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A Novel Role of a Lipid Species, Sphingosine-1-Phosphate, in
Epithelial Innate Immunity

Kyungho Park,a Peter M. Elias,a Kyoung-Oh Shin,b Yong-Moon Lee,b Melanie Hupe,a Andrew W. Borkowski,c Richard L. Gallo,c

Julie Saba,d Walter M. Holleran,a,e Yoshikazu Uchidaa

Department of Dermatology, School of Medicine, University of California, San Francisco, Veterans Affairs Medical Center, and Northern California Institute for Research
and Education, San Francisco, California, USAa; College of Pharmacy, Chungbuk National University, Cheongju, South Koreab; Division of Dermatology, Department of
Medicine, University of California, San Diego, and Veterans Affairs San Diego Healthcare System, San Diego, California, USAc; Children’s Hospital Oakland Research
Institute, Oakland, California, USAd; Department of Pharmaceutical Chemistry, School of Pharmacy, University of California, San Francisco, California, USAe

A variety of external perturbations can induce endoplasmic reticulum (ER) stress, followed by stimulation of epithelial cells to
produce an innate immune element, the cathelicidin antimicrobial peptide (CAMP). ER stress also increases production of the
proapoptotic lipid ceramide and its antiapoptotic metabolite, sphingosine-1-phosphate (S1P). We demonstrate here that S1P
mediates ER stress-induced CAMP generation. Cellular ceramide and S1P levels rose in parallel with CAMP levels following ad-
dition of either exogenous cell-permeating ceramide (C2Cer), which increases S1P production, or thapsigargin (an ER stressor),
applied to cultured human skin keratinocytes or topically to mouse skin. Knockdown of S1P lyase, which catabolizes S1P, en-
hanced ER stress-induced CAMP production in cultured cells and mouse skin. These and additional inhibitor studies show that
S1P is responsible for ER stress-induced upregulation of CAMP expression. Increased CAMP expression is likely mediated via
S1P-dependent NF-�B–C/EBP� activation. Finally, lysates of both ER-stressed and S1P-stimulated cells blocked growth of viru-
lent Staphylococcus aureus in vitro, and topical C2Cer and LL-37 inhibited invasion of Staphylococcus aureus into murine skin.
These studies suggest that S1P generation resulting in increased CAMP production comprises a novel regulatory mechanism of
epithelial innate immune responses to external perturbations, pointing to a new therapeutic approach to enhance antimicrobial
defense.

The 37-amino-acid carboxy-terminal peptide (LL-37) of the
cathelicidin antimicrobial protein (CAMP) mediates innate

immune responses to external pathogen challenges and also mod-
ulates cytokine production, angiogenesis, and downstream adap-
tive immune responses (1, 2). Prior studies demonstrated that
various unrelated external perturbations, including UV B (UVB)
irradiation, wounding, and permeability barrier abrogation, in-
duce endoplasmic reticulum (ER) stress (3), which in turn stim-
ulates a set of responses that rescue cells from apoptosis (4). These
responses include increased expression of CAMP in epithelial tis-
sues such as mammalian epidermis (5–8). We showed recently
that comparable external perturbations also stimulate CAMP pro-
duction in epithelial but not myeloid cells, via a novel NF-�B- and
C/EBP�-mediated pathway independent of the well-known, vita-
min D receptor (VDR)-mediated mechanism (9). Yet these stud-
ies left unanswered the key question of how ER stress signals the
downstream production of CAMP.

Prior studies (10, 11) showed that ER stress, like external per-
turbations, stimulates the production of ceramide (Cer), the back-
bone of all sphingolipids (12). Not only is Cer a component of
mammalian cell membranes, but Cer itself, as well as its hydrolytic
metabolite, sphingosine, is also proapoptotic and antimitogenic
(13). After exposure to ER stressors, either an accumulation of
unfolded protein or an overaccumulation of folded protein occurs
in cells (14). Thapsigargin (Tg), which is a specific inhibitor of
intracellular sarcoplasmic/endoplasmic reticulum Ca2�-ATPase
(SERCA)-type Ca2� pumps, disrupts ER calcium homeostasis,
which causes ER stress, including accumulation of unfolded or
misfolded proteins in the ER. Yet while subtoxic levels of ER stress
mediate an unfolded protein response (UPR) that restores normal
ER function (4), excessive ER stress can overwhelm this mecha-

nism (15), triggering Cer-induced apoptosis (12). We identified
two protective mechanisms that allow cells exposed to subtoxic
levels of ER stress to escape from Cer-induced apoptosis (11): (i)
enhanced metabolic conversion of Cer to glucosylceramide (16);
and (ii) accelerated ceramidase-mediated hydrolysis of Cer to
sphingosine, followed by its phosphorylation to sphingosine-1-
phosphate (S1P) (10). While S1P generated by the sphingosine
kinase 1 isoform (SPHK1) is antiapoptotic (17), S1P generated by
the SPHK2 isoform can increase apoptosis and induce cell growth
arrest (17, 18). S1P-mediated signaling of cellular functions is of-
ten dependent upon prior binding to one or more of five known
G-protein-coupled receptors (S1P1 to S1P5), located on the outer
surface of the plasma membrane (19). S1P generated in the nu-
cleus can also directly modulate histone acetylation (20), poten-
tially regulating gene expression. S1P likely mediates additional
cellular functions via S1P receptor-independent mechanisms, in-
cluding a recently identified novel role of S1P as a cofactor in the
RelA pathway, leading to polyubiquitination of receptor interact-
ing protein 1 (RIP1) and activation of the classical NF-�B pathway
(21).

