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Background: Sphingosine-1-phosphate phosphatase 1, encoded by Sgpp1, dephosphorylates the signaling lysophospho-
lipid, S1P; however, its in vivo functions are not well understood.
Results: Deletion of Sgpp1 causes epidermal defects with intrinsic keratinocyte abnormalities.
Conclusion: Sgpp1 deficiency in keratinocytes causes S1P elevation and accelerates their differentiation.
Significance: Intracellular S1P metabolism regulates keratinocyte differentiation and epidermal homeostasis.

Sphingosine 1-phosphate (S1P) is a bioactive lipid whose lev-
els are tightly regulated by its synthesis and degradation. Intra-
cellularly, S1P is dephosphorylated by the actions of two S1P-
specific phosphatases, sphingosine-1-phosphate phosphatases
1 and 2. To identify the physiological functions of S1P phospha-
tase 1, we have studied mice with its gene, Sgpp1, deleted.
Sgpp1�/� mice appeared normal at birth, but during the 1st
week of life they exhibited stunted growth and suffered desqua-
mation, with most dying before weaning. Both Sgpp1�/� pups
and surviving adults exhibited multiple epidermal abnormali-
ties. Interestingly, the epidermal permeability barrier developed
normally during embryogenesis in Sgpp1�/� mice. Keratino-
cytes isolated from the skin of Sgpp1�/� pups had increased
intracellular S1P levels and displayed a gene expression profile
that indicated overexpression of genes associated with kerati-
nocyte differentiation. The results reveal S1Pmetabolism as a
regulator of keratinocyte differentiation and epidermal
homeostasis.

Sphingosine 1-phosphate (S1P)2 is a bioactive lipid that
directly participates in both intracellular and extracellular sig-
naling (1–4). Among the first signaling activities identified for
S1P was its intracellular action to mobilize Ca2� from internal
stores (5, 6). More recently, several other intracellular targets
have been identified (7, 8). Extracellular S1P exerts its effects
through interactions with the family of S1P G protein-coupled
receptors (S1PR1–5) that are carried bymost cells, either singly
or in different combinations. These receptors trigger distinc-
tive cellular signaling pathways and exert control within the

immune, vascular, and nervous systems (1–3). In addition to its
important role in cellular signaling, S1P also functions as a key
intermediate in lipid metabolic pathways (9).
S1P levels are tightly controlled by the regulation of its syn-

thesis and degradation (see scheme in Fig. 1A) (10). After the
formation of ceramide by de novo synthesis or degradation of
complex sphingolipids, sphingosine is liberated by the action of
ceramidase. S1P is then synthesized via the ATP-dependent
phosphorylation of sphingosine by the sphingosine kinases,
Sphk1 or Sphk2. Intracellularly, S1P is degraded in either of two
ways, through dephosphorylation by the S1P phosphatases
(SPP) SPP1 and SPP2 to yield sphingosine or through irrevers-
ible cleavage by S1P lyase. Extracellularly, S1P is dephosphory-
lated by the lipid phosphate phosphatases (LPP) LPP1, LPP2,
and LPP3.
Both the SPPs and LPPs are members of the superfamily of

phosphohydrolases (11–14). SPPs are highly specific for sphin-
goid-base 1-phosphate substrates, including S1P, dihydro-S1P,
and phyto-S1P (15), whereas LPPs have a broader specificity
that includes S1P but also ceramide 1-phosphate, lysophospha-
tidic acid, and phosphatidic acid. SPPs are integral enzymes of
the endoplasmic reticulum (ER) (16–19) with a lumenal active
site. In contrast, the LPPs are found on the plasma membrane
with their active site oriented to the cell exterior (11, 20). Their
localization suggests that SPPs and LPPs have distinct pools of
S1P as substrate, with the SPPs dephosphorylating intracellular
S1P, and the LPPs dephosphorylating S1P in the extracellular
space. Indeed, deletion of LPP3 blocked the egress of lympho-
cytes from the thymus, an important extracellular signaling
function of S1P, supporting the notion that LPPs are ecto-en-
zymes that regulate extracellular levels of S1P for signaling (20).
Within the sphingolipid metabolic pathway, SPP activity has

been shown to influence the levels of both S1P and ceramide,
presumably by diverting the sphingoid-base substrate fromS1P
formation back to ceramide synthesis. Functionally, the SPPs
have been shown to have diverse cellular activities. SPP1 has
been shown to regulate apoptosis by elevating ceramide levels
(15), ER-to-Golgi ceramide trafficking (21), and autophagy
induced by ER stress (22, 23). In addition, its effects on S1P
levels influence resistance artery tone (24) and cell migration
(25). SPP2 has been found to be elevated during immune
responses (26). However, despite being implicated in diverse
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activities, the roles of the SPPs in physiology are not well
understood.
Sphingolipids are recognized for their importance in skin

biology as both structural and signaling molecules (27–30).
Recently, S1P has been shown to have signaling properties that
regulate keratinocyte cell function (31–36). Here, we report
that the deletion of Sgpp1, the gene encoding SPP1, greatly dis-
turbs epidermal homeostasis in mice. Keratinocytes lacking
Sgpp1 have elevated S1P levels and overexpress genes associ-
ated with differentiation. These results link Sgpp1 expression
with skin biology through the regulation of keratinocyte differ-
entiation by S1P metabolism.

