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Abstract The pathophysiology of human keratoconus (KC),
a bilateral progressive corneal disease leading to protrusion
of the cornea, stromal thinning, and scarring, is not well-
understood. In this study, we investigated a novel sphingolipid
(SPL) signaling pathway through which KC may be regulated.
Using human corneal fibroblasts (HCFs) and human KC cells
(HKCs), we examined the SPL pathway modulation. Both cell
types were stimulated by the three transforming growth fac-
tor (TGF)-B isoforms: TGF-f1 (T1), TGF-2 (T2), and
TGF-f33 (T3). All samples were analyzed using lipidomics and
real-time PCR. Our data showed that HKCs have increased
levels of signaling SPLs, ceramide (Cer), and sphingosine
1-phosphate (S1P). Treatment with T1 reversed the increase
in Cer in HKCs and treatment with T3 reversed the increase
in S1P. S1P3 receptor mRNA levels were also significantly up-
regulated in HKCs, but were reduced to normal levels follow-
ing T3 treatment. Furthermore, stimulation with Cer and S1P
led to significant upregulation of fibrotic markers in HCFs,
but not in HKCs. Additionally, stimulation with a Cer synthe-
sis inhibitor (FTY720) led to significant downregulation of
specific fibrotic markers in HKCs (TGF-1, collagen type III,
and « smooth muscle actin) without an effect on healthy
HCFs, suggesting a causative role of Cer and S1P in fibrogen-
esis.H Overall, this study suggests an association of the SPL
signaling pathway in KC disease and its relation with the
TGF-8 pathway.—Qi, H., S. Priyadarsini, S. E. Nicholas,
A. Sarker-Nag, ]J. Allegood, C. E. Chalfant, N. A. Mandal, and
D. Karamichos. Analysis of sphingolipids in human corneal
fibroblasts from normal and keratoconus patients. J. Lipid
Res. 2017. 58: 636-648.
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Keratoconus (KC) is a bilateral noninflammatory pro-
gressive corneal ectasia with a prevalence of 1 per 2,000 in
the general population (1). KC has its onset at puberty and
is progressive until the third or fourth decade when it usu-
ally stops (2). There are three main characteristics to KC
disease: corneal thinning, corneal bulging, and corneal
scarring (3, 4). Vision deteriorates as the disease progresses
and can lead to significant vision impairment at later stages.
Clinically, early signs include oil droplets and corneal thin-
ning. Over time, more significant signs appear, such as
Vogt’s stria, Fleisher’s ring, and corneal scarring (5).

The available options to treat KC are contact lenses in
early stages and hard contact lenses or hybrid lenses as the
disease progresses. Intracorneal rings are used for mid-
stage KC patients in order to improve the refractive error
with no proven role in halting the progression of the dis-
ease. Eventually, once KC reaches advanced stages, corneal
transplantation is required. Not every patient will get to
that stage, but it is estimated that 20-25% of patients diag-
nosed with KC will reach the severe stage and undergo
transplantation (6, 7).
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Although a significant number of studies have been car-
ried out, the pathophysiology of KC is still unknown. It is
generally accepted that KC is a multifactorial disease (3, 8).
A variety of factors have been considered, including ge-
netic and environmental factors; however, most of the stud-
ies have been proven inconclusive. In fact, multiple studies
have rarely identified the same loci or gene as being re-
lated to KC. With the absence of an animal model, most of
the in vivo studies concentrate on the tear film and serum
analysis (9-13). One of the few recognized links to KC dis-
ease is the association of individuals with Down syndrome.
About 15% of the individuals with Down syndrome exhibit
KC disease (14).

Our group has previously shown that human corneal fi-
broblasts (HCFs), when stimulated with a stable form of
ascorbic acid (VitC), assemble an extracellular matrix
(ECM) that mimics the in vivo stroma with alternating lay-
ers of collagen fibrils (15, 16). When human KC cells
(HKCs) were tested on the same in vitro system, we found
severe dysfunctions, including upregulation of fibrotic
markers, metabolic dysfunction, and inability to secrete
ECM (17-19). One way to “rescue” these cellular and ECM
dysfunctions is by stimulating with transforming growth fac-
tor (TGF)-B3, as previously shown by our group (18). The
current study investigates for the first time, to our knowl-
edge, the role of lipids and, especially, sphingolipids (SPLs)
on HKCs and their response to the three main TGF- iso-
forms [TGF-81 (T1), TGF2 (T2), and TGF-33 (T3)].

Lipids play a fundamental role in a variety of tissues with
regard to their metabolism and disease state (20). SPLs, a
class of minor lipids, gained significant attention in recent
years for their role in various cellular mechanisms and
molecular signaling. SPLs were originally identified as
structural components of biological membranes. Bioactive
SPLs, most notably sphingosine (Sph) 1-phosphate (S1P)
and ceramide (Cer), are now recognized to be important
mediators of many basic cellular processes, including, but
not limited to, cell migration, survival, contraction, prolif-
eration, gene expression, and cell-cell interactions (21-24).
By virtue of their ability to regulate these processes, there
has been substantial recent interest in the ability of SPLs,
particularly S1P, to regulate tissue fibrosis in various or-
gan systems. S1P exerts its cellular effects predominantly
through interactions with a family of specific cell surface G
protein-coupled receptors, labeled S1P1-5 (21, 25). It acts
on several types of target cells and is engaged in the pro-
fibrotic inflammatory process and the fibrogenic process
through multiple mechanisms, which include vascular per-
meability change, leukocyte infiltration, migration, and
proliferation, and myofibroblast differentiation of fibro-
blasts (26—-29). Many of these S1P actions are receptor sub-
type specific. In these actions, SIP has multiple cross-talks
with other cytokines, particularly TGF-3, which is the major
focus of this study.

Opverall, our study suggests a novel pathway for the regu-
lation of HKCs in vitro. These novel findings may improve
our understanding of KC pathobiology and may contribute
to the identification of new biological targets and thera-
peutic agents.

METHODS

Isolation and expansion of primary cells

As previously described, HCFs were isolated from human cor-
neas from healthy patients without ocular disease (16). All samples
were obtained from the National Disease Research Interchange,
Philadelphia, PA (http://www.ndri.org/). HKCs were isolated
from human corneas from anonymized patients undergoing cor-
neal transplantation for KC at Aarhus University Hospital, Aarhus,
Denmark, as previously described (19). The research adhered to
the tenets of the Declaration of Helsinki.

Corneal stromal cells were isolated following the protocol pre-
viously described (16). Briefly, the corneal epithelium and endo-
thelium were removed from the stroma by scraping with a razor
blade. Corneal stromal tissues were cut into small pieces (2 x
2 mm) and placed into T25 culture flaks. MEM (ATCC, Manassas,
VA) containing 10% FBS (Atlantic Biologicals, Lawrenceville,
GA) and 1% antibiotic (Gibco® antibiotic-antimycotic; Life Tech-
nologies) was added to the explants for 30 min incubation at 37°C.
Cells were passaged into T75 culture flasks upon 100% confluence
after 1-2 weeks of cultivation at 37°C, 5% CO,,

Cell authentication

HCFs and HKCs are routinely isolated, in our lab, from human
cadavers and/or transplant corneal tissues, ensuring that they are
of human origin. Patient history, medical records, and serology
testing provided by the National Disease Research Interchange
ensures that the human tissue used in this study adheres to our
strict inclusion/exclusion criteria. Furthermore, the isolated cells
are routinely tested for corneal markers, such as keratocan, a-
smooth muscle actin (aSMA), collagen-I, and collagen-V, using a
variety of techniques that include real-time PCR, Western blots,
and immunofluorescence (17, 30, 31).