We show here, first, that subtoxic levels of ER stress, which are
known to increase Cer production, are followed by downstream
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conversion of Cer to S1P, and then that S1P is the specific signal
that stimulates CAMP expression under stressful conditions, via a
recently identified NF-�B–C/EBP�-dependent but VDR-inde-
pendent mechanism (9). We further show that the S1P signal op-
erates independently of the S1P receptors. We show that this
stress-initiated mechanism stimulates sufficient CAMP produc-
tion to inhibit in vitro growth of virulent, exogenous Staphylococ-
cus aureus and, finally, that topical applications of the S1P precur-
sor, cell-permeative C2Cer, attenuate S. aureus invasion in murine
skin, while coapplications of a specific sphingosine kinase inhibi-
tor diminish this effect. Together, these studies identify and char-
acterize a new ER stress-induced, lipid-mediated rescue mecha-
nism that protects epithelial cells from apoptosis while
simultaneously stimulating epithelial innate immunity to im-
prove/enhance the antimicrobial defense barrier.

MATERIALS AND METHODS
Cell culture. Normal human keratinocytes (KC) isolated from neonatal
foreskins or immortalized, nontransformed (HaCaT) KC, derived from
normal human skin (a gift from N. Fusenig, Heidelberg, Germany), were
grown as described previously (9). Culture medium was switched to se-
rum-free KC growth medium containing 0.07 mM calcium chloride and
growth supplements (Invitrogen, Carlsbad, CA) 1 day prior to treatment
with Tg (Sigma, St. Louis, MO), S1P, dihydro-sphingosine-1-phosphate
(dhS1P), C2Cer (N-acetylsphingosine) (Avanti Polar Lipids, Inc., Alabas-
ter, AL), 5-[4-phenyl-5-(trifluoromethyl)-2-thienyl]-3-[3-(trifluoro-
methyl)phenyl]-1,2,4-oxadiazole (SEW2871) (Cayman Chemical Com-
pany, Ann Arbor, MI), pertussis toxin (Ptx) (Sigma-Aldrich, St. Louis,
MO), (R)-phosphoric acid mono-[2-amino-2-(3-octyl-phenylcarba-
moyl)-ethyl] ester (VPC23019) (Avanti Polar Lipids), JTE-013 (Cayman
Chemical Company), N-oleoylethanolamine (NOE) and/or N,N-dimethyl-
sphingosine (DMS) (Matreya, Pleasant Gap, PA), or 4-[4-(4-chlorophe-
nyl)-2-thiazolyl]amino phenol (SKI-II) (Enzo Life Sciences, Inc., Farm-
ingdale, NY). Cell toxicities, including apoptosis, were determined by
poly(ADP-ribose) polymerase (PARP) cleavage as well as a trypan blue
dye exclusion assay (10).

Measurement of intercellular levels of Cer, sphingosine, and S1P. To
assess the levels of cellular sphingolipids, HaCaT KC were incubated with
Tg or C2Cer and washed with phosphate-buffered saline (PBS), followed
by extraction of total lipids as we reported previously (10). S1P, sphin-
gosine, and Cer were derivatized with o-phthalaldehyde (OPA) reagent
and then quantitated using a high-performance liquid chromatography
(HPLC) system equipped with a fluorometric detector system (Jasco, To-
kyo, Japan) as described previously (10, 22). Sphingolipid levels are ex-
pressed in pmol per mg protein.

qRT-PCR analysis. Quantitative real-time PCR (qRT-PCR) was per-
formed using cDNAs prepared from mRNA fractions of cell lysates by use
of specific primer sets, as we described previously (9). mRNA expression
was normalized to levels of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH).

Western immunoblot analysis. Western immunoblot analysis was
performed as described previously (9). The following antibodies were
used: anti-human or anti-mouse �-actin antibody (Abcam, Cambridge,
MA), anti-human or anti-mouse cathelicidin (anti-CAMP or anti-
mCAMP, respectively) (Santa Cruz Biotech, Santa Cruz, CA, or LifeSpan
Biosciences, Seattle, WA), anti-phospho-Ser-225 SPHK1, anti-phospho-
Tyr-204 or anti-phospho-Thr-202 extracellular signal-regulated kinase
1/2 (ERK1/2) (ECM Biosciences, Versailles, KY), anti-human phospho-
Ser-21, anti-phospho-Thr-222/226 C/EBP� (Cell Signaling, Boston,
MA), and anti-PARP (BD Sciences, Franklin Lakes, NJ). Equal amounts of
protein (30 �g) were loaded per lane.

Quantification of CAMP. CAMP contents in cell lysates were quanti-
tated using an LL-37 human enzyme-linked immunosorbent assay
(ELISA) kit (Hycult Biotech Inc., Plymouth Meeting, PA).

Dual-luciferase reporter assay of NF-�B transcriptional activity.
Transcriptional activities of NF-�B were assessed using reporter kits
(SABiosciences, Frederick, MD). HaCaT KC were transfected with NF-
�B-responsive luciferase constructs carrying the firefly luciferase reporter
gene, as well as a constitutively expressing Renilla luciferase construct,
using HilyMax (Dojindo, Rockville, MD). After transfection, cells were
pretreated with or without the sphingosine kinase inhibitor DMS for 1 h,
followed by stimulation with Tg or S1P for 18 h. Promoter activity was
assessed using a dual-luciferase assay system (Promega, Madison, WI).

siRNAs and transfections. HaCaT KC were transfected with 20 nM
small interfering RNA (siRNA) for SPHK1, SPHK2 (Santa Cruz Biotech),
or S1P lyase (Qiagen) or with nontargeted, control siRNA (Dharmacon,
Lafayette, CO) by use of siLentFect (Bio-Rad, Hercules, CA) as previously
described (10).