EXPERIMENTAL PROCEDURES

Mouse Generation and Procedures—Sgpp1�/� mice were
generated by theKnock-outMouseProject Repository (Univer-
sity of California, Davis) from ES cells created by Velocigene
Regeneron Pharmaceuticals, Inc. (Tarrytown, NY). The mice
had a C57Bl6 background and were maintained by heterozy-
gous mating. Mice were genotyped by multiplex PCR of
tail-snip DNA using three primers as follows: 5�-CGTGTCAT-
GACATTCGCCAAGC-3� (F1); 5�-GGAAATGGCTCCCAG-
AGGAAA-3� (F2); and 5�-GCACCTCTGTTCCACATA-
CAC-3� (R) (Fig. 1B). The following conditions were used:
denaturation, 94 °C for 5 min; amplification, 94 °C for 1 min,
60 °C for 1min, 72 °C for 1.5min; and extension, 72 °C for 3min
(35 cycles). TheWT Sgpp1 gene fragment was 588 bp in length,
and the mutant Sgpp1 gene fragment was 402 bp in length.

Pupswere analyzed at days 1 or 2 after birth, unless otherwise
specified. Adult Sgpp1�/� mice were analyzed when they were
between 7 and 10months old. LittermateWT (Sgpp1�/�) mice
were used as controls for each experiment. All animal proce-
dures were approved by the NIDDK Animal Care and Use
Committee and were performed in accordance with National
Institutes of Health guidelines.
Histology and Immunohistochemistry—Skin tissue from

Sgpp1�/� and Sgpp1�/� mice was fixed with 10% formalin and
embedded in paraffin. Sections were stained with H&E and
examined on a Leica DMLB microscope (Leica Microsystems
Inc., Buffalo Grove, IL). The epidermis was divided into two
regions as follows: the stratum corneum, which is the top flaky
layers stained by eosin and characterized by the lack of nuclei;
and the subcorneal layers, right below the stratum corneum,
which included the rest of the epidermis (from the top: stratum
granulosum, stratum spinosum, and stratum basale) and were
distinguished by hematoxylin staining. Quantification of epi-
dermal thickness was done on photographs acquired from
H&E-stained sections with a �10 objective, using the image
analysis program ImageJ. A scale wasmade within ImageJ from
an ocular ruler photographed using the same microscopic field
as the skin sections. Ten perpendicular lines were drawn from
the bottom edge of the subcorneal layers to the top edge of the
stratum corneum. Themean length of the lines was determined
for two photographs/mouse.
For immunostaining, deparaffinized sections of back skin

from pups and adult mice were incubated separately with the
following antibodies: rabbit anti-mouse keratin 6 (PRB-169P-
100); keratin 10 (PRB-159P-100); keratin 14 (PRB-155P-100);

loricrin (PRB-145P-100); filaggrin (PRB-417P-100) (all from
Covance, Philadelphia, PA); and Ki67 antigen (ab66155; from
Abcam, Cambridge, MA), followed by Alexa Fluor 488-conju-
gated goat anti-rabbit IgG secondary antibody (A11034; from
Invitrogen) andDAPI. Sectionswere examined using a confocal
laser scanning microscope with a Duo-Scan system (LSM 5
LIVE; Carl Zeiss, Inc., Thornwood, NY) using a �20 objective.
Excitation and filters were as follows: Alexa Fluor 488, laser 489
nm for excitation, emission collected with BP 520–555-nm fil-
ter; and DAPI, laser 405 nm for excitation, emission collected
with BP 415–480-nm filter. Images were acquired using the
ZEN 2007 software (Carl Zeiss, Inc.).

�-Galactosidase expression from the lacZ reporter was
determined on the back skin of 2-day-old Sgpp1�/� mice using
5-bromo-4-chloro-3-indolyl-�-D-galactoside (X-gal) as de-
scribed previously (37). Sgpp1�/� skin sections were used as
negative control.
Determination of Ca2� Distribution in Situ in Mouse Skin—

Ca2� distribution was detected in intact frozen skin sections
obtained from 4-day-old pups as described previously (33, 38).
Briefly, a 10-�m frozen skin section was placed on a glass slide
covered by a thin layer of 2% agarose containing 10 �g/ml Cal-
cium Green-1 (Invitrogen). Sections were observed using a
Leica DMLB microscope within the next 2 h.
Primary Keratinocyte Cultures—Primary keratinocyte cul-

tures were prepared as described previously (39, 40). Briefly,
skin was removed from 1-day-old pups and placed in 0.25%
trypsin without EDTA overnight at 4 °C. The epidermis was
peeled away from the dermis with forceps, then minced, and
filtered. Cells were plated on collagen-coated plates. Using this
protocol, only keratinocytes from the stratum basale attach to
the plates. Keratinocytes were grown in 0.05mMCa2�-contain-
ing Eagle’s minimum essential medium (Lonza, Walkersville,
MD) plus 8% fetal calf serum (low Ca2� medium) for 3–4 day
and then harvested. Alternatively, WT mouse keratinocytes
were obtained from (CELLnTEC Advance Cell Systems, Bern,
Switzerland) and were grown in CnT7medium containing 0.07
mM Ca2� (CELLnTEC Advance Cell Systems).
When indicated,WT keratinocytes were treatedwith 10�7 M

S1P (Avanti Polar Lipids, Inc., Alabaster AL) for 2 days in CnT2
medium (CELLnTEC Advance Cell Systems) containing 1.2
mM Ca2�. Conditioned medium from 5-day-old Sgpp1�/� and
Sgpp1�/� keratinocyte cultures grown in CnT7 medium were
collected and centrifuged at 200 � g for 10 min.
Lipid Analysis—Skin dissected from the back of 2-day-old

