20). In 

brief, 200 µM porcine brain sphingomyelin was mixed with  
14C labeled sphingomyelin and Triton X-100. Micelles were 
formed by sonication in a buffer containing 250 mM sodium acetate 
(pH 5.00) and 1.0 mM EDTA. Cells were lysed in buffer containing  
50 mM TrisHCl pH7.4, 0.2% Triton X-100, 1.0 mM EDTA, and 
protease inhibitor. An amount of 25 µg of cell lysate in 100µL lysis 
buffer was added to 100 µL of micelle mix and the reaction was 
incubated at 37°C for 30 min. The reaction was terminated with 
the addition of 1.5 ml of CHCl3: MeOH (2:1, v/v) followed by 0.4 ml 
of water. Samples were vortexed, centrifuged (5 min at 1,865 g in a 
table top centrifuge), and 0.8 ml of the aqueous/methanolic phase 
was removed for scintillation counting.

Transwell migration assay
Invasion of cells was measured using the Corning BioCoat Tumor 

Invasion System (Cat 354165), according to manufacturer’s proto-
col. Briefly, MDA-MB-231 cells were trypsinized, and resuspended in 
serum free media at a concentration of 5×104 cells/ml. A total of 500 
µL of cell suspension was added to the upper well of each chamber 
of the transwell plate. The lower chamber contained serum free me-
dia (control), complete media, or complete media plus TNF-. Cells 
were allowed to invade for 48 h, and invasion of live cells was quanti-
fied by staining cells with Calcein AM and measuring fluorescence 
using a Spectra Max M5 mulitplate reader.

MTT assay
MDA-231 (100K) were reverse transfected with All Star or 

CERK siRNA (20nM) in 6-well trays for 24 h. To initiate the time 
course, media were changed and viable cell number was assessed 
by MTT assay at 0, 24, 48 and 72 h. Briefly, 1 ml of 5 mg/ml MTT 
was added to 1 ml media and incubated for 30 min at 37°C. Media 
were aspirated and formazan dye was solubilized in 2 ml DMSO 
for 10 min at room temperature with gentle rocking. Absorbance 
of formazan product was assessed at 570 nm.

Statistical analysis
Data are represented as the mean of at least three independent 

replicates ± standard error, unless otherwise indicated. Unpaired 
Student’s t-test, one-way ANOVA with Dunnett’s post test, and 
two-way ANOVA with Bonferroni post test statistical analyses were 
performed using Prism 6.2 software.

RESULTS

TNF- induces C-1-P and CCL5 production
Previously, we demonstrated a role for ASM in IL-1 

and TNF- induced CCL5 production in MCF7 breast 
carcinoma cells (16). However, in these studies the func-
tional sphingolipid mediating those actions was not defined. 
Because inflammatory cytokines are known to activate CERK 
to induce C-1-P (37, 41), we sought to investigate the role of 
CERK and C-1-P in CCL5 production and clarify the interac-
tions between ASM and C-1-P.

As expected, we observed a rapid and robust time-depen-
dent increase in the level of CCL5 following TNF- treat-
ment. CCL5 message increased up to 18-fold over control, 
(Fig. 1A) and secreted CCL5 protein increased up to 120-fold 

over control (Fig. 1B) in response to TNF- treatment  
(it should be noted, however, that the fold changes varied 
between experiments, mostly related to differences in the 
basal levels of CCL5). To investigate the possibility that C-1-P 
plays a role in the TNF- response, we measured C-1-P levels 
following TNF- stimulation, and observed a robust time de-
pendent increase in C-1-P (Fig. 1C). Interestingly, sphingosine 
did not increase during TNF- treatment (Fig. 1D, E). These 
data suggest TNF- induces a C-1-P dependent signaling 
pathway in MCF7 cells in a relevant time frame.