Ex vivo murine experiments. Full-thickness pieces of murine skin
harvested from mice or S1P lyase-null mice (5-day-old, female C57BL/6
mice [23] used under an Institutional Animal Care and Use Committee
[Children’s Hospital Oakland Research Institute and San Francisco Vet-
erans Affairs Medical Center]-approved protocol) were placed dermis
side down on filter paper and maintained at the air-medium interface in
KC growth medium (described above). Tg (0.1 �M) or vehicle (dimethyl
sulfoxide [DMSO]) was applied epicutaneously (20 �l/cm2), followed by
incubation for 24 h at 37°C in 5% CO2 in air. Skin was separated, followed
by extraction of the mRNA or protein, as previously described (16).

Antimicrobial assay. Antimicrobial activity in KC cell lysates was as-
sessed against S. aureus (�mprF strain) as described previously (24).
Briefly, S. aureus in 50 mM bicarbonate buffer containing 20% Trypticase
soy broth (TSB) (optical density at 600 nm [OD600], 0.6 to 0.8) was incu-
bated with LL-37 (as a positive control) or with cell lysates isolated from
KC treated with C2Cer or Tg at 37°C. The growth of S. aureus was deter-
mined by measuring absorbance values at 600 nm, using a microplate
spectrophotometer.

S. aureus invasion assay. Full-thickness pieces of murine skin treated
with C2Cer (0.5 mM) with or without SKI (1 mM) and/or treated with
vehicle (propylene glycol-ethanol [7:3]) were harvested from hairless
mice (24 weeks old, female, hr/hr; n � 5) under an Institutional Animal
Care and Use Committee (San Francisco Veterans Affairs Medical Cen-
ter)-approved protocol. The epidermal permeability barrier was attenu-
ated by topical application of topical oxazolone (1%) once every other day
for five applications and then treated with C2Cer and/or SKI as described
above. Skin was placed dermis side down on filter paper and maintained at
the air-medium interface in KC growth medium (as described above). S.
aureus (ISP479C) (25) in PBS or PBS alone was applied epicutaneously
(20 �l/cm2), followed by incubation for 8 or 24 h at 37°C in 5% CO2 in air.
Gram staining was performed to assess S. aureus invasion.

Statistical analyses. Statistical comparisons were performed using an
unpaired Student t test.

RESULTS
ER stress accelerates formation of Cer and its downstream me-
tabolites in parallel with enhanced CAMP production. External
perturbations that induce ER stress, such as UV irradiation, also
upregulate murine CAMP (mCAMP; the murine homologue of
human CAMP) (7), and ER stress alone stimulates production of
Cer (10, 12). As in our prior studies (9), we employed cultured
human KC as a model of epithelial cells to identify whether Cer
and/or its distal metabolites are responsible for the ER stress-ini-
tiated increases in CAMP expression. First, we ascertained
whether levels of cellular Cer and its distal metabolites, sphin-
gosine and S1P, increase following exposure to subtoxic doses of
Tg, a specific pharmacological ER stressor (26). Lipid quantifica-
tion demonstrated an increase not only in cellular Cer but also in
sphingosine and S1P in KC subjected to ER stress (Table 1), and
the changes were comparable to those induced by subtoxic (low-
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dose) UVB (10). These studies show that subtoxic levels of ER
stress stimulate elevation of not only Cer but also its distal metab-
olites, sphingosine and S1P, to levels potentially linking ER stress
to signaling of CAMP production via Cer and/or its metabolite(s).

To assess the direct effects of Cer and/or its metabolites on
CAMP expression, we next incubated KC with subtoxic concen-
trations of exogenous, cell-permeating short-chain Cer, which is a
precursor that leads to increased intracellular long-chain Cer (27).
As expected, exogenous, cell-permeative Cer (N-acetylsphin-
gosine [C2Cer]) (7.5 �M) increased not only cellular long-chain
Cer but also sphingosine and S1P levels (Table 1), without altering
cell viability or inducing apoptosis, which was assessed as PARP
cleavage (Fig. 1A and B). qRT-PCR analysis revealed significant
increases in CAMP mRNA levels in KC incubated not only with Tg
(Fig. 1C) but also with exogenous C2Cer (Fig. 1C and D). Western

immunoblot and ELISA analyses showed that CAMP protein lev-
els in cell lysates also increased following treatment with subtoxic
doses of either Tg or C2Cer (Fig. 1E and F). Together, these results
show that subtoxic levels of ER stress stimulate production of
cellular Cer and its downstream metabolites, suggesting that ei-
ther Cer itself or one of its downstream metabolites can regulate
CAMP expression in KC.

S1P is the sphingolipid metabolite that signals the increase in
CAMP. We next assessed whether Cer itself or one or more of its
distal metabolites was responsible for increased CAMP expres-
sion. Blockade of ceramidase by use of only NOE, a specific and
broad pharmacological inhibitor of acidic, neutral, and alkaline
ceramidases, did not alter endogenous CAMP mRNA levels in KC
(Fig. 1C). NOE cotreatment with exogenous C2Cer, however, sig-
nificantly attenuated the expected C2Cer-induced increase in
CAMP mRNA and protein expression (Fig. 1C and D), suggesting
that a Cer metabolite likely regulates CAMP expression.