Assembly of 3D in vitro ECM and TGF-3

Both HCFs and HKCs were cultured on 6-well tissue culture
plates and processed for quantitative (q)RT-PCR and lipidomics
(9, 32). These cells (1 x 10° cells/well) were seeded and cultured
in MEM 10% FBS medium stimulated with 0.5 mM 2-O-a-D-
glucopyranosyl-L-ascorbic acid (VitC; American Custom Chemi-
cals Corporation, San Diego, CA). Cells were further stimulated
with one of the three TGF- isoforms, T1, T2, or T3. All isoforms
were used at 0.1 ng/ml concentration, as previously optimized
(19, 33, 34). The cultures were grown for 4 weeks before further
processing. Cultures without any growth factors served as the con-
trols. Fresh medium was supplied to the cultures, with or without
the TGF-B isoforms every other day for the whole duration of the
experiment.

S1P, Cers, and FTY720 inhibitor

HCFs and HKCs were initially grown in MEM 10% FBS me-
dium and further seeded in 6-well plates (1 x 10° cells/ well) and
cultured. Fingolimod (FTY720) inhibitor (catalog number S5002;
Selleck Chemicals) was dissolved, as per the manufacturer’s in-
structions, in DMSO. Five different conditions were tested: con-
trols, control+vehicle (vehicle final concentration in the medium
was 10 nM), 10 nM FTY720, 1 uM FTY720, and 10 uM FTY720. Cer
(C-8 Cer) (Cayman Chemicals) was dissolved, per the manufac-
turer’s instructions, in DMSO and two different concentrations of
Cers were used for the experiment (10 and 100 nM). SIP (Avanti
Polar Lipids; Alabaster, AL) stock solution was prepared at a con-
centration of 125 uM for each of the SIP treatments by dissolving
the S1P powder in 4 mg/ml of BSA. Four different conditions
were tested: controls, 5 wm S1P, 10 nM Cer, and 100 nM Cer. The
medium was changed every other day for the duration of the
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experiment. At the end of week 2, all constructs were processed
for lipidomics, Western blot, and qRT-PCR analysis.

Real-time PCR

For evaluation of the mRNA expression, qRT-PCR was done on
all samples, as previously described (35-39). Briefly, total RNA ex-
traction was carried out using Ambion RNA mini extraction kit
(Ambion TRIzol® Plus RNA purification kit: Life Technologies,
Carlsbad, CA). The cDNA synthesis was followed by using Super-
Script™ III First-Strand Synthesis SuperMix (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol. Expression of SPL
metabolic genes was assayed by SYBR Green methods. Primers for
qRT-PCR were designed in such a way that they spanned at least one
intron, which eliminated the chance of amplification from residual
genomic DNA contamination. Sequences of the primers for major
human SPL metabolic genes were custom synthesized and used for
qRT-PCR. The genes and the primer sequences are as follows:
acid ceramidase or acylsphingosine amido-hydrolase 1 (ASAHT)
(forward, 5-GAGTTGCGTCGCCTTAGT-3’; reverse, 5-CATG-
GAACTGCACCTCTGTA-3"), acid sphingomyelinase or SM
phosphodiesterase 1 (SMPDI) (forward, 5-GAAGAGCTGGAGC-
TGGAATTA-%'; reverse, 5-CTGGGTCAGATTCAGGATGTAG-3),
S1P receptor 2 (forward, 5-GGCCTAGCCAGTTCTGAAAG-3';
reverse, 5-TCCAGCGTCTCCTTGGTATAA-3"), Sph kinase
(SPHK) 1 (forward, 5-GGTGTGTGCAGAGGAGTTG-3’; reverse,
5-CAGTCTGGCCGTTCCATTAG-3"), and SPHK2 (forward,
5-GTTGTGCTGAAGAGGTTGTTC-5'; reverse, 5-CTGGTCAA-
AGGTGAGGATCTTA-3"). Quantitative PCR and melt-curve anal-
yses were performed using iQ EvaGreen Supermix (Bio-Rad,
Hercules, CA) and an iCycler machine. Relative quantities of ex-
pression of the genes of interest in different samples were calcu-
lated by the comparative Ct (threshold cycle) value method, as
described earlier (35-40).

During this study, some of the TagMan gene expression as-
say (Applied Biosystems) probes were also used. GAPDH
(Hs99999905_m1) and 18S (Hs99999901_s1) were used as house-
keeping genes/controls and TGF-$1 (Hs00998133_m1), ACTA2/
SMA (Hs00426835_m1), and COL3A1 (Hs00943809_m1) were
experimental probes. The reaction was set up using 10 ng of cDNA
in a 20 pl reaction containing our probe of interest and TagMan
FaSt Advanced Master Mix (Applied Biosystems, Life Technolo-
gies). Sample amplification was made by the StepOnePlus real-
time PCR system (Life Technologies) using manufacturer’s
standard protocol.

Western blots

Cell lysates were used for Western blot analysis, per our previ-
ously optimized protocol (41, 42). Preparation of cell lysates was
initiated by using RIPA buffer [50 mM Tris (pH 8), 150 mM NaCl,
1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate; Abcam,
Cambridge, MA] containing protease and phosphatase inhibitors
(Sigma-Aldrich, St. Louis, MO) followed by brief incubation,
centrifugation, and storage at —20°C until needed. BCA assay
(Thermo Scientific, IL) was initiated to identify total protein con-
centration and purity assessment. Equal amounts of proteins were
loaded on a 4-20% Tris-glycine gel (Novex; Life Technologies)
for gel electrophoresis; the proteins were transferred to a nitrocel-
lulose membrane (Novex; Life Technologies); and the mem-
brane was incubated in 5% BSA blocking solution (Thermo
Scientific). The following primary antibodies were used: anti-
collagen-III (ab7778; Abcam), ant-TGF B1 (ab53169; Abcam),
anti-aSMA (abb694; Abcam), and anti-GAPDH (ab9485; Abcam).
Antibodies were used at a 1:1,000 dilution in TBST overnight at
4°C, followed by incubation with a secondary antibody (Alexa
Flour® 568 donkey anti-rabbit IgG [H+L]; Abcam) at 1:2,000 dilu-
tion for 1 h. A UVP imaging system (Upland, CA) was used to
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detect bands and quantification by densitometry. Net intensities
were normalized to the loading control (GAPDH) and are depicted
as fold change.