To date, CERK is the only identified source of C-1-P in 
mammalian cells (42). As such, we sought to determine the 
role of CERK in production of C-1-P and CCL5. Using siRNA 
directed toward CERK, we were able to knock down expres-
sion of CERK (supplemental Fig. S1), and consequently, we 
measured a significant decrease in both the basal and TNF- 
stimulated levels of C-1-P (Fig. 2A). To rule out a possible  
effect on ceramide and sphingosine levels, we measured both 
ceramide and sphingosine in vehicle- and TNF-- treated 
cells. TNF- induced a significant accumulation of ceramide 
that was not affected by ablation of CERK, albeit, there was a 
trend to an increase in ceramide levels that did not reach 
statistical significance (Fig. 2B). Additionally, CERK knock-
down did not affect sphingosine levels in these cells (Fig. 2C). 
These data demonstrate that the increase in C-1-P in response 
to TNF- is due to CERK activity, and that CERK knockdown 
does not affect levels of the related bioactive lipids, including 
ceramide and sphingosine.

CERK is required for CCL5 production
Cytokines, including CCL5, are regulated at many levels, 

including transcription, translation, and secretion (43–45). 
As such, we investigated the role of CERK in CCL5 produc-
tion by measuring secreted CCL5 protein by ELISA. We 
observed that knockdown of CERK significantly reduced 
levels of CCL5 in the media of TNF--treated MCF7 cells 
(Fig. 3A). To assess the role of CERK in CCL5 expression, 
CCL5 mRNA was measured in cells treated with CERK 
siRNA. The results showed that ablation of CERK caused a 
significant decrease in the expression of the CCL5 message 
after treatment with TNF-, commensurate with the effects 
on protein levels (Fig. 3B). Previous reports have shown 
that CCL5 is highly regulated at the secretory level, and 
that CCL5 is stored in secretory vesicles and vesicular  
fusion and subsequent CCL5 secretions are regulated by 
SNARE and synaptobrevin-2 (43, 46). To investigate whether 
CERK exerted a differential effect on CCL5 production vs. 
secretion, we compared secreted CCL5 to CCL5 within 
cells. The results showed that ablation of CERK reduced 
both secreted and cellular CCL5 after treatment with 
TNF- (Fig. 3C, D), suggesting that CERK primarily regu-
lates the production of CCL5 in MCF7 cells.

CERK is sufficient to induce CCL5
To investigate whether CERK is sufficient to induce 

CCL5, we transiently overexpressed CERK in MCF7 cells. 
CERK overexpression induced a significant increase in  
C-1-P levels compared with control (Fig. 4A). Functionally, 
CERK overexpression induced CCL5 mRNA levels (Fig. 4B) 



1222 Journal of Lipid Research Volume 59, 2018

and a profound increase in secreted CCL5 (Fig. 4C). 
These data suggest that C-1-P is sufficient to induce CCL5 
in MCF7 cells.

ASM is required for C-1-P production
Previous data demonstrated a role for ASM in the induc-

tion of CCL5 by IL-1 and TNF-. Therefore, we sought to 
determine whether a metabolic connection exists between 

ASM-derived ceramide and C-1-P, or whether these were 
independently operating metabolic pathways. The results 
showed that TNF- treatment caused a rapid increase  
in ASM activity (Fig. 5A), and, correspondingly, TNF--
induced ceramide accumulation was also ASM dependent 
(Fig. 5B). The increases in ceramide and C-1-P following 
TNF- stimulation are temporally related, suggesting  
the possibility that CERK utilizes ASM-derived ceramide to 

Fig. 1. TNF- induces a CERK/C-1-P dependent 
pathway in MCF7 cells. MCF7 breast carcinoma cells 
were treated with vehicle (PBS) or TNF- (20 ng/ml) 
for the indicated times. A: CCL5 mRNA levels were 
quantified by RTPCR, and (B) secretion into the me-
dia was measured by ELISA. C: Lipids were harvested 
from MCF7 cells treated with vehicle (PBS) or TNF- 
(20 ng/ml) for the indicated time points. C-1-P was 
measured and normalized to total cellular lipid phos-
phate. D: Lipids were harvested from MCF7 cells 
treated with vehicle (PBS) or TNF- (20 ng/ml) for 
the indicated time points. Sphingosine was measured 
and normalized to total cellular lipid phosphate. E: 
Lipids were harvested from MCF7 cells treated with 
vehicle (PBS) or TNF- (20 ng/ml) for 18 h. C-1-P and 
sphingosine were measured and normalized to total 
cellular lipid phosphate. n = 3;* P < 0.05; *** P < 0.005; 
**** P < 0.001; # P < 0.0005. n.s., nonsignificant.