To further distinguish which Cer metabolite, i.e., sphingosine
and/or S1P, is the signal responsible for increased CAMP expres-
sion, we next blocked the conversion of sphingosine to S1P by
using a pan-sphingosine kinase inhibitor, DMS. While exogenous
C2Cer increased CAMP mRNA and protein expression, DMS
treatment significantly attenuated the C2Cer-mediated increase
in these CAMP expression levels (Fig. 1D and E). Moreover, SKI,
another highly specific inhibitor of sphingosine kinase (28), also

TABLE 1 Sphingolipid content in human KC exposed to ER stress

Treatment

Lipid content (pmol/mg protein)a

Cer Sphingosine S1P

Vehicle 672.14 � 55.50 53.53 � 5.61 12.53 � 0.41
Tg 1,107.82 � 38.57* 80.38 � 4.46* 17.47 � 0.24*
Vehicle 711.54 � 35.99 46.96 � 2.99 11.93 � 0.78
C2Cer 11,448.3 � 953.65* 418.63 � 24.88* 14.21 � 0.51*
a Data are means � SD. *, P 	 0.01 (n � 3) versus vehicle.

FIG 1 S1P, but neither Cer nor sphingosine, is responsible for stimulation of CAMP expression. HaCaT KC pretreated with or without ceramidase (25 �M NOE)
or SPHK inhibitors (2.5 �M DMS and 1 �M SKI) for 30 min were incubated with or without exogenous C2Cer (7.5 �M), S1P (1 �M), or Tg (0.1 �M) for 24 h.
Cell viability was determined by a trypan blue dye exclusion assay (A) or PARP cleavage as a measure of apoptosis (B). CAMP mRNA and protein expression was
assessed by qRT-PCR (C and D), Western immunoblotting (E), and ELISA detection of a cleaved active form of CAMP (LL-37) (F). Protein levels were assessed
using cell lysates. Similar results were obtained when the experiment was repeated in triplicate, using different cell preparations. Data are means � standard
deviations (SD) (n � 3; P 	 0.01 [n � 2 for panel F]).
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attenuated the expected upregulation of CAMP protein expres-
sion (Fig. 1E and F), further suggesting that S1P accounts for the
stimulation of CAMP expression. Finally, the ER stress-induced
increase in CAMP mRNA and protein expression was significantly
attenuated in KC cotreated with either DMS or SKI (Fig. 1C, E,
and F).

To further investigate the role of S1P and also to identify which
SPHK isoform, i.e., SPHK1 or -2, generates the S1P that regulates
CAMP expression, we next transfected KC with siRNA against
either SPHK1 or SPHK2. Both SPHK1 and SPHK2 mRNA expres-
sion levels were significantly suppressed (�50% versus control
scrambled siRNA) in HaCaT KC transfected with siRNA against
either SPHK1 or SPHK2 (Fig. 2A). Moreover, the silencing effects
of siRNA against either SPHK1 or SPHK2 were specific, i.e.,
siRNA against SPHK1 or SPHK2 did not suppress the other iso-
form of SPHK (Fig. 2A). Only silencing of SPHK1, not that of
SPHK2, significantly attenuated CAMP expression in cells that
were either subjected to ER stress or treated with exogenous
C2Cer (Fig. 2B and C). In contrast, siRNA against SPHK2 mod-
estly increased CAMP mRNA expression, suggesting an opposing
role for SPHK2 in the downregulation of CAMP (Fig. 2B). More-
over, siRNA against SPHK2 did not suppress the expected C2Cer-
or Tg-mediated increases in CAMP expression (Fig. 2B). Finally,
we investigated whether ER stress regulates SPHK1 at a transcrip-
tional level and/or whether it stimulates catalytic activity by phos-
phorylating SPHK1. Western immunoblot analysis revealed a
transient phosphorylation of SPHK1 following ER stress, induced

by treatment of KC with Tg (Fig. 2D), while in contrast, qRT-PCR
analysis showed no significant changes in SPHK1 mRNA levels
(1.45-fold versus vehicle control). Together, these results confirm
that (i) ER stress-mediated S1P signaling accounts for CAMP up-
regulation in response to external perturbations known to in-
crease ER stress, (ii) SPHK1 is the kinase isoform that generates
the S1P responsible for the ER stress-mediated stimulation of
CAMP expression, and (iii) posttranscriptional upregulation of
SPHK1 catalytic activity likely accounts for increased S1P produc-
tion.

We next assessed the role of S1P by another approach, i.e.,
blockade of the irreversible catabolism of S1P by S1P lyase by use
of siRNA. Initial studies showed that siRNA significantly sup-
pressed S1P lyase mRNA expression (to 27% of that with control
scrambled siRNA). In KC previously transduced with siRNA
against S1P lyase, basal S1P levels were significantly increased and
were further elevated following ER stress induced by either Tg or
C2Cer treatment compared with the levels for control, scrambled
siRNA-treated cells (Table 2). Next, qPCR and Western immuno-
blot analyses showed that CAMP mRNA expression was not in-
creased in KC transfected with siRNA for S1P lyase under basal
conditions (Fig. 3A), while CAMP protein levels were elevated in
these cells (Fig. 3B). Exposure to either Tg or C2Cer enhanced
CAMP mRNA and protein expression in KC transduced with S1P
lyase siRNA versus scrambled siRNA (Fig. 3A and B). Hence, dis-
tal metabolites of S1P, such as phosphoethanolamine and hexade-
cenal, do not regulate CAMP expression, further pointing to the

FIG 2 SPHK1 plays a critical role to stimulate CAMP expression. HaCaT KC cells transfected with scrambled-, SPHK1-, or SPHK2-siRNA were exposed to ER
stress or exogenous C2Cer (7.5 �M) treatment as shown in Fig. 1. (A and B) The mRNA levels of SPHK and CAMP were determined by qRT-PCR. (C and D)
CAMP protein and expression of CAMP and SPHK1 phosphorylation in KC following ER stress generated by Tg were assessed by Western immunoblot analysis.
Fold changes compared with the zero time point are shown in parentheses. Data are means � SD (n � 3; P 	 0.01).