Sgpp1�/� and Sgpp1�/� mice was placed on top of calcium/
magnesium-free PBS containing 10 mM EDTA (pH 7.4) with
the dermal side facing downward. After incubating for 40 min
at 37 °C, the epidermis was peeled away from the dermis with
forceps (41). Epidermal sheets were quickly rinsed with normal
saline and frozen at �80 °C. Keratinocytes growing in culture
were washed, harvested, and cell pellets frozen at �80 °C.
Plasma was prepared from blood from adult Sgpp1�/� and
Sgpp1�/� mice. Sphingolipids were extracted from the epider-
mal sheets, keratinocyte pellets, and plasma, and S1P, dihydro-
S1P, sphingosine, and ceramides containing different nonhy-
droxy amide-linked fatty acid species weremeasured byHPLC-
tandemMSby the LipidomicsCore at theMedicalUniversity of
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South Carolina on a Thermo Finnigan (Waltham, MA) TSQ
7000 triple quadrupole mass spectrometer, operating in a
multiple reaction-monitoring positive ionization mode as
described previously (42). Sphingolipid concentration was nor-
malized using inorganic phosphate measurements of the lipid
extracts.
For sphingomyelin determinations, lipid extracts were pre-

pared fromepidermis and keratinocyte pellets as described pre-
viously (43), applied to high performance thin layer chromatog-
raphy (HPTLC) plates (Merck), and developed in chloroform/
methanol/water (65:35:8). After running, HPTLC plates were
sprayed with 1.5% cupric sulfate in acetic acid/sulfuric acid/
orthophosphoric acid/water (50:10:10:30) and baked at 110 °C
for 10 min. Bands were identified using known standards run
simultaneously with the samples and quantified using the Car-
estreamMolecular Imaging Software (CarestreamHealth, Inc.,
Rochester, NY). Sphingomyelin concentrations were normal-
ized using inorganic phosphate measurements of the lipid
extracts.
S1P-induced Down-modulation of S1PR1-GFP Receptor from

the Plasma Membrane—HEK293 cells stably expressing the
S1PR1-GFP chimeric receptor (44) were grown in 10% char-
coal-stripped FBS-containing DMEM (C-DMEM) for 24 h and
treated for 60 min with 10�7 M S1P, 5-day Sgpp1�/� and
Sgpp1�/� keratinocyte-conditioned medium, or C-DMEM
alone. Cells were then fixed with 1% paraformaldehyde in PBS
for 15 min and examined for GFP and DAPI using a Zeiss con-
focal laser scanning microscope under a �63 oil objective.
Skin Permeability Assays—Embryos obtained by Caesarean-

section at days 16.5 and 17.5 postcoitum (which was deter-
mined by the presence of a vaginal plug at day 0.5) and 4-day-
old pups were euthanized. Mice were fixed in methanol for 5
min at room temperature, washed five times with PBS, and
incubated with 0.1% toluidine blue in normal saline for 10 min
(41). After washing with PBS, mice were examined for the pen-
etration of the blue dye into the skin and photographed.
Gene Expression—Total RNA from mouse tissues was puri-

fied using TRIzol (Invitrogen) and from keratinocyte cultures
cells using the RNeasy mini kit (Qiagen, Valencia, CA). Total
RNA (1 �g) was first digested with DNase I and subsequently
reverse-transcribed with the SuperScript First-Strand Synthe-
sis System (Invitrogen) by following the manufacturer’s
instructions.
For semiquantitativeRT-PCR, the forward primer (rt1, 5�-ta-

catgggaatgcattctat-3�) was located on exon 1 of the Sgpp1 tran-
script, and the reverse primer (rt2, 5�-GCTTTTCCAAACA-
GAGTTACA-3�) was located on exon 3 (Fig. 1B). The following
conditions were used: denaturation, 95 °C for 5 min; amplifica-
tion, 95 °C for 1 min, 55 °C for 1 min, 72 °C for 1 min; and
extension, 72 °C for 3 min (35 cycles). For amplification of
Gapdh mRNA, the forward primer was at the exon 4–5 junc-
tion (5�-ACCACAGTCCATGCCATCAC-3�) and the reverse
primer was in exon 7 (5�-CACCACCCTGTTGCTGTAGCC-
3�). The following conditionswere used: denaturation, 95 °C for
5 min; amplification, 95 °C for 1 min, 65 °C for 1 min, 72 °C for
1min; and extension, 72 °C for 3min (35 cycles). PCR products
were visualized on a 1.2% agarose gel.

Alternatively, mRNA expression levels were determined
by real time-quantitative PCR (RT-qPCR) using prede-
signed Assay-on-Demand probes and primers (Applied
Biosystems, Foster City, CA) on an ABI Prism 7700 Sequence
Detection System (Applied Biosystems) as follows: for
mouse Sgpp1 (Mm00473016_m1); Sgpp2 (Mm01158866_
m1); Sgpl1 (Mm00486079_m1); Flg (Mm01716522_
m1); Lor (Mm01219285_m1); Krt10 (Mm03009921_m1);
Krt14 (Mm00516876_m1); Lce1c (Mm00783426_s1);
Rptn (Mm00485857_m1); Tgm3 (Mm00436999_m1);
Cdsn (Mm01275230_m1); Lor (Mm01962650_s1); Hrnr
(Mm00808280_s1); Spink5 (Mm00511522_m1); Ppap2a
(Mm00477016_m1); Ppap2b (Mm005404516_m1); Ppap2c
(Mm00479290_m1), and Gapdh (Mm99999915_g1).
For microarray analysis, total RNA purified from primary

keratinocyte cultures of Sgpp1�/� and Sgpp1�/� cells was ana-
lyzed on Affymetrix GeneChip Mouse Genome 430 2.0 arrays
(Affymetrix, Santa Clara, CA) as described previously (9). The
National Center for Biotechnology Information Gene Expres-
sionOmnibus (GEO) accession number for themicroarray data
is GSE40838.
Statistical Analysis—Statistical significance was determined

using the Student’s t test. In all cases, p � 0.05 was considered
statistically significant.