Fig. 2. Effect of CERK knockdown on lipid levels of 
C-1-P, ceramide, and sphingosine. MCF7 cells were 
treated with nontargeting (All Star) siRNA or CERK 
siRNA for 48 h prior to treatment with vehicle (PBS) 
or TNF- for 18 h. :A: C-1-P, (B) ceramide, and (C) 
sphingosine levels were analyzed and normalized to 
total lipid phosphate. n = 3; * P < 0.05; ** P < 0.01. n.s., 
nonsignificant.
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produce C-1-P and induce CCL5 in response to inflamma-
tory stimuli. Indeed, the results showed that knockdown of 
ASM also suppressed the levels of C-1-P (Fig. 5C), suggest-
ing that ASM provides at least a component of the ceramide 
required for the action of CERK. Also, knockdown of ASM 
in the presence of overexpressed CERK resulted in sig-
nificant attenuation of the C-1-P response (Fig. 5D). In a 
complementary approach to investigate the possible link 
between ASM and CERK, we used a genetic model of ASM 
deficiency. NPD is characterized by a significant decrease 
in ASM activity. Therefore, fibroblasts from NPD patients 
can be used as a model of ASM deficiency. Because NPD 
fibroblasts have a significant defect in lysosomal function, 
we obtained fibroblasts from LN patients as a control, as 
LN fibroblasts have perturbed lysosomal function but do 
not have deficiencies in ASM or other sphingolipid meta-
bolic enzymes. Both cell lines are known to respond to 
TNF- treatment, and NPD fibroblasts have a significant 
defect in CCL5 production (16, 46). Herein, the results 

showed that TNF- caused a significant increase in C-1-P in 
LN fibroblasts, but the ASM deficient NPD fibroblasts did 
not produce C-1-P in response to TNF- (Fig. 5E). There-
fore, the results suggest that C-1-P is produced from ASM-
derived ceramide.

Both ASM and CERK are required for CCL5 production
To further investigate whether ASM and CERK are part  

of the same signaling pathway, we analyzed the interaction  
of both in regard to CCL5 production. First, ASM was 
knocked down in the presence of overexpressed CERK. Im-
portantly, knockdown of ASM attenuated the induction of 
CCL5 expression at both the protein (Fig. 6A) and mRNA 
levels (Fig. 6B). Reciprocally, knockdown of CERK in the 
presence of ASM overexpression led to a decrease in CCL5 
levels on the protein (Fig. 6C) and message levels (Fig. 
6D). Taken together, these results demonstrate that at 
least part of the C-1-P formed by CERK arises from the  

Fig. 3. CERK is required for CCL5 production in MCF7 cells. MCF7 cells were treated with nontargeting siRNA or CERK siRNA for 48 h 
prior to treatment with vehicle (PBS) or TNF- (20 ng/ml). A: CCL5 secretion was measured after 18 h of TNF-, and (B) CCL5 mRNA levels 
were measured after 6 h of TNF- treatment. CCL5 protein levels were also measured in the (C) media and in (D) cells at the indicated time 
points. n = 3; * P < 0.05; ** P < 0.01; *** P < 0.005.
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conversion of ceramide derived from ASM, and that this ce-
ramide-C-1-P metabolic pathway is at least partly required for 
CCL5 production.

