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ABSTRACT

Introduction lIdiopathic pulmonary fibrosis (IPF) is
characterised by accumulation of fibroblasts and
myofibroblasts and deposition of extracellular matrix
proteins. Sphingosine-1-phosphate (S1P) signalling plays
a critical role in pulmonary fibrosis.

Methods S1P lyase (STPL) expression in peripheral
blood mononuclear cells (PBMCs) was correlated with
pulmonary functions and overall survival; used a murine
model to check the role of STPL on the fibrogenesis and
a cell culture system to study the effect of STPL
expression on transforming growth factor (TGF)-B- and
S1P-induced fibroblast differentiation.

Results STPL expression was upregulated in fibrotic
lung tissues and primary lung fibroblasts isolated from
patients with IPF and bleomycin-challenged mice. TGF-B
increased the expression of STPL in human lung
fibroblasts via activation and binding of Smad3
transcription factor to Sgpl1 promoter. Overexpression of
S1PL attenuated TGF-B-induced and S1P-induced
differentiation of human lung fibroblasts through
requlation of the expression of LC3 and beclin

1. Knockdown of STPL (Sgp/7*"~) in mice augmented
bleomycin-induced pulmonary fibrosis, and patients with
IPF reduced Sgp/T mRNA expression in PBMCs exhibited
higher severity of fibrosis and lower survival rate.
Conclusion These studies suggest that S1PL is a novel
endogenous suppressor of pulmonary fibrosis in human
IPF and animal models.

INTRODUCTION
Idiopathic pulmonary fibrosis (IPF), a chronic lung
disease of unknown aetiology, is characterised by
alveolar epithelial injury, and differentiation of epi-
thelial cells and fibroblasts to myofibroblasts result-
ing in excessive collagen deposition, and lung
scaring.! Although molecular and cellular mechan-
isms of IPF are poorly defined, several factors such
as oxidative stress, inflammation, coagulation and
epithelial to mesenchymal transition have been
implicated in the development and progression of
IPE> ® As therapies for IPF are mostly ineffective,
defining new mechanisms on IPF pathogenesis and
development of novel therapeutic strategies are
needed to manage the clinical pathology.
Sphingosine 1 phosphate (S1P), a naturally occur-
ring bioactive sphingolipid, is generated in

What is the key question?
» s sphingosine-1-phosphate lyase (S1PL) an
endogenous suppressor of pulmonary fibrosis?

What is the bottom line?

» S1PL expression was elevated in lung tissues
and lung fibroblasts from patients with
idiopathic pulmonary fibrosis (IPF) and
bleomycin-challenged mice, and it reduced
SGPLT mRNA expression in peripheral blood
mononuclear cells from patients with IPF
correlated with higher severity of fibrosis and
lower survival rate.

Why read on?

» This is the first report that STPL is an
endogenous suppressor of pulmonary fibrosis
through regulation of S1P signalling and
autophagy in lung fibroblast, and the data
presented here could be of potential
significance towards therapeutic intervention in
pulmonary fibrosis.

mammalian cells and tissues by phosphorylation of
sphingosine catalysed by sphingosine kinase (SphK)
1 and 2.* Lung tissues from patients with IPF and
bleomycin-challenged and radiation-challenged
mice exhibited enhanced expression of SphK1 and
S1P/dihydro S1P levels, and genetic knockdown of
SphK1, but not SphK2, increased survival and resist-
ance to pulmonary fibrosis,’ suggesting that
increased S1P generation mediated by SphK1 may
be involved in the development and pathogenesis of
pulmonary fibrosis. In fact, in bleomycin-induced
murine model of lung inflammation and fibrosis,
inhibition of SphK1 activity with a small molecular
weight inhibitor-attenuated lung inflammation and
fibrosis.’

S1P does not accumulate in cells/tissues under
normal condition. Intracellularly generated S1P by
SphKs is either secreted out via S1P transporter
such as Spns2* or degraded by S1P phosphatases
and/or S1P lyase (S1PL),® a key enzyme involved
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Interstitial lung disease

in the terminal breakdown of S1P into hexadecenal and
ethanolamine phosphate in mammalian tissues.” ® Qur prelimin-
ary studies showed increased expression of S1PL in lungs
from patients with IPF and mice challenged with bleomycin or
radiation, which may represent a natural mechanism to partly
offset SphK1-mediated S1P production and reduce pulmonary
fibrosis.” However, the role of S1PL and its regulation in
pulmonary fibrosis is yet to be defined. In this study we have
characterised the effect of partial knockdown of Sgpl1 gene in
mice (Sgpl1™") on bleomycin-induced lung inflammation and
fibrosis, and the role of transforming growth factor (TGF)- in
the upregulation of S1PL in lung fibroblast. Further, S1PL
expression in peripheral blood mononuclear cells (PBMCs)
from patients with IPF was correlated with pulmonary functions
and survival.