Sphingosine-1-Phosphate Induces CAMP Expression

February 2013 Volume 33 Number 4 mcb.asm.org 755

http://mcb.asm.org


central role of cellular S1P in stimulating CAMP production.
These results also suggest that feedback regulation of CAMP tran-
scription likely occurs by accumulation of CAMP protein in cul-
tured KC under basal conditions.

To validate these in vitro studies using an in vivo setting, we
next induced ER stress in wild-type mouse skin by topical appli-
cations of Tg, which increased mCAMP mRNA and protein ex-
pression in mouse skin (Fig. 3C and D) (9). Under basal condi-
tions, mCAMP mRNA expression was significantly higher in S1P
lyase-deficient mouse skin than in wild-type skin, while neither
mCAMP nor its catabolite, mCathelin, accumulated (Fig. 3C and
D). Moreover, topical Tg modestly but significantly increased
mCAMP mRNA levels (Fig. 3C) and significantly elevated
mCAMP and mCathelin peptide levels in knockout mouse skin
(Fig. 3D). These additional studies show that S1P, rather than

phosphoethanolamine or hexadecenal, upregulates CAMP pro-
duction not only in vitro but also in vivo. Moreover, these results
also suggest that despite sustained elevations of basal levels of S1P
content and mCAMP mRNA, a further significant increase in
mCAMP protein levels occurs only in response to ER stress in S1P
lyase-deficient mouse skin. A prior study showed that synthesized
CAMP/LL-37 (mCathelin) is secreted into the extracellular frac-
tion of the stratum corneum in epidermis (29), while CAMP se-
cretion was not evident in the undifferentiated cultured keratino-
cytes used in this study, which also do not contain a stratum
corneum. Therefore, the pools of CAMP/LL-37 (in vitro) (Fig. 3B)
versus mCathelin (ex vivo) (Fig. 3D) are likely different, i.e., re-
flecting the intracellular pool of CAMP/LL-37 in cultured cells
versus primarily an extracellular pool in whole epidermis (further
details are presented in Discussion).

Stimulation of S1P signaling inhibits Staphylococcus aureus
growth and invasion. We next explored the physiological rele-
vance of the S1P-mediated increase in CAMP production by mea-
suring its net impact on antimicrobial defense, using two different
approaches. In the first approach, a virulent S. aureus strain
(�mprF strain) was incubated with cell lysates isolated from KC
previously treated with either exogenous C2Cer, Tg, or vehicle
alone. These treatments increased CAMP production 7.8-fold (by
C2Cer) and 9.4-fold (by Tg), but neither C2Cer nor Tg signifi-
cantly increased mRNA levels of another major epidermal AMP,
i.e., human �-defensin 2 (hBD2) (for C2Cer, 0.93- � 0.1-fold
versus vehicle; and for Tg, 0.90- � 0.2-fold versus vehicle). S.
aureus growth was significantly suppressed by lysates from both
C2Cer- and Tg-treated cells in comparison to lysates from vehicle-

TABLE 2 Blockade of S1P lyase further increases S1P content

siRNA Treatment S1P content (pmol/mg protein)a

Scrambled (control) Vehicle 12.35 � 0.60
Tg 14.81 � 0.20*
Vehicle 10.71 � 2.11
C2Cer 18.54 � 0.68*

S1P lyase Vehicle 33.00 � 0.83*
Tg 41.73 � 0.56*, **
Vehicle 36.32 � 0.39*
C2Cer 60.35 � 3.67*, **

a Data are means � SD. Significance is indicated for P values of 	0.01 (n � 3). *, versus
scrambled (control) siRNA plus vehicle; **, versus S1P lyase siRNA plus vehicle.

FIG 3 Blockade of S1P lyase further enhances human and murine CAMP expression. HaCaT KC transfected with S1P lyase siRNA or scrambled control siRNA
were incubated with or without exogenous C2Cer (7.5 �M) or Tg (0.1 �M) for 24 h. (A) Excised murine skin was exposed either to vehicle or to ER stress induced
by Tg (see details in Materials and Methods). CAMP or mCAMP (a murine homologue of CAMP) mRNA (A and C) and protein (B and D) expression was
determined by qRT-PCR and Western immunoblot analysis, respectively. mCathelin#, cleaved peptide of mCAMP. Data are means � SD (n � 3). *, P 	 0.01;
**, P 	 0.03.
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treated cells, and the inhibition of growth was comparable to
growth inhibition in cells exposed to synthetic LL-37 and S. aureus
(Fig. 4A).

We next addressed whether S1P-mediated CAMP production
blocks S. aureus (ISP479C) invasion into murine skin. Since nor-
mal epidermis, with its competent permeability and antimicrobial
barrier, prevents S. aureus invasion, we also assessed invasions
into skin whose barrier had been compromised by topical oxa-
zolone. As expected, mCAMP mRNA expression was significantly
increased in C2Cer-treated skin, and this induction was blocked
by coapplications of a specific sphingosine kinase inhibitor, SKI
(Fig. 4B). Gram staining revealed S. aureus invasion into vehicle-
and SKI-treated skin (indicated by arrows in Fig. 4C), confirming
that S. aureus invasion occurs in murine skin and that blockade of
S1P production allows bacterial invasion. In contrast, S. aureus
invasion was decreased in skin treated with topical C2Cer as well
as in samples cotreated with synthetic LL-37 (positive control)
(Fig. 4C, panels d and c, respectively). Finally, blockade of S1P
production by coapplication of SKI attenuated C2Cer-mediated
inhibition of bacterial invasion (Fig. 4C, panel e). Finally, as in
cultured cells, neither topical C2Cer nor SKI altered mBD3 (a
homologue of hBD2) mRNA expression (not shown). Since nei-
ther hBD2 nor other known epidermal antimicrobial peptides po-
tently inhibit S. aureus growth (30), the observed suppression of S.

aureus growth likely can be attributed to a S1P-signaled increase in
CAMP production.