Extraction and analysis of SPLs

SPLs were analyzed in the Lipidomics Core at Virginia Com-
monwealth University, Richmond, VA, following previously pub-
lished protocols (43-46). Internal standards were purchased from
Avanti Polar Lipids (Alabaster, AL). Internal standards were added
to samples in 20 ul ethanol:methanol:water (7:2:1) as a cocktail of
500 pmol each. Standards for sphingoid bases and sphingoid base
1-phosphates were 17-carbon chain length analogs: C17-Sph,
(2S,3R,4E)-2-aminoheptadec-4-ene-1,3-diol (d17:1-So); C17-
sphinganine, (2S,3R)-2-aminoheptadecane-1,3-diol (d17:0-Sa);
C17-S1P, heptadecasphing-4-enine-1-phosphate (d17:1-So1P); and
Cl7-sphinganine l-phosphate, heptadecasphinganine-1-phos-
phate (d17:0-SalP). Standards for N-acyl SPLs were C12-fatty acid
analogs: C12-Cer, N-(dodecanoyl)-sphing-4-enine (d18:1/C12:0);
C12-Cer 1-phosphate, N-(dodecanoyl)-sphing-4-enine-1-phosphate
(d18:1/C12:0-Cer1P); C12-SM, N-(dodecanoyl)-sphing-4-enine-
1-phosphocholine (d18:1/C12:0-SM); and Cl2-glucosylceramide,
N-(dodecanoyl)-1-B-glucosyl-sphing-4-eine. The MS grade solvents
[chloroform (EM-CX1050) and methanol (EM-MX0475), as well
as formic acid (ACS grade, EM-FX0440-7)] were obtained from
VWR (West Chester, PA).

For LC-MS/MS analyses, a Shimadzu LC-20 AD binary pump sys-
tem coupled to a SIL-20AC autoinjector and DGU20A3 degasser
coupled to an ABI 4000 quadrupole/linear ion trap (QTrap) (Ap-
plied Biosystems) operating in triple quadrupole mode was used.
Ql and Q3 were set to pass molecularly distinctive precursor and
product ions (or a scan across multiple m/zin Q1 or Q3), using N2
to collisionally induce dissociations in Q2 (which was offset from Q1
by 30-120 eV); the ion source temperature set to 500°C.

Samples were collected into 18 x 100 mm borosilicate tubes
with a Teflon-lined cap (catalog number 60827-453; VWR). Then,
1 ml of CH;0OH and 0.5 ml of CHCI; were added along with the
internal standard cocktail (500 pmol of each species dissolved in
a final total volume of 20 pl of ethanol:methanol:water 7:2:1).
The contents were dispersed using an ultra sonicator at room
temperature for 30 s. This single phase mixture was incubated at
48°C overnight. After cooling, 75 pl of 1 M KOH in CH;0H were
added and, after brief sonication, incubated in a shaking water
bath for 2 h at 37°C to cleave potentially interfering glycerolipids.
The extract was brought to neutral pH with 6 wl of glacial acetic
acid, then the extract was centrifuged using a table-top centrifuge,
and the supernatant was removed by a Pasteur pipette and trans-
ferred to a new tube. The extract was reduced to dryness using a
SpeedVac. The dried residue was reconstituted in 0.5 ml of the
starting mobile phase solvent for LC-MS/MS analysis, sonicated
for ~15s, and then centrifuged for 5 min in a tabletop centrifuge
before transfer of the clear supernatant to the autoinjector vial for
analysis.

The sphingoid bases, sphingoid base 1-phosphates, and com-
plex SPLs were separated by reverse phase LC using a Supelco 2.1
(internal diameter) x 50 mm Ascentis Express C18 column (Sigma-
Aldrich) and a binary solvent system at a flow rate of 0.5 ml/min
with a column oven set to 35°C. Prior to injection of the sample,
the column was equilibrated for 0.5 min with a solvent mixture of
95% mobile phase Al (CH;OH/H,O/HCOOH, 58/41/1, v/v/v,
with 5 mM ammonium formate) and 5% mobile phase Bl
(CH3OH/HCOOH, 99/1, v/v, with 5 mM ammonium formate),
and after sample injection (typically 40 pl), the A1/BI ratio was
maintained at 95/5 for 2.25 min, followed by a linear gradient to
100% B1 over 1.5 min, which was held at 100% B1 for 5.5 min, fol-
lowed by a 0.5 min gradient return to 95/5 Al/Bl. The column



was re-equilibrated with 95:5 A1/B1 for 0.5 min before the next
run. The species of Cer, hexosyl-Cer, SM, and sphingoid lipids,
such as Sph, dihydro-Sph (Dh-Sph), S1P, and Dh-S1P, were identi-
fied based on their retention time and m/z ratio and quantified as
described in previous publications (45, 46). The detailed MS pa-
rameters and species identification chart are shown in Table 1.

Statistical analysis

Data analysis for the sample sets was done by one-way ANOVA
using GraphPad Prism 6 software. P < 0.05 was considered to be
statistically significant.

RESULTS

SPL profile of HCFs and HKCs

To our knowledge, no study has been done on the SPL
composition of HCFs and HKCs. Herein, we determined
the composition of major SPLs in cultured HCFs treated
with VitC by LC-MS/MS. We found that 91% of the non-
sialilated SPLs of HCFs belong to SMs, 8% to Cers, and 1%

to monoglycosylceramides (MGCs) (glucosyl + galacto-
syl Cers) (Fig. 1). HKC SPL composition appears to be very
similar to that of HCFs (Fig. 1). We then calculated the total
absolute quantity of each SPL class and included to that
analysis of the less abundant, but important for signaling,
SPLs such as Sph, Dh-Sph, and SIP. Though there were no
significant changes in the relative composition of the major
classes of SPLs (Fig. 1), we found that the absolute quantity
of Cer (P<0.001;n=4) and SIP (P<0.01; n = 4) was signifi-
cantly higher in HKCs (Fig. 2). Table 2 shows the major
species of Cers from both HCFs and HKCs, treated with
VitC only (control) and three isoforms of TGF-8. In HCFs,
C16:0 Cer accounts for the highest levels (42.6 mol%) fol-
lowed by C24:1 Cer (22.0 mol%), C24:0 Cer (14.6 mol%),
€22:0 Cer (7.9 mol%), and C18:0 Cer (6.1 mol%) (supple-
mental Table S1A; Table 2, HCF control). The species dis-
tribution of Cers in HKCs had a slightly different pattern:
C16:0 Cer (34.0 mol%) followed by C24:1 Cer (22.4 mol%),
(C24:0 Cer (17.3 mol%), C18:0 Cer (9.8 mol%), and C22:0
Cer (9.4 mol%) (supplemental Table S1A; Table 2, HKC
control). The absolute quantity of Cer individual species,