RESULTS

Sgpp1DeficiencyResults inNeonatal Lethality andAbnormal
Skin in Newborn Pups—The structure of the targeted Sgpp1
allele mouse is shown in Fig. 1B. The targeting vector replaced
the entire Sgpp1 coding region, beginning at the start codon in
exon 1 and extending into exon 3, with lacZ and neo cassettes
(Fig. 1B). This targeting procedure is expected to result in a null
Sgpp1 allele and a lacZ reporter under the control of the native
Sgpp1 promoter elements.
Expression of Sgpp1 was readily detectable in tissues of

Sgpp1�/� mice by semiquantitative RT-PCR (Fig. 1, C and D)
and RT-qPCR (Fig. 1, E and F), but it was below the level of
detection in Sgpp1�/� mice, confirming that the gene targeting
procedure had successfully generated a null Sgpp1 allele.
Expression levels of Sgpp2, the gene encoding the second SPP
isozyme, were not significantly altered in Sgpp1�/� mouse tis-
sues (Fig. 1F).
Sgpp1�/� mice were bred, and offspring were genotyped at a

few days after birth or at 3 weeks of age. Newborn Sgpp1�/�

pups were found in aMendelian ratio (from a total of 182 pups,
26% were Sgpp1�/�, 51% Sgpp1�/�, and 23% Sgpp1�/�). How-
ever, only 3.5% of the offspring were Sgpp1�/� when they were
weaned at 3 weeks of age. These results indicated that a sub-
stantial fraction of the Sgpp1�/� mice died between birth and 3
weeks of age.
Immediately after birth, Sgpp1�/� pups could not be distin-

guished from Sgpp1�/� littermates (Fig. 2A). However, starting
at 3 days of age, Sgpp1�/� mice appeared smaller than their
littermates. In addition, they showed skin desquamation on the
trunk and around the joints of the upper and lower extremities
that progressively worsened with time (Fig. 2B). Skin sections
from 2-day-old pups showed that Sgpp1�/� epidermis was
thickened compared withWT epidermis (Fig. 2, C andD). His-
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tological analysis of Sgpp1�/� back skin undergoing peeling
showed the detachment of the stratum corneum (Fig. 2E).
Measurements demonstrated that, in Sgpp1�/� mice, the sub-
corneal layers (which included the stratum granulosum, stra-
tum spinosum, and stratum basale) were significantly thicker,
whereas the stratum corneum was thinner than in Sgpp1�/�

mice (Fig. 2F). These results indicate that the deletion of the
Sgpp1 gene induces epidermal abnormalities in newborn mice.

Expression of Sgpp1 in Epidermis—The expression of Sgpp1
in the epidermis was determined using a surrogate marker,
�-galactosidase, the product of the lacZ gene, which had been
placed under the control of the native Sgpp1 regulatory ele-
ments in the Sgpp1 gene-targetedmice (see targeting scheme in
Fig. 1B). In skin sections from 2-day-old Sgpp1�/�mice stained
for �-galactosidase activity, intense blue reaction product was
observed in the stratum granulosum and the stratum spinosum

FIGURE 1. Generation of Sgpp1 knock-out mouse line by Sgpp1 gene disruption. A, intracellular metabolic pathway of S1P. B, schematic representation of
the Sgpp1 gene targeting strategy. The structure of the mouse Sgpp1 locus is shown at the top, and the structure of the Sgpp1 targeted allele is shown at the
bottom. Arrows F1, F2, and R represent the primers used for genotyping; arrows rt1 and rt2 represent the primers used in semiquantitative RT-PCR. C and
D, mRNA expression for Sgpp1 (top gels) and Gapdh (bottom gels) determined by semiquantitative RT-PCR of various tissues from Sgpp1�/� (WT) and Sgpp1�/�

(KO) 2-day-old (C) and adult (D) mice. E and F, mRNA expression for Sgpp1 (E) and Sgpp2 (F) determined by RT-qPCR of various tissues from Sgpp1�/� and
Sgpp1�/� adult mice. LIv, liver; Spl, spleen; H, heart; Col, colon; Stom, stomach; Kid, kidney; WAT, white adipose tissue; Br, brain. The relative level of Gapdh mRNA
expression in each sample was set to 1. Bars represent mean values � S.D. Student’s t test, n � 4.
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(Fig. 2G). Sgpp1�/� skin sections without the lacZ reporter
were largely negative for�-galactosidase activity (Fig. 2H). This
result suggests that the expression of the Sgpp1 gene is up-reg-
ulated as keratinocytes differentiate within the epidermis.
We also determined the relative mRNA expression of the

three specific S1P degradation enzymes, the two SPPs (Sgpp1
and Sgpp2) and S1P lyase (Sgpl1), in the skin of 2-day-old
Sgpp1�/� and Sgpp1�/� mice (supplemental Fig. S2A). Sgpp1
mRNAwas readily detected in Sgpp1�/� skin, but it was below
the detection limit in Sgpp1�/� samples. Sgpp2 and Sgpl1
mRNA signals in Sgpp1�/� skin were substantially lower than
that of Sgpp1, suggesting that Sgpp1 was the most highly
expressed of the three S1P degradative enzymes (supplemental
Fig. S2A). Compensatory increases of Sgpp2 or Sgpl1 mRNA
expression were not detected in Sgpp1�/� skin (supplemental
Fig. S2A). Neither were there significant changes detected in
the mRNA levels of the broad specificity LPPs (Ppap1a,
Ppap2b, and Ppap2c) (supplemental Fig. S2B).
Skin Barrier Formation in the Absence of Sgpp1—We next

assessed the development of the epidermal permeability barrier

in Sgpp1�/�mice by the ability of their skin to exclude toluidine
blue. Normally, the skin permeability barrier begins to form at
around embryonic day (E) 16.5, initiating from the dorsal sur-
face and developing ventrally until it is complete by E17.5 (45).
Overall, Sgpp1�/� embryos displayed a developmental pattern
of skin permeability barrier formation indistinguishable from
the Sgpp1�/� embryos (Fig. 3, A–D). Sgpp1�/� and Sgpp1�/�

early stage E16 embryos stained equally blue, indicating a lack
of a permeability barrier at this time (Fig. 3,A and B). However,
by late stage E16 both Sgpp1�/� and Sgpp1�/� embryos largely
excluded the blue dye except for the anterior portions of their
limbs and snout (Fig. 3,C andD). These results indicate that the
skin permeability barrier develops normally in the Sgpp1�/�

embryos. Three days after birth, Sgpp1�/�pups showednormal
exclusion of toluidine blue in areas where the skin remained
intact (Fig. 3E). However, there was visible dye uptake in des-
quamated areas, indicating a focally disrupted permeability
barrier (Fig. 3E).
Sphingolipid Levels in Epidermis—Sphingolipids were ex-

tracted from epidermal sheets obtained from 1- to 2-day-old

FIGURE 2. Sgpp1�/� pups exhibit focal desquamation and abnormal epidermal histology. A and B, Sgpp1�/� and Sgpp1�/� mice at 0.5 days (A) and 4 days
after birth (B). The arrows in B indicate sites of desquamation. C–E, histology of Sgpp1-deficient mouse skin. Paraffin sections of back skin from 2-day-old
Sgpp1�/� (C) and Sgpp1�/� (D and E) mice were stained with H&E. E represents a region of back skin undergoing peeling of the stratum corneum (marked by
arrows). Bar, 200 �m. SC, stratum corneum; SL, subcorneal layer. F, stratum corneum and subcorneal layer thicknesses in 2-day-old Sgpp1�/� and Sgpp1�/�

mice. Bars represent mean values � S.D. n � 4 for each genotype. Student’s t test; *, p � 0.05; **, p � 0.01. G and H, activity of �-galactosidase, a surrogate marker
for Sgpp1 expression, in 2-day-old mouse skin section. Sgpp1�/� (Sgpp1-LacZ (neo)/�) (G) and Sgpp1�/� (�/�) (H) skin sections are shown. Arrows in G mark
the keratinocyte layers that express �-galactosidase as a marker of Sgpp1 expression. This staining is absent in the �/� skin section (H). Bar, 50 �m. SC, stratum
corneum; SG, stratum granulosum; SS, stratum spinosum; SB, stratum basale.
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Sgpp1�/� and Sgpp1�/� mice, and levels of ceramide species,
sphingosine, S1P, and dihydro-S1P were determined by mass
spectrometry. Total levels of these sphingolipids were not sig-
nificantly different in Sgpp1�/� compared with Sgpp1�/� epi-
dermis (Fig. 4, A and B). In addition, total epidermal sphingo-
myelin levels were not significantly different in Sgpp1�/�

compared with Sgpp1�/� mice (supplemental Fig. S1A). When
levels of individual ceramide species were examined, the only
significant difference was a decrease in the content of C26-
fatty acid-containing ceramide in Sgpp1�/� compared with
Sgpp1�/� epidermis (Fig. 4C).
Abnormal Keratinocyte Proliferation and Differentiation in

Sgpp1�/� Mice—The thicker epidermal layers observed for
Sgpp1-deficient skin suggested that increased keratinocyte pro-
liferation was occurring in these mice. To address this possibil-
ity, we determined the expression of proliferative markers in
skin sections from 2-day-old mice. In Sgpp1�/� skin, the
expression of the proliferative antigen Ki67 was markedly
increased in the stratum basale compared with Sgpp1�/� skin,
consistent with increased keratinocyte cell division (Fig. 5, A
and B). We found highly elevated expression of hyperprolifera-
tion-associated keratin 6 (46–48) in Sgpp1�/� skin sections
throughout the subcorneal epidermal layers (Fig. 5, C and D).
Keratin 14, which is expressed in undifferentiated, mitotically
active keratinocytes (49), was slightly increased throughout
several epidermal layers in Sgpp1�/� skin compared with
Sgpp1�/� skin (Fig. 5, E and F). Significantly increased expres-
sion of keratin 14 mRNA in the skin of 2-day-old Sgpp1 null
mice compared with WT mice was confirmed by RT-qPCR

(supplemental Fig. S3A). These results indicate that the dele-
tion of Sgpp1 leads to epidermal hyperplasia.
We also assessed markers of keratinocyte differentiation in

skin sections of Sgpp1�/� and Sgpp1�/� mice. Expression of
keratin 10, a marker of differentiating keratinocytes after
growth arrest (50), was expressed similarly in Sgpp1�/� and

FIGURE 3. Epidermal permeability barrier formation was normal in
Sgpp1�/� mice. Epidermal barrier acquisition was tested by resistance to
toluidine blue staining at early embryonic (E) day E16 (A and B), late day E16
(C and D), and at 3 days after birth (E). Embryos are viewed dorsally (A and C)
and ventrally (B and D). In the 3-day-old pups (E), the arrow indicates an area
of desquamation that stained with toluidine blue.

FIGURE 4. Sphingolipid profile in Sgpp1�/� mouse epidermis. The sphin-
golipid profile was determined by HPLC-tandem MS on epidermis isolated
from Sgpp1�/� and Sgpp1�/� 2-day-old pups. Levels of sphingosine, S1P, and
dihydro-S1P (A), total ceramide (B), and individual ceramide species with dif-
ferent fatty-acid chain lengths (C) were determined. Values are expressed as
picomoles of sphingolipid per nmol of inorganic phosphorous (Pi). Bars rep-
resent mean values � S.D. n � 5 for each genotype. Student’s t test; *, p �
0.05. ns, not significant.