Role of the ASM/CERK signaling axis in cytokines 
associated with EMT, cell migration, and invasiveness

To analyze the extent of the cytokine response to ASM 
and CERK and to determine the overlap of ASM and CERK 
in cytokine regulation, we overexpressed ASM or CERK in 
MCF7 cells and conducted a quantitative RT-PCR cytokine 
array, which surveys 84 cytokines and chemokines. Overex-
pression of ASM resulted in the induction of 40 cytokines, 
whereas overexpression of CERK resulted in the induction 
of 27 cytokines. Twenty-six cytokines increased in common 
between ASM and CERK (Fig. 7). Low baseline expression 
of many of cytokines as well as experimental variability  
limits our ability to conclude on the significance of these re-
sults, however there is a strong trend toward a pro-inflamma-
tory state in cells over expressing ASM and CERK. Many  
of the upregulated genes play roles in modulation of the 
tumor microenvironment and belonged to the TNF super-
family as well as a variety of pro-metastatic cytokines and in-
terleukins. Of particular interest are several cytokines that 
are directly involved in the process of epithelial to mesen-
chymal transition (EMT), including TNF-, IL-6, CCL5, 
and CCL2 (47–49). This indicates a common role for ASM 
and CERK in the regulation especially of those cytokines 
that are relevant for tumor progression. The precise roles 
for the individual cytokines and chemokines regulated by 
ASM and CERK remains to be determined in future stud-
ies. Interestingly, many of the assayed growth factors, such 
as VEGF and BMP2, were unaffected by overexpression of 
ASM/CERK. Furthermore, none of the assayed interferon 
genes were induced by ASM/CERK overexpression. This 
suggests the pathways induced by ASM/CERK are directly 
related to tumorigenesis and tumor spread.

Role of the ASM/CERK pathway in cancer cell migration
To investigate the biological role of the TNF--ASM-CERK 

pathway, we used a migration assay to analyze invasion in 
MDA-MB-231 breast carcinoma cells. MDA-MB-231 cells are 
highly metastatic and have a mesenchymal-like phenotype as 
well as a very high proportion of CD44+/CD24 cells (50). 
Using a Matrigel® Transwell® invasion system, the results 
showed that knockdown of either ASM or CERK resulted in 
profound inhibition of cell invasion (Fig. 8A). Inhibition of 
CERK did not alter the kinetics of cellular proliferation (sup-
plemental Fig. S2). Thus, these results support an important 
role for the ASM/CERK pathway in the invasiveness of the 
postEMT breast cancer cell line MDA-MB-231.

DISCUSSION

Previous data have defined a role for ASM in the genera-
tion of ceramide following TNF- stimulation and in the 
induction of CCL5 (51, 52). Here, we provide evidence 
that TNF- induces a C-1-P dependent pathway that is suf-
ficient and partly necessary to induce CCL5 (Fig. 8B). Ad-
ditionally, CERK acts on ceramide produced by ASM, thus 
linking the activation of ASM and formation of ceramide to 
the production of C-1-P and CCL5. These data suggest that 
CERK is a master regulator of several inflammatory pro-
cesses that can contribute to breast cancer progression.

The results from this study demonstrate a key role for 
C-1-P and CERK, the enzyme that generates it from ce-
ramide, in regulation of CCL5 production. Knockdown of 
CERK led to a significant decrease in CCL5 mRNA and 
CCL5 protein following TNF- stimulation. Furthermore, 
TNF- caused a significant increase in C-1-P that correlated 
temporally with the increase in CCL5. In addition to being 
necessary for CCL5 production, overexpression of CERK 
was sufficient to induce CCL5. Taken together, these results 