TABLE 1. AB Sciex 5500 QTrap mass spectrometer settings
Declustering Collision Collision Cell Exit
N-Acyl Ql (m/z) Q3 (m/z) Potential (V) Energy (V) Potential (V)
Long-chain bases —
d17:1 So — 286.4 268.3 100 15 10
d17:0 Sa — 288.4 270.4 100 21 9
dl18:1 So — 300.5 282.3 100 21 11
d18:0 Sa — 302.5 284.3 100 21 10
d17:1 S1P — 366.4 250.4 90 23 12
d17:0 SalP — 368.4 252.4 90 23 12
d18:1 S1P — 380.4 264.4 90 25 12
d18:0 SalP — 382.4 266.4 90 25 12
Complex SPLs
Cer C12:0 482.6 264.4 60 35 10
C14:0 510.7 264.4 60 36 10
C16:0 538.7 264.4 60 37.5 10
Cl18:1 564.7 264.4 60 39 10
C18:0 566.7 264.4 60 39 10
C20:0 594.7 264.4 60 40 10
€22:0 622.8 264.4 60 41.5 10
C24:1 648.9 264.4 60 42.5 10
C24:0 650.9 264.4 60 42.5 10
C26:1 676.9 264.4 60 45 10
C26:0 678.9 264.4 60 45 10
MonoHexCer C12:0 644.6 264.4 80 40 10
C14:0 672.6 264.4 80 41.5 10
C16:0 700.7 264.4 80 42.5 10
Cl18:1 726.7 264.4 30 43.5 10
C18:0 728.7 264.4 80 43.5 10
C20:0 756.7 264.4 30 45 10
C22:0 784.8 264.4 80 47 11
C24:1 810.9 264.4 80 47.5 11
C24:0 812.9 264.4 80 47.5 11
C26:1 838.9 264.4 30 48 11
C26:0 840.9 264.4 80 43 11
SM C12:0 647.7 184.4 70 40 12
Cl14:0 675.7 184.4 70 41 12
C16:0 703.8 184.4 70 42.5 12
C18:1 729.8 184.4 70 44 12
C18:0 731.8 184.4 70 45 12
C20:0 759.9 184.4 70 47 12
€22:0 787.9 184.4 70 47.5 12
C24:1 813.9 184.4 70 47.5 13
C24:0 815.9 184.4 70 47.5 13
C26:1 841.9 184.4 70 50 13
C26:0 843.9 184.4 70 50 13
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Fig. 1. SPL composition of cultured HCFs from normal and KC
corneas. Major classes of SPLs such as Cers, monohexosyl (glycosyl +
galactosyl) Cers, and SMs were analyzed with LC-MS/MS from pri-
mary culture of HCFs and HKCs.

such as C16:0 (P<0.05), C20:0 (P<0.01), C22:0 (P<0.05),
C24:1 (P < 0.01), and C24:0 (P < 0.05), was significantly
higher in HKCs than in HCFs (Table 2).

The total MGCs and the relative composition of the ma-
jor species of MGCs were not significantly different in con-
trol HKCs and control HCFs (Fig. 2, supplemental Table
S1B). We further analyzed the composition of SM; the total
SM level in HKCs was not different from HCFs (Fig. 2). The
composition analysis of the major species suggests that, in
HCFs, C16:0 SM accounts for the highest levels (41.0
mol%) followed by C24:1 SM (19.9 mol%), C18:0 SM (14.4
mol%), C24:0 SM (10.9 mol%), and C22:0 SM (8.5 mol%)
(supplemental Table S1C; Table 3). Species distribution of
SM in HKCs follows a similar pattern: C16:0 SM (37.0
mol%) followed by C24:1 SM (18.7 mol%), C18:0 SM (13.4
mol%), C24:0 SM (11.1 mol%), and C22:0 SM (9.6 mol%)
(supplemental Table SIC). Most of the individual species
of SM, as well as the total SM, appeared to be increased in
HKCs; however, they were not found to be statistically sig-
nificant, except C22:0 SM (P< 0.05) (Table 3).

23 H HCF

HKC

2001

150

100+

504

Sphingolipids (% of control)

Fig. 2. SPL composition of cultured HCFs and HKCs. The total
absolute quantity (picomoles per milligram of cells) of the major
SPL species, such as Cers, MGCs, and SMs, and minor signaling
SPLs, such as Sph, Dh-Sph, and S1P, were analyzed with LC-MS/MS
and are presented here as the comparison of HCFs and HKCs,
where HCFs are considered as control. *P=< 0.01 (n=4) and **P <
0.001 (n = 4) indicate the statistically significant difference between
HCFs and HKCs.

640 Journal of Lipid Research Volume 58, 2017

SPL profile regulated by TGF-3 isoforms

TGF- is known to play a role in corneal wound healing as
well as KC defects. We have previously studied the effects of
TGF-B isoforms in HCFs and HKCs with regard to their ef-
fects on fibrosis, metabolism, and ECM assembly (17, 19, 31).
Here, we investigated the effect of TGF-B isoforms on SPL
composition in both HCFs and HKCs. In HCFs, we found
that the T1 treatment significantly reduced the levels of all
major SPL classes, such as Cer, MGC, SM, Sph, and Dh-Sph
(Fig. 3, P < 0.01). However, T1 treatment did not affect the
levels of S1P (Fig. 3). The T2 and T3 treatments, on the other
hand, did not affect the total levels of any SPL class, except
for Dh-Sph, where significant reduction was found by both
T2and T3 (Fig. 3; P<0.001). In HKCs, T1 treatment reduced
the levels of Cer and Dh-Cer, but none of the other SPLs
(Fig. 4; P < 0.01). T2 treatment reduced all three minor
lipids [Sph, Dh-Sph, and S1P (P< 0.01)] and T3 treatment
reduced both Dh-Sph and S1P significantly (P<0.01) (Fig. 4).
Thus it appears that all the TGF-$ isoforms have some ef-
fect on SPL profiles in HCFs and HKCs and there is a dif-
ferential effect of each isoform in the two cell lines.

When we looked into the individual species, we found,
very interestingly, that in HCFs the T1 treatment reduced
both short- and long-chain Cers (C16:0, C20:0, C24:1) (Ta-
ble 2; P< 0.01); however, the relative composition of these
species remained the same (supplemental Table S1A). As
reflected in the total Cer levels (Fig. 3), we did not see any
changes in individual species of Cers in HCFs with the T2
and T3 treatments (Table 3). The relative composition of
C16:0 and C24:0 appeared to be affected by T2 treatment
in HCFs (supplemental Table S1A). In contrast, in HKCs,
only C16 Cer was reduced significantly upon T1 treatment
and there was no effect with the T2 and T3 treatments
(Table 2; P< 0.01).

By analyzing the relative composition of the major spe-
cies of MGCs in HCFs, we found that T2 treatment signifi-
cantly increased the ratio of C24:1 and T3 treatment
increased C16:0 (supplemental Table SI1B; P< 0.01). The
relative composition of the major MGC species in HKCs
was not different from HCFs; however, the T1, T2, and T3
treatments decreased the relative level of C16:0 species in
HKCs and the T1 and T3 treatments increased the levels
of C24:1 MGC (supplemental Table S1B; P< 0.01).