FIGURE 5. Expression of proliferation and keratinocyte differentiation
markers are increased in Sgpp1�/� skin. Paraffin sections of 2-day-old skin
from Sgpp1�/� and Sgpp1�/� mice were stained with antibodies against Ki67
(A and B), keratin 6 (C and D), keratin 14 (E and F), keratin 10 (G and H), loricrin
(I and J), filaggrin (K and L) (green staining), and DAPI (blue). The white line
represents the outer edge of the stratum corneum to mark the skin limit on
the top of the image. Bar, 100 �m.
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Sgpp1�/� epidermis (Fig. 5, G and H). Expression of loricrin
and filaggrin, two major proteins of the cornified cell envelope
in the stratum corneum (51), was also determined. Loricrin
expression appeared normal in Sgpp1�/� mice (Fig. 5, I and J),
although filaggrin expressionwas expanded into the subcorneal
epidermal layers and was relatively weakly expressed in the
stratum corneum of the Sgpp1�/� mice (Fig. 5, K and L). We
also quantified the expression of these differentiation-related
genes by RT-qPCR.We found thatmRNAexpression of keratin
10 and loricrin was not significantly different between
Sgpp1�/� and Sgpp1�/� skin, although filaggrin mRNA levels
were significantly increased in Sgpp1�/� skin compared with
skin from WT mice (supplemental Fig. S3, B–D). Together,
these results show that the epidermis of the Sgpp1�/� mice
exhibits abnormalities both in keratinocyte differentiation and
proliferation.
Adult Sgpp1�/� Mice Have an Ichthyosis-like Phenotype—

The rare surviving adult Sgpp1�/� mice were similar to
Sgpp1�/� mice in size (data not shown). However, the skin on
their tails had an ichthyotic appearance (Fig. 6A). Histological
analysis of dorsal skin (Fig. 6,B andC) from adult Sgpp1�/� and
Sgpp1�/� mice revealed that, as in the newborns, the Sgpp1�/�

epidermis was significantly thicker than that from Sgpp1�/�

mice. The stratum corneum appeared dense and compact
(Fig. 6C).
Expression of keratin 6 (Fig. 6, D and E), keratin 14 (Fig. 6, F

and G), and Ki67 antigen (Fig. 6, H and I) was elevated in sub-
cortical layers of the Sgpp1�/� epidermis from adult mice, con-
sistent with epidermal hyperplasia. In Sgpp1�/� epidermis,

filaggrin expression was highly elevated and extended into
deeper epidermal layers (Fig. 6, J and K) compared with
Sgpp1�/� epidermis.

We quantified S1P levels in Sgpp1�/� and Sgpp1�/� plasma,
and we found no significant difference (supplemental Fig. S4).
Sgpp1 Deletion Increases S1P Levels and Alters the Gene

Expression Profile of Keratinocytes in Vitro—Because it was
possible that the keratinocyte abnormalities observed in the
Sgpp1�/� mice might be the result of extrinsic factors, such as
an altered stratum corneum or an effect of the Sgpp1 deletion
on other skin cell types, we wanted to determine whether
the effect of the Sgpp1 deletion was intrinsic to keratinocytes.
To investigate this, we isolated and grew keratinocytes from
Sgpp1�/� and Sgpp1�/� mice under low Ca2� conditions,
which impede differentiation, for 3–4 days (39).
We first determined the sphingolipid profile of cultured

keratinocytes by HPLC-tandem MS. We found that the S1P
levels in the Sgpp1�/� keratinocytes were significantly
increased compared with Sgpp1�/� mice, although dihydro-
S1P and sphingosine levels (Fig. 7A) as well as sphingomyelin
levels (supplemental Fig. S1B) were unchanged. Although total
ceramide levels were similar in keratinocytes from Sgpp1�/�

and Sgpp1�/� mice (Fig. 7B), the ceramide species containing
fatty acid lengths of C14, C18, C22, and C24:1 in Sgpp1�/� kera-
tinocytes were all significantly decreased compared with
Sgpp1�/� keratinocytes (Fig. 7C).

We next performed gene expression profiling on mRNA
from cultured keratinocytes from Sgpp1�/� and Sgpp1�/�

mice using Affymetrix GeneChip Mouse Genome 430 2.0

FIGURE 6. Surviving Sgpp1�/� adult mice displayed abnormal skin phe-
notype. A, surviving adult Sgpp1�/� mouse and its Sgpp1�/� littermate.
Arrows indicate the deep constriction rings found on the tails of Sgpp1�/�

mice. B and C, paraffin sections from Sgpp1�/� (B) and Sgpp1�/� (C) adult
mouse back skin stained with H&E. Bar, 200 �m. SC, stratum corneum; SL,
subcorneal layer. D–K, immunohistochemistry of Sgpp1�/� and Sgpp1�/�

adult mouse skin. Paraffin sections were stained with antibodies against ker-
atin 6 (D and E), keratin 14 (F and G), Ki67 antigen (H and I), filaggrin (J and K)
(green staining), and DAPI (blue). The white line represents the edge of the
stratum corneum to mark the skin limit on the top of the image. Bar, 100 �m.

FIGURE 7. Sphingolipid profile of Sgpp1�/� keratinocytes. Primary kerati-
nocytes from skin of 1-day-old Sgpp1�/� and Sgpp1�/� mice were grown in
low Ca2� media for 3– 4 days. The sphingolipid profile of each culture was
determined by HPLC-tandem MS. Levels of sphingosine, S1P, and dihydro-
S1P (A), total ceramide (B), and individual ceramide fatty acid chain species (C)
were determined. Values are expressed as picomoles of sphingolipid per
nmol of inorganic phosphorous (Pi). Bars represent mean values � S.D. n � 5
for each genotype. Student’s t test; *, p � 0.05; **, p � 0.01; ***, p � 0.001. ns,
not significant.
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arrays. From the microarray data, we identified more than 700
gene annotated probe sets that showed significant changes
between keratinocytes from Sgpp1�/� and Sgpp1�/� mice,
using a cutoff of p � 0.05 and a fold change of greater than 2
(Fig. 8A). Examination of the top genes that were significantly
overexpressed in the Sgpp1�/� keratinocytes revealed that
many of themwere associated with keratinocyte differentiation
(Fig. 8B and supplemental Table 1). These included several
genes of the late cornified envelope family (51) (Fig. 8B and
supplemental Table 1). Indeed, the Gene Ontology categories
“keratinization” (1.8-fold; p � 3.2E-09) and “cornified enve-
lope” (2.7-fold; p � 6.7E-10) were significantly elevated in
Sgpp1�/� keratinocytes when compared with Sgpp1�/� kera-
tinocytes (supplemental Fig. S5,A andB). These results indicate
that the deletion of Sgpp1 has an intrinsic effect on keratino-
cytes that causes an elevated expression of genes associated
with their differentiation.