Fig. 4. Overexpression of CERK induces CCL5 in MCF7 cells. MCF7 cells were transfected with CERK over expression vector (CERK-
DsRed) and compared with control condition. After 24 h, (A) C-1-P levels were measured and normalized to total lipid phosphate, (B) CCL5 
message levels, and (C) CCL5 secretion were determined. A: n = 3; *** P < 0.005. B: n = 2; error bars represent range; ** P < 0.01. C: n = 2; 
error bars represent range; ** P < 0.01.
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Fig. 5. CERK uses ASM derived ceramide to produce C-1-P. A: MCF7 cells were treated with TNF-, and ASM activity was measured at the 
indicated time points. B: MCF7 cells were treated with nontargeting or ASM siRNA for 48 h, and then treated with vehicle (PBS) or TNF- 
(20 ng/ml) for 18 h. C16-Ceramide levels and (C) C16-1-P levels were measured and normalized to total lipid phosphate. D: MCF7 cells were 
treated with nontargeting or ASM siRNA for 24 h, and then transfected with a CERK over expression vector for 24 h. C-1-P levels were mea-
sured and normalized to total lipid phosphate. E: Fibroblasts from patients with Lesch Nyhan (LN) or Nieman-Pick Disease (NPD) were 
treated with vehicle (PBS) or TNF- (20 ng/ml) for 18 h. C-1-P levels were measured and normalized to total lipid phosphate. n = 3; * P < 
0.05; ** P < 0.01. n.s., nonsignificant.

identify a novel function for CERK and C-1-P, in their regu-
lation of CCL5.

Although ASM has been implicated in CCL5 production, 
the precise identity of the downstream bioactive lipid mole-
cules has remained unclear. As sphingolipid metabolism con-
stitutes a tightly-knit network of interconnected metabolites, 
the action of a specific enzyme (in this case, ASM) cannot be 
automatically attributed to its immediate product (ceramide 
in this case), because these metabolites are interconvertible. 
TNF- stimulation of MCF7 cells induces both ASM activity 
and ceramide accumulation. Previous studies have demon-
strated a role for acid ceramidase (ACD) in CCL5 produc-
tion; however, sphingosine did not change in MCF7 cells 
treated with TNF-. Nevertheless, there is a clear role for 

ACD in CCL5 production and simultaneous ablation of both 
ACD and CERK results in an additive inhibition of CCL5 
(data not shown). Taken together, these results suggest that 
ASM/CERK and ASM/ACD signaling pathways both regu-
late CCL5 through spatio-temporally distinct and cell type-
dependent mechanisms. The finding that ASM is the major 
source of ceramide and C-1-P following TNF- stimulation 
suggests that ASM is the rate-limiting source of ceramide in 
these stimulated breast cancer cells. As such, the results from 
this study clearly demonstrate that ASM is a regulator of the 
flux of ceramide through the CERK/C-1-P metabolic axis. 
Taken together, the results demonstrate that ASM/CERK 
may function, at least in the case of CCL5 induction, as a 
coupled metabolic pathway for formation of C-1-P (Fig. 8B).



1226 Journal of Lipid Research Volume 59, 2018

Fig. 7. ASM/CERK pathway regulates cytokine pro-
duction in MCF7 cells. MCF7 cells were transfected 
with ASM or CERK over expression vectors. After 24 h 
of incubation, cDNA was prepared from the cells and 
cytokine expression was analyzed with TaqMan RTPCR 
cytokine arrays (n = 3).

Fig. 6. ASM and CERK are required for CCL5 production. MCF7 cells were treated with nontargeting (All Star) or ASM siRNA for 24 h, 
and then transfected with a CERK over expression vector (CERK-DsRed) for 24 h. A: CCL5 protein levels, and CCL5 mRNA levels (B) were 
measured. C: MCF7 cells were treated with nontargeting (All Star) or CERK siRNA for 24 h, and then transfected with an ASM over expres-
sion vector (ASM-V5) for 24 h. CCL5 protein levels, and CCL5 mRNA levels (D) were measured. A: n = 3; ** P < 0.01. B–D: n = 4; ** P < 0.01; 
**** P < 0.001.