In SMs, the T1 treatment downregulated the levels of
long-chain Cers containing SM species (C24:0 and C24:1)
(Table 3). In control HKCs, the levels of C22:0 were signifi-
cantly higher than in HCFs; however, treatment with the
TGF-B isoforms did not affect the levels of individual spe-
cies of SM in HKCs (Table 3). As total Cer and total SM
were higher in HKCs, many individual species were higher
in HKCs when compared with similarly treated HCFs (Ta-
ble 3; P<0.01). The T2 treatment appeared to significantly
reduce the relative composition of C16:0 in HCFs (supple-
mental Table S1C).

Expression of SPL metabolic genes

We further determined the expression of some major
SPL metabolic and signaling genes in HCFs and HKCs with
and without TGF-§ treatment. Specifically, we tested the



TABLE 2. Cer composition of VitC-supplemented cultured HCFs and HKCs

HCFs HKCs

Cer Species Control T1 T2 T3 Control T1 T2 T3
C14:0 0.21 +0.02 0.22 + 0.04 0.29 + 0.06 0.31 +0.06 0.36 + 0.05 0.29 + 0.02“ 0.35 +0.02 0.40 + 0.04
C16:0 9.23 + 0.80 6.14 + 0.42" 8.43 + 1.50 9.13 +£1.32 11.22 +1.08° 8.75 + 0.84"" 8.89 + 1.35 11.84 + 1.60
C18:1 0.48 + 0.42 0.02 +0.03 0.38 +0.33 0.32 +0.28 0.22 +0.39 0.00 + 0.00 0.60 + 0.57 0.42 + 0.36
C18:0 1.33 £ 0.42 0.96 + 0.27 1.66 + 0.76 1.72 +0.19 3.13+0.73 1.87 +0.54 3.09 + 0.59 2.56 +0.07"
C20:0 0.45 +0.18 0.35 + 0.09” 0.57 +£0.16 0.58 +0.11 1.22 + 0.35“ 0.63 +0.17 1.12 + 0.40 0.87 +0.15"
C22:0 1.72 + 0.21 1.25+0.15 1.91 £ 0.52 2.04 +0.39 3.02 + 0.14" 2.07 £0.61 3.07 £0.74 2.77 + 0.36
C24:1 4.77 £ 0.59 3.40 + 0.36" 5.58 £ 0.57 5.53+1.13 7.23 +1.31° 5.62 + 0.48 5.61 +1.11 7.99 +1.25
C24:0 3.17 +£0.23 2.37 + 0.44 3.80 + 0.69 3.45 + (.32 5.55 +1.31" 4.27 +0.85" 4.81 +0.62 5.46 + 0.58"
C26:1 0.27 £0.01 0.16 + 0.02 0.21 +0.05 0.19 + 0.03 0.23 +0.07 0.19 +0.01 0.19 +0.01 0.26 + 0.05
C26:0 0.02 +0.01 0.01 +0.01 0.01 £0.01 0.01 +£0.01 0.02 +0.01 0.02 +0.01 0.01 +0.01 0.02 +0.01
Total 21.63 + 0.98 14.87 £ 1.59” 22.84 + 4.44 23.27 + 3.08 32.11 + 1.28“ 23.70 + 2.02*" 27.75 + 3.10 32.59 + 3.18"

Both cultures were treated with three isoforms of TGF-8, namely, T1, T2, and T3, as described in the Methods. Individual Cer species were
quantitatively determined by UPLC-MS/MS and are presented as picomoles per milligram of cells (mean + SD; n = 4).

“Statistically significant difference between HCFs and HKCs (P < 0.01).

"Indicates statistically significant difference between control and TGF-B-treated cells for both cell types.

expression of serine-palmitoyl transferase (SPT)1, SPT2,
Cer synthase (CerS)2, CerS4, SMPDI1, ASAHI, SPHKI,
SPHK2, S1P1, and SIP3 genes using real-time PCR. Figure
5 shows the expression of these genes in HCFs and HKCs.
SMPD1 and S1P3were significantly upregulated in HKCs as
compared with HCFs (Fig. 5; P < 0.01), where SPHK2 was
significantly downregulated (Fig. 5; P < 0.01). No other
genes showed significant regulation between the two cell
types.

We further tested the effects of T1, T2, and T3 treat-
ments on these genes in both cell types. In HCFs, we found
that the T1 and T2 treatments significantly reduced the ex-
pression of the CerS4 and SIP3 genes (Fig. 6A; P < 0.01).
The T3 treatment significantly reduced the expression of
the SPHK2and S1P3genes, and both T1 and T2 treatments
appeared to increase the expression of SI1PI (Fig. 6A; P <
0.01).

In HKCs, we found an increase in the expression of SPT2
with the T1 and T2 treatments and CerS4 with the T2
treatment (Fig. 6B; P< 0.01). Both T1 and T3 treatments
downregulated the expression of SPHKI; T1 treatment down-
regulated the expression of SI1PI; and T3 treatment down-
regulated the expression of SIP3 (Fig. 6B; P< 0.01).

Exogenous Cer/S1P stimulation leads to fibrotic
phenotype in HCFs

Differences in Cer and S1P metabolism were found in
HKCs, with HKCs showing greater levels than HCFs. There-
fore, we asked whether these molecules were associated
with the fibrotic phenotype of HKCs. To determine this, we
treated both HCFs and HKCs with exogenous Cer (10 and
100 nM) and S1P (5 uM). The medium was changed every
other day. After 2 weeks of treatment, we harvested the
cells and assessed the major corneal fibrotic marker pro-
teins, aSMA (ACT2), collagen-III, and TGF-B1.

S1P treatment, as well as treatment with both concentra-
tions of Cer, increased aSMA expression 10- to 12-fold in
HCFs (Fig. 7A; P < 0.01, n = 4). Although the baseline
aSMA expression in HKCs was higher than HCFs, it was not
significantly altered by either treatment (Fig. 7A). Com-
pared with HCFs, Cer-treated HKCs had significantly
higher levels of aSMA (Fig. 7A, P< 0.05, n = 4). Similar to
aSMA, collagen-III levels in HKCs were higher than HCFs,
whereas HKCs did not respond to either treatment (Fig.
7B). On the other hand, both S1P and Cer treatments sig-
nificantly increased collagen-III levels by 5- to 8-fold in
HCFs (Fig. 7B, P < 0.05); however, both SIP and Cer