S1P regulation of CAMP expression is likely receptor inde-
pendent. We next explored whether increased S1P-mediated
CAMP expression is receptor dependent. Since all five S1P recep-
tors are expressed in KC (31) and prior studies have shown that
both S1P1 and S1P2 receptor ligands activate NF-�B (32, 33), one
or both of these receptors could also mediate increased CAMP
expression. Hence, we next investigated whether any of the fol-
lowing would alter CAMP expression: (i) a pan-S1P receptor ac-
tivator, sphinganine (dihydrosphingosine)-1-phospate (dhS1P);
(ii) a specific S1P1 ligand (SEW2871); (iii) a specific S1P1 and
S1P3 antagonist (VPC23019); (iv) pertussis toxin, an inhibitor of
G-protein-coupled S1P (except S1P2) receptors (34); and (v) a
specific S1P2 antagonist (JTE-013). As in other cell types (35),
exogenous dhS1P and SEW2871 increased the phosphorylation of
ERK1/2, which is an indicator of S1P receptor activation in cells,
suggesting that these ligands activate all five S1P receptors, includ-
ing S1P1, in this KC line (Fig. 5). Yet exogenous SEW2871 and
dhS1P, added at the same concentration, did not alter CAMP
mRNA levels (Table 3). Furthermore, neither the S1P1/S1P3 an-
tagonist (VPC23019), the S1P1/S1P3/S1P4/S1P5 inhibitor (per-
tussis toxin), nor the S1P2 antagonist (JTE-013) altered ER stress-
induced CAMP expression (Table 3). Together, these results

FIG 4 Inhibition of growth and invasion of S. aureus mediated by S1P-induced CAMP expression. (A) In vitro growth inhibition studies were performed as
follows. S. aureus was incubated for the indicated times with LL-37 or HaCaT KC lysates treated with vehicle, C2Cer (7.5 �M), or Tg (0.1 �M). The growth of
S. aureus was assessed by measuring absorbance values at 600 nm. Data are means � SD (n � 3). *, P 	 0.01 versus vehicle-treated cell lysates. (B and C) Ex vivo
bacterial invasion studies were performed as follows. S. aureus was applied epicutaneously to full-thickness pieces of murine skin (n � 2) treated with C2Cer (0.5
mM), SKI (1 mM), and/or vehicle, followed by incubation for 24 h at 37°C. (B) CAMP mRNA expression in skin was assessed by qRT-PCR. (C) Bacterial
invasion/growth into murine skin was assessed by Gram staining (counterstaining with hematoxylin and eosin [H&E]).
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strongly suggest that the S1P-induced increase in CAMP expres-
sion occurs in an S1P receptor-independent fashion.

S1P stimulation of CAMP expression requires NF-�B and
C/EBP� activation. Since the studies above indicated that S1P
stimulates CAMP in a receptor-independent fashion, we next
asked which intracellular mechanism(s) accounts for CAMP up-
regulation. Our prior studies showed that the ER stress-induced
increase in CAMP requires (i) phosphorylation of NF-�B trans-
activity and (ii) NF-�B-mediated C/EBP� phosphorylation by
mitogen-activated protein (MAP) kinase (9). Accordingly, block-
ade of S1P generation with either DMS or SKI attenuated the
expected ER stress (induced by two mechanistically different es-
tablished pharmacological ER stressors, Tg and tunicamycin [36])
or showed a C2Cer-induced increase in phospho-NF-�B genera-
tion and transactivation (Fig. 6A and B). Moreover, preincubation
of KC with BAY11-7082, a specific inhibitor of NF-�B, suppressed
the C2Cer (¡ long-chain Cer ¡ S1P)-mediated increase in
CAMP mRNA levels (Fig. 6C). Together, these results suggest that
ER stress-induced increases in S1P activate NF-�B, leading to in-
creasing CAMP expression.

Since C/EBP� phosphorylation is also required for ER stress-
induced CAMP expression in KC (9), we next assessed the rela-
tionship between S1P signaling and C/EBP� phosphorylation.
Western immunoblot analysis of C/EBP� revealed that S1P stim-
ulated the phosphorylation of C/EBP� at both the Ser-21 and
Thr-222/226 sites (37, 38) (Fig. 6D). In contrast, the addition of
either DMS or SKI selectively decreased the phosphorylation of
the Thr-222/226 sites, while the Ser-21 phosphorylation site re-
mained unaffected. Yet Ser-21, not Thr-222/226, phosphorylation
was increased by SPHK inhibition (Fig. 6D). Together, these re-
sults suggest that the ER stress-initiated S1P signal stimulates
NF-�B transactivation, and also that Thr-222/226 rather than
Ser-21 phosphorylation of C/EBP� is important for the S1P-de-
pendent increase in CAMP expression (Fig. 6D).