Treatment of WT keratinocytes with 10�7 M S1P also led to
an increase in the expression of the differentiation-related
genes keratin 10, involucrin, and filaggrin (Fig. 9A). This result
indicates that elevating S1P levels is able to recapitulate the
enhanced differentiation observed in Sgpp1 null keratinocytes
and points to elevated S1P levels generated by the Sgpp1
deletion as responsible for the accelerated differentiation
phenotype.
To further characterize the mechanism through which S1P

regulates keratinocyte differentiation, we studied whether S1P
was acting “outside-in” (52) by ligation of S1P receptors. We
determined if therewas sufficient S1P released by keratinocytes
to induce internalization of a S1PR1-GFP chimeric receptor
expressed on the plasmamembrane ofHEK293 cells (44). Addi-
tion of 10�7 M S1P completely induced internalization of the
receptor from the plasma membrane to perinuclear vesicles as
reported (44) (Fig. 9, B and C). However, after the addition of
5-day conditioned medium from Sgpp1�/� or Sgpp1�/� kera-
tinocytes, the S1PR1-GFP receptor remained at the plasma
membrane (Fig. 9, D and E). The results show that there is
insufficient S1P in keratinocyte cultures to induce S1PR1-GFP
internalization, a surrogate for receptor activation.
Sgpp1 Deletion Increases Ca2� Levels within the Epidermis—

S1P has been shown to induce differentiation in keratinocytes
by controlling intracellular Ca2� levels (6, 32, 33, 34, 53). To
determinewhether epidermalCa2�was increased in vivo by the
Sgpp1 deletion, Calcium Green-1, which exhibits a fluores-

FIGURE 8. Gene expression profile of keratinocytes in vitro. A, microarray
gene expression analysis was performed with RNA from five Sgpp1�/� and
five Sgpp1�/� keratinocyte cultures, isolated from individual mice, grown in
low Ca2� media for 3– 4 days. The heat map shows the raw signal values of
genes that are significantly different between Sgpp1�/� and Sgpp1�/�

groups, using a cutoff of p � 0.05 and a fold change of greater than 2.
B, expression levels of nine genes among the top 50 determined by microar-
ray analysis to be overexpressed in Sgpp1�/� keratinocytes were validated by
RT-qPCR. Results are expressed as mean value � S.D. n � 6 for both geno-
types. Student’s t test; *, p � 0.05; **, p � 0.01.

FIGURE 9. Role of S1P in keratinocyte differentiation. A, mouse keratino-
cytes were incubated with 10�7

M S1P for 2 days, and gene expression was
determined by RT-qPCR. Data are expressed as mean value � S.D., n � 3 for
each phenotype, and is representative of three independent experiments.
Student’s t test; *, p � 0.05; **, p � 0.01; ***, p � 0.001. B–E, S1PR1-GPF
receptor-expressing HEK293 cells were incubated for 60 min with C-DMEM
(B), 10�7

M S1P (C), Sgpp1�/� conditioned medium (D), and Sgpp1�/� condi-
tioned medium (E). Cells were then fixed and examined using a Zeiss confocal
laser scanning microscope under a �63 oil objective. Bar, 20 �m.
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cence intensity increase upon binding Ca2�, was used to detect
Ca2� in skin sections. Sgpp1�/� skin showed fluorescence
largely confined to the outer epidermal layers as described (Fig.
10A) (33, 54, 55). In contrast, Sgpp1�/� skin displayed higher
fluorescence that extended well into the nucleated layers of the
epidermis (Fig. 10B). This result indicates that the Sgpp1 dele-
tion increases Ca2� levels within epidermis.

DISCUSSION

Here, we have demonstrated a novel role for Sgpp1 in the
regulation of epidermal homeostasis. Mice with an inactive
Sgpp1 gene developed an ichthyosis-like phenotype, character-
ized by desquamation, epidermal hyperplasia, and abnormal
expression of keratinocyte differentiation markers. Focally
severe desquamation began a few days after birth and is a pos-
sible cause of the demise of most of the Sgpp1�/� mice. Those
Sgpp1�/�mice that survived developed ichthyotic skin thatwas
evident on their tails. Other than the skin-related phenotype,
adult Sgpp1�/� mice appeared grossly normal.

The lack of any other apparent major phenotypic conse-
quencesmay be due to alternative pathways that serve tomain-
tain low S1P levels in most tissue compartments. A major S1P
degradative pathway is via S1P lyase-mediated cleavage, a pro-
cess that occurs in many cells and tissues (56). S1P lyase-defi-
cient mice exhibit highly elevated S1P levels in circulation and
in tissues, alongwith diverse phenotypic aberrations, notably in
the immune system (9, 57), but, interestingly, not the skin phe-
notype exhibited by the Sgpp1 null mice. The phenotypic
expression of a defect within the epidermis in the Sgpp1�/�

mice suggests that Sgpp1 might serve a unique function within
differentiating keratinocytes.