TABLE 3. SM composition of VitC-supplemented cultured HCFs and HKCs

HCF HKC
SM Species Control T1 T2 T3 Control T1 T2 T3
C14:0 8.25+1.78 5.60 +0.78 8.36 +2.19 7.11+0.97 11.88 +3.16 14.44 + 2.65 10.02 + 4.03 15.52 + 2.22°
C16:0 100.66 + 7.96 69.15 + 5.37 66.39 + 9.44 67.94+21.86 126.69+33.81 95.42+19.04 112.94+15.03" 103.93+13.38
C18:1 3.47 £ 2.54 1.32+0.34 3.02 £ 0.81 2.50 £0.48 5.23 +1.48 6.31 + 1.66 6.37 +2.14 6.15 £ 2.03
C18:0 35.63 + 8.78 23.94 + 6.64 42.94 + 0.26 34.67 £12.48  46.19 +9.28 44.42 +5.28"  52.87 +15.94 4298 +7.23
C20:0 7.59 +4.76 3.35+0.91 9.23 +3.71 5.78 £ 0.83 14.99 + 1.92 13.30 + 2.30" 14.41 + 3.741 13.18 + 3.68"
€22:0 20.96 + 5.99 11.80 + 1.76 23.11 + 4.64 1757 +2.18 32.42 £1.18"  34.35 + 3.06" 31.67 +4.81 32.34 + 6.86"
C24:1 48.96 + 3.44 32.81 + 6.56" 53.75 + 8.41 46.27 £ 5.23 63.03 +10.48  76.52£9.02°  59.44 + 16.75 81.39 + 10.22°
C24:0 26.83 +2.03 18.68 + 4.01° 30.32 + 5.92 24.81 +2.94 37.13 +6.80 44.67 +5.27" 34.62 + 6.82 44.44 + 6.56"
(C26:1 0.67 £ 0.04 0.56 = 0.15 0.90 +£ 0.19 0.75 £ 0.15 0.93 +0.21 1.17 £ 0.20" 0.90 + 0.34 1.45 + 0.24°
C26:0 0.44 + 0.09 0.25 + 0.04 0.35 + 0.05 0.87 +0.12° 0.61 +0.11 0.73 £ 0.18 0.50 + 0.41 0.90 + 0.14"
Total 953.49 + 30.54 167.54 + 10.87" 238.62+33.12 207.91 +25.49 339.17+30.9  331.42+29.97 323.96 + 31.75° 342.17 + 46.61"

Both cultures were treated with three isoforms of TGF-, namely, T1, T2, and T3, as described in the Methods. Individual SM species were
quantitatively determined by UPLC-MS/MS and are presented as picomoles per milligram of cells (mean + SD; n = 4).

“Statistically significant difference between HCFs and HKCs (P < 0.01).

"Indicates statistically significant difference between control and TGF-B-treated cells for both the cell types.

Sphingolipids and their role in keratoconus 641



250, W Cer
MGC
200] [IsSM

B Sph

2 Dh-Sph
B s1p

150

100

50+

Sphingolipids (% of NT control)

™ T2 T3

Fig. 3. Alteration in SPL composition of cultured HCFs treated
with three isoforms of TGF-§ (T1, T2, and T3). The total absolute
quantity (picomoles per milligram of cells) of the major SPL species
from HCFs treated with T1, T2, and T3 were analyzed with LC-MS/
MS and are presented here with respect to the untreated controls.
*P<0.01 (n=4) and ¥P =< 0.001 (n =4) indicate the statistically
significant difference from the untreated controls. NT, no treatment.

treatments did not modulate TGF-1 in HCFs and HKCs.
In our model, exogenous S1P and Cer led to significant
increases of corneal fibrotic markers on HCFs, providing
strong support for the role of bioactive SPLs (Cer and S1P)
in the fibrotic development in corneal cells. The endoge-
nous increase of these lipids in HKCs supports this hypoth-
esis and suggests an intimate mechanistic link between
these SPLs, the human corneal stromal cells, and the devel-
opment of KC.

Inhibition of Cer and rescuing of HKC phenotype

To provide further evidence for this hypothesis, we in-
hibited Cer synthesis in HKCs and tested to determine
whether we could reverse the fibrotic nature of these cells.
We used a known Cer synthesis inhibitor, FTY720, in order
to determine whether the HKC phenotype could be re-
versed or rescued by reducing the Cer generation. We
treated both HCFs and HKCs with varied doses of FTY720,

2007 W cer AMGC [JsSM [l sph B Dh-Sph B S1P

Sphingolipids (% of NT control)

T3

Fig. 4. Alteration in SPL composition of cultured HKCs treated
with three isoforms of TGF-§ (T1, T2, and T3). The total absolute
quantity (picomoles per milligram of cells) of the major SPL species
from HKCs treated with T1, T2, and T3 were analyzed with LC-MS/
MS and are presented here with respect to the untreated controls.
*P<0.01 (n=4)and **P =< 0.001 (n =4) indicate the statistically
significant difference from the untreated controls. NT, no treatment.
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Fig. 5. Expression of SPL metabolic genes in cultured HCFs and
HKCs. Expression of some major SPL metabolic and signaling
genes were determined by qRT-PCR. Expression values are pre-
sented relative to the control (HCFs = 100) (*P < 0.01,n=4).

starting with 10 nM followed by 1 and 10 uM. After 2 weeks
of treatment (changing the medium every other day), we
harvested the cells and analyzed for SPL composition and
the expression of the major corneal fibrotic marker genes.

We found that all three doses of FTY720 reduced the
total Cer in HKCs significantly (Fig. 8A; P< 0.001, n = 4).
However, the same treatment did not affect the levels of
MGC and SM (data not shown). Very interestingly, HCFs
were found to be resistant to FTY720 treatment, as we did
not see any change in Cer levels in these cells (data not
shown). As there are at least six CerSs that have some pref-
erence for Cer fatty acid chain length, we wanted to see
whether the effect was specific to a particular species of Cer
or whether all species were affected similarly in HKC cells.
We found that the two most abundant Cer species (C24:0
and C24:1), which are longer chain Cers, were reduced
significantly with all doses of FTY720 (Fig. 8B; P< 0.001,
n = 4). We also investigated the minor signaling SPLs and
found that Sph and S1P levels were decreased with the low-
est dose of FTY720, but not with the higher doses, in HKCs
(Fig. 8C; P< 0.01, n = 4). However, only Dh-Sph was found
to be decreased with a higher dose of FTY720 (Fig. 8C;
P<0.01,n=4).

We then investigated the regulation of three major fi-
brotic marker genes in the human cornea: TGF-1, aSMA
(ACT2), and collagen-III. Figure 9 shows regulation of
these three genes in HCFs (Fig. 9A) and HKCs (Fig. 9B).
HCFs showed no significant regulation of any of these
three genes with any of the FTY720 concentrations tested
here (Fig. 9A). As is very evident from the expression data,
HKCs have significantly higher levels of TGF-B1 cells (>2-
fold), ACT?2 cells (>4-fold), and collagen-III cells (>15-fold)
when compared with HCFs (Fig. 9B; P < 0.001, n = 4).
FTY720 treatment had the biggest impact at 10 uM, where
TGF-B1 levels between HCFs and HKCs were identical (Fig.
9B; P< 0.01, n = 4). aSMA showed a downregulation with
increasing FTY720 concentration, with significance shown
at 10 uM of FTY720 (Fig. 9B; P< 0.001, n = 4). Collagen-III
expression showed an identical trend to aSMA between
HCFs and HKGs (Fig. 9A, B). Collagen-III was significantly
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Fig. 6. Alteration in SPL metabolic genes in HCFs (A) and in
HKCs (B) treated with three isoforms of TGF-$ (T1, T2, and T3).
Expression of the genes presented in Fig. 5 was compared between
untreated and treated HCFs (A) and HKCs (B) with either T1, T2,
or T3. Expression values are presented relative to the untreated
controls (controls = 100) (*P<0.01,n=4).

downregulated in HKCs, in a dose-dependent manner, fol-
lowing stimulation with FTY720. In our model, FTY720 me-
diated significant decreases of corneal fibrotic markers,
suggesting a reversal of the myofibroblastic HKC pheno-
type at gene expression level. These results support our
previous findings that HKCs are more myofibroblastic than
the healthy HCFs and indicate a potential role for Cer inhi-
bition in reducing the fibrosis in KC.