DISCUSSION

External perturbations, such as UVB irradiation, permeability
barrier perturbation, wounding, or pathogen invasions, provoke
ER stress (3, 9, 39), which in turn initiates a set of rescue mecha-
nisms that protect epithelial cells from cell death (4). Our prior
studies delineated this external perturbation (ER stress)-induced

Cer ¡ S1P rescue response and its ability to protect cells against
Cer-induced apoptosis (10). We showed in addition that ER stress
stimulates CAMP production (9). Pertinent to our findings, one
recent study also showed that ER stress-initiated XBP-1-mediated
signaling stimulates innate immunity in Caenorhabditis elegans
(40, 41), but the details of the pathway by which ER stress upregu-
lates CAMP expression in that system remained unresolved. Our
studies now illuminate the metabolic pathway that links the ER
stress-initiated rescue mechanism to enhanced epithelial innate
immunity. Specifically, we now show that S1P is the sphingolipid
metabolite that stimulates CAMP production in response to ER
stress. We further illuminated several details of this novel regula-
tory mechanism of CAMP expression, including how it operates
independently of the established VDR mechanism (42). While the
latter process likely predominates under basal (nonstressed) con-
ditions, we demonstrated here that the same subtoxic levels of ER
stress that stimulate CAMP production also enhance S1P signal-
ing of CAMP, independent of the VDR. Importantly, S1P itself
can induce ER stress under similar circumstances (43), but exog-
enous S1P did not induce ER stress in our system (assessed here by
XBP1 activation in KC) (Fig. 7). Thus, the increase in S1P that
occurs in response to ER stress likely activates CAMP expres-
sion via the pathway ER stress ¡1S1P ¡1CAMP rather than
S1P ¡ 1ER stress ¡ 1CAMP. Because epithelial tissues (in
particular skin) continuously face external perturbations, includ-
ing frequent exposure to microbial pathogens that in turn induce
ER stress, this rescue mechanism likely boosts innate immune
defense in a fashion that is important for host survival. Indeed,
enhanced CAMP/LL-37 production could rescue cells by multiple
mechanisms that extend well beyond antimicrobial defense (1, 2),
because LL-37 is a multifunctional peptide that also modulates
cytokine production, cellular differentiation, and adaptive immu-

TABLE 3 S1P receptor-independent pathway accounts for regulation of
CAMP expression

Treatment
Relative CAMP mRNA expression
(vs vehicle control)

Vehicle 1.00 � 0.03
SEW2871 (1 �M) 0.94 � 0.06
Vehicle 1.00 � 0.09
dhS1P (0.1 �M) 1.03 � 0.10
Vehicle 1.00 � 0.04
VPC23019 (0.5 �M) 1.40 � 0.16
Tg (0.1 �M) 3.88 � 0.37*
Tg � VPC23019 4.10 � 0.27*
Vehicle 1.00 � 0.04
JTE-013 (1 �M) 0.85 � 0.07
Tg 6.71 � 0.63*
Tg � JTE-013 7.36 � 0.42*
Vehicle 1.00 � 0.03
Ptx (12.5 ng/ml) 1.17 � 0.15
Tg 6.15 � 0.25*
Tg � Ptx 7.69 � 0.43*
C2Cer (7.5 �M) 6.69 � 1.18*
C2Cer � Ptx 8.16 � 0.51*
Vehicle 1.00 � 0.04
Ptx 1.32 � 0.04
S1P (1 �M) 2.96 � 0.66*
S1P � Ptx 3.47 � 0.42*
a Data are means � SD. *, P 	 0.01 (n � 3) versus vehicle.

FIG 5 S1P1 ligand stimulates ERK1/2 phosphorylation in human KC. HaCaT
KC were incubated with the S1P1 ligand SEW2871 (1 �M) (A) or with dihy-
drosphingosine-1-phosphate (dhS1P) (B) for the indicated times. Phosphor-
ylated forms of ERK1/2 were assessed by Western immunoblot analysis.
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nity, including differentiation of both macrophages (44) and den-
dritic cells (45).

Prior studies have shown that the ER stress-induced rescue
mechanism includes a UPR that consists of three stress sensors: (i)
inositol-requiring enzyme 1 (IRE1)–tumor necrosis factor recep-
tor-associated factor 2 (TRAF2), (ii) protein kinase R-like ER ki-
nase (PERK)– eukaryotic initiation factor 2� (eIF2�), and (iii)
activating transcription factor 6 (ATF 6)-AKT (or protein kinase
B). While this mechanism allows cell survival in the face of sub-
toxic perturbations, excessive ER stress can overwhelm these ho-
meostatic mechanisms, leading to cell death. Both toxic and sub-

toxic levels of ER stress stimulate production of the proapoptotic
lipid species Cer, but in the case of subtoxic stress, newly generated
Cer is rapidly converted to at least two nontoxic Cer metabolites,
including glucosyl-Cer and S1P (10, 16). Only the latter stimulates
innate immunity, while also protecting epidermal cells from
apoptosis. We showed that pharmacologically induced subtoxic
ER stress, induced by using exogenous cell-permeative Cer (which
first increases endogenous long-chain Cer levels and subsequently
increases S1P generation), as well as exogenous S1P itself stimu-
lates CAMP mRNA and protein expression. Moreover, using both
specific pharmacological inhibitors and siRNAs against SPHKs,

FIG 6 NF-�B–C/EBP� activation is required for S1P-induced upregulation of CAMP expression. HaCaT KC were incubated with or without C2Cer, S1P (1
�M), Tg, tunicamycin (Tm), SPHK inhibitors (DMS [2.5 �M] and SKI [1 �M]), and/or an NF-�B inhibitor (2 �M BAY11-7082) as shown in Fig. 1. (A and D)
Phosphorylated forms of NF-�B or C/EBP� (either Ser-21 [Ser21] or Thr-222/226 [T222/226]) in nuclear fractions were assessed by Western immunoblot
analysis. Fold changes compared with vehicle are shown in parentheses in panel A. (B) NF-�B transactivation was assessed using a luciferase reporter assay. The
growth inhibition at 7 h of incubation is shown. (C) CAMP mRNA levels were determined by qRT-PCR. Similar results were obtained when the experiment was
repeated (duplicated) using different cell preparations. Data are means � SD (n � 3; P 	 0.01).