As keratinocytes differentiatewithin the epidermis, they syn-
thesize and package complex sphingolipids, such as sphingo-
myelin and �-glucosylceramide, along with other lipids, into
lamellar bodies that are secreted by cells of the outer layers in
the stratum granulosum (28). These complex sphingolipids in
the lamellar bodies are then processed in the extracellular space
into ceramides. Epidermal ceramides are critical for barrier
function, accounting for 30–40% of the lipids in the stratum
corneum (27, 58–60). The acquisition of a normal skin perme-
ability barrier during embryonic development in the Sgpp1 null
mice indicated that the sphingolipid metabolic pathway for the
production of extracellular ceramides of the stratum corneum
was not adversely impacted by the deletion of Sgpp1. Consistent
with the acquisition of a normal permeability barrier were the
normal ceramide and sphingomyelin levels in Sgpp1�/� skin.

Our results point to an intrinsic defect in the Sgpp1�/� kera-
tinocytes as a mechanism to account for the abnormal epider-
mal phenotype in thesemice (Fig. 10C). This conclusion is sup-
ported by the microarray analysis showing that Sgpp1�/�

keratinocytes exhibit a gene expression profile distinct from
WT keratinocytes, in which genes associated with keratinocyte
differentiation and cornified envelope formation were signifi-
cantly elevated. An intrinsic cellular defect resulting in acceler-
ated keratinocyte differentiation would be consistent with the
epidermal skin phenotype of the Sgpp1�/� mice, characterized
by elevated keratinocyte differentiation markers, such as filag-
grin and keratin 10. The keratinocyte hyperplasia in the Sgpp1
null epidermis may be explained as a secondary compensatory
effect due to increased differentiation (Fig. 10C). The height-
ened keratinocyte growth and differentiation could then lead to
the abnormal desquamation seen in the pups and the ichthyotic
condition observed in the adult mice. Although accumulation
of S1P was not found in the whole Sgpp1�/� epidermis, a sev-
eralfold increase in cellular S1P was detected in cultured
Sgpp1�/� keratinocytes, which is consistent with increased
intracellular levels of S1P as the cause of the keratinocyte
defects (Fig. 10C).Moreover, S1P addition toWTkeratinocytes
enhanced their differentiation, as has been described (6, 32, 33,
53), further implicating S1P elevation in keratinocytes as the
cause of the Sgpp1�/� epidermal phenotype.
S1P has been reported to induce Ca2� signaling, a key pro-

cess for epidermal and keratinocyte differentiation (5, 6, 31).
The regulated release of Ca2� from ER and Golgi stores, as well
as the Ca2� influx through Ca2�-permeable ion channels,
induces the transcription of genes associated with keratinocyte
differentiation, such as keratin 1 and 10, filaggrin, and loricrin
(61). S1P has long been known to induce elevations of intracel-
lular Ca2� levels through the release from internal stores (5, 6),
and its metabolism is believed to serve as a complementary
Ca2� signaling pathway to promote keratinocyte differentia-
tion (31). Elevating S1P levels through sphingosine kinase acti-
vation or lowering S1P lyase levels has been shown to increase
Ca2� levels and promote differentiation (33, 34). Furthermore,
the up-regulation of alkaline and acid ceramidases (see scheme
in Fig. 1A) to increase sphingosine and S1P production medi-
ates Ca2�-induced keratinocyte differentiation (62). The Sgpp1
deletion caused a striking elevation of Ca2� indicator staining
within the epidermis consistent with an abnormally enhanced

FIGURE 10. Mechanism for the skin phenotype found in Sgpp1�/� mice.
A and B, Ca2� distribution was visualized in situ by Calcium Green-1 staining
on frozen skin sections from Sgpp1�/� (A) and Sgpp1�/� (B) pups. Arrows
indicate staining of nucleated cells in the Sgpp1�/� sections. The white line
represents the outer edge of the stratum corneum to mark the skin limit on
the top of the image. Bar, 100 �m. B and C, proposed mechanism. The S1P
phosphatase encoded by Sgpp1 is relatively highly expressed in differentiat-
ing keratinocytes. Its deletion in keratinocytes raises S1P levels, triggering
Ca2�-induced keratinocyte differentiation, resulting in a compensatory
increase in keratinocyte proliferation leading to increased desquamation.

Sgpp1 and Keratinocyte Differentiation

JUNE 21, 2013 • VOLUME 288 • NUMBER 25 JOURNAL OF BIOLOGICAL CHEMISTRY 18389



Ca2� response inducing the differentiation of keratinocytes.
S1P exerts functional effects on keratinocytes through both
direct intracellular and extracellular receptor-mediated signal-
ing pathways (6). Our results are most consistent with an intra-
cellular mechanism of S1P-induced differentiation, rather than
an extracellular receptor-mediated effect, because we could
not detect extracellular, bioactive S1P secreted by Sgpp1�/�

keratinocytes.
The expression of Sgpp1 on the differentiating layers of the

epithelium supports the notion that SPP1 activity may be
important in controlling S1P levels as keratinocytes differenti-
ate within the skin. Overall, the results are consistent with the
possibility that the activation of sphingolipid metabolism sig-
nals keratinocytes to differentiate via the attendant production
of bioactive S1P.De novo sphingolipid synthesis in epidermis is
up-regulated after epidermal damage (63). One function of this
increased de novo synthesis after injury is believed to be for the
replenishment of barrier lipids. Another may be to provide a
lipid signal, via S1P, to promote a keratinocyte-differentiation
program.
The functions of the SPPs, in a physiological context, have

been enigmatic. Here, we have defined a novel functional role
for SPP1 in keratinocyte differentiation and in skin biology. The
importance of SPP1 in keratinocytes may identify a key role for
S1Pmetabolismand signaling in their function andmay suggest
therapeutic avenues for skin diseases with defects in keratino-
cyte differentiation.
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