DISCUSSION

KC is the most common cause of corneal transplants
worldwide. Despite much scientific advancement, we still
do not fully understand the pathophysiology of the disease.
Most genetic studies are inconclusive and there is no ani-
mal model to study the disease (47). In 2012, our group
introduced the first 3D in vitro model that could mimic the
disease in vivo (19). Since then, we have reported several
inherent problems found in cells isolated from KC patients
(31, 48). Among others, we have shown metabolic dysfunc-
tions and overexpression of fibrotic markers. The current
study aimed to advance our knowledge about HKCs and
their SPL profile.
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Fig. 7. Expression of fibrosis marker proteins in cultured HCFs
and HKCs treated with S1P and Cer. Expression of aSMA (ACTAZ2)
(A), collagen-III (B), and TGF-B1 (TGF-B1) (C) were determined by
Western blotting and the levels were determined by densitometric
analysis using GAPDH as control. Expression values are presented
relative to the untreated control (HCFs =100). * P<0.01 (n=4) and
# P<0.001 (n =4) indicate the statistically significant difference
from the untreated HCF.

To our knowledge, no study has been done on SPL com-
position and signaling in HCFs or on HKCs. We generated
novel data and provided information on the potential role
of SPL signaling in healthy and KC corneal cells. We found
by culturing in similar conditions that HKCs contain higher
levels of Cer and SIP (Fig. 2). Cer and SI1P are the major
cellular SPLs involved in signaling (21, 23). Although Cer
is the key molecule of cellular SPL synthesis and one of the
key products of degradation in lysosomes, its level is very
tightly regulated by several anabolic and catabolic enzymes.
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Fig. 9. Expression of fibrosis marker genes in cultured normal
HCFs and HKGs treated with FTY720. Expression of TGF-B1 (TGF-
B1), aSMA (ACTA2), and collagen-III (COL III) were determined
by qRT-PCR using TagMan probes. Expression values are presented
relative to the untreated control (HCFs =100). A: HCFs treated with
FTY720 (FTY); none of the genes showed any variation in expres-
sion. B: HKCs treated with FTY720. Untreated cells have very signifi-
cantly higher expression of these fibrotic marker genes compared
with HCFs (black bars; **P < 0.001, n = 4). All doses of FTY720 re-
duced COL III expression significantly (##P < 0.001); whereas, the
high dose (10 uM FTY20) reduced the expression of TGB-1 and
ACTA2 (#P< 0.01; ##P< 0.001).

An increase in level is commonly associated with inducing
inflammatory and apoptotic pathways (49-51). In the cell
membrane, free Cer generated from SM can have pleo-
tropic effects: altering receptor functioning, inducing
death signals, inhibiting the cell survival pathway by block-
ing Akt, or changing the mitochondrial transmembrane
potential and thereby releasing cytochrome c and activat-
ing Caspl (52). Increased Cers also serve as the source of
S1P. SIP signaling is very much associated with various
types of cellular signaling that include cell adhesion, migra-
tion, proliferation, etc. (21, 25, 53). The increase of Cer
and SIP in KC cells is very interesting and could be related
to increased synthesis of de novo Cer or breakdown of
higher order SPLs, such as SM. However, here we found
that the level of SM appeared to be high in HKCs, but not
significantly high (Fig. 2). The cellular abundance of SM is
much higher than Cer in every cell. Here, we found that
SM abundance was >10-fold that of Cer in human corneal
cells. Therefore, it is possible that a small percentage of
changes in SM may contribute to the ~50% increase in Cer



(Fig. 2). When we checked gene expression, we found no
changes in de novo biosynthetic genes, but an increase in
expression of acid sphingomyelinase (SMPD1) (Fig. 5),
which suggests that the increased Cer in HKCs might have
resulted from breakdown of SM. However, we do not know
whether there was any alteration in the activity of the en-
zymes. The increase in SIP could have resulted from higher
levels of Cer, although we did not see any changes in the
expression of the genes responsible for SIP generation, such
as acid ceramidase (ASAH1) and SPHKI. Instead, we saw a
decrease in SPHK2 (Fig. 5), which, however, does not reflect
their protein levels or enzyme activity. The increase of Cer
and S1P in HKGCs could be one of the causes of the develop-
ment of the HKC phenotype by inducing the pathways that
promote the expression of fibrotic markers and the increased
secretion of collagen, or these could be consequences of the
intrinsic changes in the HKCs for genetic reasons.

In order to determine whether Cer and S1P are key met-
abolic factors for fibrotic development in corneal cells, we
investigated whether stimulation of normal corneal fibro-
blasts with exogenous Cer and S1P would induce fibrogen-
esis in our 3D model system. We found that both stimuli
(Cer and S1P) induced significant upregulation of fibrotic
proteins (aSMA and collagen-III) in HCFs (Fig. 7). How-
ever, HKCs, which are already fibrotic and contain higher
levels of endogenous Cer and SI1P, do not respond to ex-
cess exogenous lipids (Fig. 7). Therefore, using an alterna-
tive approach for HKC cells, Cer generation was inhibited
in the HKCs via FTY720, which is a known potent inhibitor
of Cer synthesis via the de novo pathway. As expected, we
found a significant reduction of total Cer in HKCs in a
dose-independent manner (Fig. 8). Interestingly, this re-
duction in Cer was associated with a reduction in the three
major fibrotic markers tested (Fig. 9). Activation of SPHK
and the role of S1P have been demonstrated to be involved
in the process of fibrogenesis in various cell types (54-56).
However, to our knowledge, a direct effect of Cer on the
expression of fibrotic genes and proteins has not been de-
scribed. It is quite possible that a portion of the increased
endogenous Cer in HKCs, or exogenously added Cer in
culture, is metabolized and produces S1P, thereby generat-
ing the fibrogenesis effect observed (Fig. 7). Therefore, we
propose that: I) dysregulation of SPL metabolism is associ-
ated with fibrotic development in corneal cells; 2) Cer and
S1P can induce overexpression of myofibroblastic proteins,
such as aSMA and collagen-III, and transform nonfibrotic
corneal cells to become fibrotic; and 3) the fibrotic nature
of HKCs, as seen in human KC, can be reversed by inhibit-
ing endogenous Cer and, thus, SIP (Cer is the precursor
for S1P).