FIG 7 Exogenous S1P does not induce ER stress. HaCaT KC were incubated with exogenous S1P (10 �M) or Tg (0.1 �M) for 24 h. ER stress was assessed by XBP1
activation using RT-PCR.
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we showed not only that S1P is the responsible signal but also that
the ER stress-mediated increase in S1P is SPHK1 dependent, while
silencing of SPHK2 mRNA expression instead stimulates CAMP
expression. Thus, S1P generated by SPHK2 could serve as a nega-
tive regulator of CAMP expression. Prior studies have shown that
S1P generated by SPHK2 can subsequently be dephosphorylated
by S1P phosphatase to generate sphingosine, followed by Cer re-
synthesis in the ER (17). Thus, SPHK1 and SPHK2 could regulate
CAMP oppositely within different intracellular compartments.

While some S1P-mediated immune effects are S1P receptor
dependent (46), our results demonstrate that regulation of innate
immunity via CAMP generation likely occurs by an S1P receptor-
independent mechanism. Specifically, neither an activator of all
five S1P receptors (S1P1 to S1P5), dhS1P (47–49), nor a specific
S1P1 ligand (SEW2871) altered the S1P-induced increase in
CAMP expression. Moreover, blockade of S1P1/S1P3, S1P2, or
S1P1/S1P3/S1P4/S1P5 receptors did not impede the S1P-induced
increase in CAMP expression. Instead of a receptor-dependent
mechanism, we show here that S1P activates NF-�B, subsequently
increasing C/EBP� phosphorylation to upregulate CAMP expres-
sion (Fig. 6). Whereas the phosphorylation of two sites on C/EBP�
(Ser-21 and Thr-222/226) and CAMP expression declined in cells
treated with an NF-�B inhibitor (9), blockade of sphingosine-to-
S1P conversion attenuated only Thr-222/226 (but not Ser-21)
phosphorylation. Prior studies showed that Ser-21 phosphoryla-
tion downregulates transcriptional activities by increasing confor-
mational changes in the C/EBP� structure (37). Thus, sphin-
gosine may serve as a negative regulator of CAMP expression by
suppressing Thr-222/226 phosphorylation (Fig. 6D).

Our studies in S1P lyase-deficient mice are relevant because
they prove that (i) a sustained elevation in S1P increases basal
CAMP mRNA (but not CAMP protein) levels and (ii) the same
S1P-dependent mechanism is operative in epithelial tissues in
vivo. Prior studies have demonstrated that an extracellular mech-
anism also regulates, albeit by an undefined mechanism(s),
CAMP levels in vivo, i.e., CAMP is processed to the functional
antimicrobial peptide LL-37 (or CRAMP, a homologue of LL-37,
in mice) and cathelin by a serine protease (29). LL-37/CRAMP
and cathelin are further hydrolyzed by proteases into hydrolytic
products in the extracellular domains of the outermost layers of
the epidermis, the stratum corneum (29). Moreover, increased
epidermal turnover could affect CAMP/LL-37 levels in epidermis.
In contrast to the in vivo/ex vivo system, the cultured KC employed
in these studies do not recapitulate a highly differentiated epider-
mis, i.e., neither generating the stratum corneum nor secreting
CAMP. Thus, sustained elevated S1P upregulates CAMP mRNA
levels, leading to increased CAMP protein production at the basal
level, but the protein and peptides can be secreted and regulated
by external domains in the stratum corneum. In contrast, since
CAMP is not secreted in vitro, sustained stimulation of CAMP
expression by S1P results in accumulated CAMP protein in cells
(Fig. 3B) and may downregulate CAMP transcription (negative-
feedback regulation) at the basal level (Fig. 3A). Under stressed
conditions, a feedback downregulation of CAMP transcription in
response to accumulation of CAMP protein could be attenuated,
i.e., increased CAMP mRNA expression, in cultured cells. The
difference between in vivo (S1P lyase knockout mice) and in vitro
(cultured undifferentiated KC) results is likely due to these differ-
ences in in vivo and in vitro conditions. Elucidation of the full
spectrum of mechanisms that can regulate CAMP/LL-37 in vivo is

important. Yet elucidation of the contribution from posttran-
scriptional regulatory mechanisms was not a focus in our present
study to investigate the upstream signal of CAMP transcription in
response to ER stress.

While multiple biological functions have been attributed to
S1P (50), the present study illuminates an entirely new and poten-
tially important role for S1P in modulating innate immune func-
tion through the regulation of CAMP production. Because
CAMP/LL-37 is a multifunctional antimicrobial peptide, tight
regulation of CAMP production could be important for the main-
tenance of epithelial functions under normal (basal) conditions.
Since CAMP reportedly displays many of the same biological ac-
tivities, e.g., modulation of cytokine secretion/production, angio-
genesis, and adaptive immunity, it is pertinent to ask whether
many of the functions currently ascribed to CAMP should instead
be attributed, at least in part, to S1P (Fig. 8). Recent studies have
demonstrated that ER stress signals are required for normal hu-
man KC differentiation (51), while S1P stimulates differentiation
in KC (31). S1P might alter KC differentiation through CAMP/
LL-37 production. Thus, ER stress-mediated increases in S1P
might help to maintain KC differentiation in parallel with en-
hanced antimicrobial defense. These studies also suggest that
stimulation of the S1P signal by nonapoptotic levels of external
stress, ER stress, and/or metabolic modulation of S1P, i.e., by cell-
permeative Cer, could be a therapeutic approach to enhance the
endogenous antimicrobial defense in epithelia, including lung
and gut epithelia as well as the skin.
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