Defining a role for CERK in CCL5 production has 
helped elucidate the TNF- induced CERK/C-1-P signal-
ing cascade, and this provides novel insights into the role 

of C-1-P in inflammatory cytokine signaling in breast tu-
mors. TNF- has been shown to induce CERK activity and 
production of C1P in lung adenocarcinoma cells. This was 
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Fig. 8. ASM and CERK regulate cancer cell migration. A: MDA-
MB-231 breast carcinoma cells were transfected with nontargeting 
(All Star) or ASM or CERK siRNA. After 48 h, cells were trypsinized 
and plated in the upper wells of Matrigel® Transwell ® invasion 
chambers. The lower well contained complete media with vehicle 
(PBS) or complete media with TNF- (20 ng/ml). Cells were incu-
bated for 48 h, and invasion was quantified by staining cells with 
calcein AM and measuring fluorescence. n = 3 in triplicate; **** P < 
0.001. B: Schematic representation of Cer/C1P signaling pathway.

implicated in the activation of cPLA2 and the production 
of prostaglandins in response to TNF- (38). TNF- was 
also shown to activate CERK in neuroblastoma cell lines; 
however, direct measurements of C-1-P were not always 
presented (37, 53). Our additional results also demon-
strate that overexpression of CERK induces a plethora of 
cytokines and chemokines, all of which are known to be 
induced by TNF-. The finding that TNF- induces an ac-
cumulation of C-1-P supports the hypothesis that TNF- is 
a potent inducer of CERK/C-1-P, and suggests that CERK 
may be an important part of the pro-inflammatory and sig-
naling cascades induced by TNF-.

These results have implications for breast cancer and its 
tumor microenvironment. In breast cancers, expression of 
both CERK and TNF- is associated with poor outcomes 
(54–56). The microenvironment is shaped and defined by 
pro-inflammatory cytokines such as TNF-, IL-1, IL-6, and 
CCL5 (30, 57–60). These cytokines can promote survival of 
cancer stem-like cells, resistance to chemotherapeutics, 
and metastasis. Specifically, TNF- and IL-1 are produced 
by infiltrating macrophages and lead to the formation of a 
feed-forward inflammatory cycle (61–64). In response to 
chronic TNF- and IL-1 exposure, tumor cells and tumor-
associated mesenchymal cells produce high levels of IL-6 
and CCL5 (65, 66). Recent data highlighted the signifi-
cance of CCL5 in tumor progression and poor outcomes in 
patients (67–70). CCL5 and its cognate receptor, CCR5, 
are known to be expressed in a coordinate and nonran-
dom manner in estrogen receptor negative breast carci-
nomas (70, 71). In addition, CCL5 was recently shown 
to foster a pro-tumor microenvironment and to activate 
STAT6- and ERK-mediated survival pathways (72). The 
finding that the CERK/C-1-P pathway is activated by TNF- 
and results in the production of a large subset of inflamma-
tory cytokines and chemokines may explain results demon-
strating tumor progression in tumors expressing high levels 
of TNF- (33). Therefore, targeting the CERK/C-1-P 

signaling axis may have profound potential in the pharma-
cologic treatment of nonsurgical breast tumors.

Thus, coordinated expression of ASM and CERK may be 
a novel marker of tumor progression. These data may help 
to explain the previously reported paradoxical finding that 
high ceramide levels, which are usually connected with in-
ducing apoptosis and growth suppression, are associated 
with poor outcomes in breast tumors (1), as the formation 
of C-1-P may dominate the cellular response. Additionally, 
ASM, previously also associated with apoptosis, is emerging 
as a key tumor promoter (73–75). In the pathway described 
in this study, elevated ceramide may serve as a precursor to 
higher C-1-P levels which may ‘override’ the cell intrinsic 
functions of ceramide by promoting inflammatory and 
other tumor-promoting effects. Our work supports a para-
digm shift by demonstrating a strong pro-tumor role for 
ASM and TNF- through a direct link between ASM and 
CERK (Fig. 8B).

We thank Janet Allopenna for help with cloning and Daniel 
Canals and Chiara Luberto for helpful discussions regarding 
C1P measurements. 
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