FTY720 is a known inhibitor of CerS and blocks de novo
Cer production (57-59). In previous publications, we dem-
onstrated the inhibitory effect of FTY720 in in vivo retinas
(86, 44). Cellular Cers are synthesized by CerSs, one of the
six different CerSs (CerS1-6) found in mammalian system.
The chain length of Cer depends on the activity of the spe-
cific CerSs. CerS1 synthesizes mainly C18-Cer; CerS4 synthe-
sizes C18-/C20-/C24-Cer; CerSh and CerS6 synthesize
mostly C14-/C16-/C18-Cer; CerS2 synthesizes preferentially

(C22-/C24-Cer; and CerS3 synthesizes very long-chain Cers
(>C26-Cer) (60-63). FTY720 can inhibit all of the six CerS
isozymes, with CerS4 being the least inhibited (57-59). In
vitro kinetic studies suggest that FTY720 is a potent and
competitive inhibitor of CerS2, compared with the classical
CerS inhibitor, fumonisin B1, that inhibits the de novo bio-
synthesis of 24:1 and 24:0-Cers (57). We found that the spe-
cies of Cer that are majorly inhibited by FTY720 are 24:1
and 24:0-Cers (Fig. 8), which verily supports the FTY720 in-
hibitory action on CerS2. Thus, our studies establish for the
first time that: 1) dysregulation of Cer synthesis is associated
with the KC phenotype (at least at cellular levels); 2) out of
the six CerSs, CerS2 appears to play the major role in the
production of higher levels of longer chain Cers and this
can be targeted for therapeutic development; and 3) CerS
inhibitors, like FTY720, have the potential to be developed
as therapeutic agents for human KC.

While studying SPL-TGF relationships in HCFs, we
found that T1 treatment reduced the levels of all species of
SPLs, except S1P; whereas, T2 and T3 treatments reduced
only the level of Dh-Sph (Fig. 3). Reduction in Dh-Sph in-
dicates a blockage in the very first step of de novo Cer syn-
thesis; gene expression analysis of SPT1 and SPT2, the
enzymes responsible for this step, showed a trend of re-
duction in SPT1 by all the TGF-3 isoforms (Fig. 6). How-
ever, this reduction could have resulted from many other
factors, such as availability of substrates, inhibition of en-
zyme activity, etc. Both T1 and T2 treatments suppressed
the expression of the CerS4 gene; the CERS4 enzyme is
responsible for synthesizing Cers with C18, C20, and C24
fatty acid chains (64, 65). This might have contributed to
the lower levels of Cer in T1-treated HCFs and HKCs (Fig. 3,
Table 2).

In HKCs, T1 treatment reduced the levels of Cer and Dh-
Sph; T2 treatment reduced the levels of Sph, Dh-Sph, and
S1P; and T3 treatment reduced the levels of Dh-Sph and
SI1P (Fig. 4). In this study (Figs. 7, 9) and in previous stud-
ies, we have shown that HKCs express higher levels of
fibrotic markers, such as SMA and collagen-III, when com-
pared with HCFs, and that TGF-83 is effective in downregu-
lating these fibrotic markers (18, 30, 33, 34). T3-mediated
downregulation of SIP in HKCs might suggest that S1P
plays a role in the fibrotic phenotype in HKCs and T3 sup-
presses this mediator either at the gene expression level or
at the enzyme activity level. It is also clear from our data
that all forms of TGF can suppress de novo biosynthesis of
SPLs, as evident from the reduction of the very first prod-
uct of this pathway, Dh-Sph (Figs. 3, 4). Thus, TGFs and
FTY720 appear to act on a similar axis by reducing de novo
Cer biosynthesis. Dysregulation of de novo Cer biosynthesis
could therefore be a key factor for developing KC.

From the gene expression analysis, it is evident that the
T1 and T3 treatments had almost similar effects on HKCs,
especially with regard to S1P generation and signaling
genes. Both factors reduced the expression of SMPDI,
ASAHI1, SPHKI, and S1P3 in HKCs (Fig. 6). The S1P3
receptor appears to be dysregulated (overexpressed) in
HKGCs. All the isoforms of TGF- reduced the expression
of S1P3 in HCFs, but only T3 appeared to be effective in
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reducing the levels of S1P3 expression in HKCs (Fig. 6).
S1P3 is a G protein-coupled receptor that can be involved
in a multitude of cellular signaling pathways because it
can activate G12/13, Gq, or Gi. G12/13 activates Rho
kinase, whereas Gq and Gi activate PLC, Ras/Raf pathways.
Ras/Raf activates ERK and followed by AP-1 transcrip-
tion factor to increase expression of CTGF and ECM
genes. (66). SIP3 is also known to work through the
Smad pathway (Smad 1, 2, 3, and 4) in association with
the TGF receptor pathway to increase ECM proteins
(67). Increase in S1P3 expression in HKCs may there-
fore be related to its higher levels of ECM production.
TGB isoforms induced reduction of S1P3 expression in
HCF and by T3 in HKCs may therefore be related to the
reduction in ECM production in these cells upon TGF-3
treatments.

Our current study is focused on SPL metabolism and sig-
naling in HKCs and we have correlated our findings with
mRNA levels. This is mainly due to the complex nature of
SPL metabolism and not having enough tools and resources
to investigate each and every enzyme in the pathway at pro-
tein and activity levels. We assumed that mRNA concentra-
tion would correlate well with mRNA protein concentrations
in a steady-state cellular environment. We are aware of the
fact that mRNA and protein concentration depends on
multiple factors. mRNA levels are affected by transcrip-
tional regulation, post-transcriptional regulation that affects
RNA stability. Protein levels, on the other hand, are affected
by translational regulation, protein stability, and modifica-
tion and therefore the levels of mRNA and protein for a
gene do not always correlate well. (68). In general, the cel-
lular concentrations of proteins correlate with the abun-
dances of their corresponding mRNAs at ~40% correlation
(69, 70). However, in a homogeneous cell population or in
single cells, this correlation may go as high as 63% (71).
Future studies will dissect a small set of key genes and inves-
tigate their role further, including at the protein level. Such
studies could produce confirmatory evidence to the mRNA-
lipid correlation found in this study.

In conclusion, we found increases in the signaling SPLs
(Cer and S1P) in HKCs not found in HCFs grown in similar
conditions in vitro. We determined that stimulation of nor-
mal human corneal cells with Cer and S1P can transform
them into myofibroblastic cells. Additionally, we showed
that treatment with the CerS inhibitor, FTY720, could re-
verse the fibrotic phenotype of the HKCs. Treatment with
TGF-B1 reversed the increase in Cer in HKCs and treat-
ment with TGF-3 reversed the increase in S1P. This
indicates that fibrotic development in HKCs has SPL
involvement and that the TGF-3 pathway intersects with
the SPL pathway. The fine relationship of these two path-
ways needs further investigation. Gene expression studies
suggested that an increase in SIP3 receptor mRNA in
HKCs could be reduced to normal levels upon TGF-83
treatment. We previously demonstrated that TGF-$3 can
reverse the fibrotic phenotype of HKCs; this study suggests
a possible mechanism of TGF-B3 action, which could sup-
press SIP metabolism as well as SIP signaling through the
S1P3 receptor. Furthermore, this study demonstrates an
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association of SPL signaling in fibrotic corneal development,
such as in cases of human KCHE
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