MATERIALS AND METHODS
For details regarding materials and methods, see the online sup-
plementary data.

Human subjects

The study population consisted of a cohort of 44 patients evalu-
ated at the University of Chicago. The diagnosis of IPF was
established based on American Thoracic Society/European
Respiratory Society (ATS/ERS) criteria, which is consistent with
recent guidelines. Subjects were followed by physicians accord-
ing to institutional practices. Pulmonary function tests, chest CT
and lung biopsies were performed when clinically indicated.
Patients had no evidence of autoimmune syndromes, malignan-
cies, infections or drug or occupational exposures associated
with lung fibrosis. All patient information was maintained in a
relational database. The study was approved by the institutional
review board at each centre and informed consent was obtained
from all the patients before blood draw. Demographical and
clinical characteristics of the patients in this cohort are provided
in online supplementary table S1. Gene annotations were
obtained from the Affymetrix NetAffy Analysis Center (http:/
www.affymetrix.com/). The microarray data have been depos-
ited in the National Center for Biotechnology Information
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Figure 1

S1PL is upregulated in lung tissues and fibroblasts obtained from patients with IPF. (A—C) Expression level of S1PL in lung tissues from

controls and patients with IPF. (A) Western blot; (B) real-time PCR and (C) immunohistochemistry staining were used to check the expression and
location of STPL in lung tissues from controls and patients with IPF. (D and E) Expression of STPL in human lung fibroblasts from controls and
patients with IPF. (D) Western blot and (E) real-time PCR were used to check the expression of STPL in human lung fibroblasts from control and
patients with IPF. n=5. Data are expressed as mean+SEM of three independent experiments; *p<0.05; p<0.01. o-SMA, o-smooth muscle actin;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IPF, idiopathic pulmonary fibrosis; S1PL, sphingosine-1-phosphate lyase.
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Interstitial lung disease

Gene Expression Omnibus (Accession Number: GSE38958).
The frozen lung tissues from controls and human patients with
IPF were obtained from the Lung Tissue Research Consortium
(funded by NHLBI Lung Tissue Consortium, University of
Colorado Health Sciences Center, Denver, Colorado, USA).
Real-time PCR was performed to assess expression of target
genes using primers as shown in online supplementary table S2.

RESULTS

S1PL expression is increased in lung fibrotic lesions and
fibroblasts from patients with IPF and bleomycin-challenged
mouse lungs

We have earlier demonstrated enhanced expression of SphK1 in
IPF and bleomycin- as well as radiation-challenged mouse lungs,’
and increased S1P level has been implicated in human IPF® and
animal models of pulmonary fibrosis.> S1P accumulation in pul-
monary fibrosis may result from a shift in the balance between its
synthesis mediated by SphKs and degradation catalysed by S1P
phosphatases and S1PL. To investigate the potential role of S1PL
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in pulmonary fibrosis, we examined frozen lung tissues from con-
trols and human patients with IPF obtained from the Lung Tissue
Research Consortium (Funded by NHLBI Lung Tissue
Consortium, University of Colorado Health Sciences Center,
Denver, Colorado, USA) as well as bleomycin-induced and
radiation-induced murine models of lung fibrosis. Both SGPL1
mRNA and protein expression levels were increased (~3-fold
compared with controls) in IPF lung homogenates (figure 1A, B)
and immunostaining of paraffin-embedded lung tissues revealed
increased S1PL expression in IPF specimens compared with con-
trols, especially in fibrotic foci (figure 1C). Also, the expression
of S1PL in human lung fibroblasts, isolated from patients with
IPE, was higher than that from control patients (figure 1D, E).

To further validate the enhanced S1PL expression in pulmon-
ary fibrosis, two murine models of pulmonary fibrosis and lung
injury were used. Bleomycin challenge increased S1PL protein
and mRNA expression in lung tissue homogenates (at day 14)
with concomitant upregulation of oa-smooth muscle actin
(a-SMA) and fibronectin (FN) (figure 2A, B), markers of
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Figure 2 S1PL is upregulated in lung tissues and fibroblasts obtained from bleomycin-challenged mice. (A—C) Expression level of STPL in lung
tissues from mice treated with BLM (2 U/kg body weight) for different time (0-14 days). (A) Western blot (0-14 days); (B) real-time PCR (0-14 days)
and (C) immunohistochemistry staining (14-day post challenge) were used to check the expression and location of S1PL in lung tissues from mice at
different time point post-BLM treatment. n=4 per group. (D and E) Expression of S1PL in mouse lung fibroblasts from mice that have undergone
BLM treatment for different time. (D) Western blot and (E) real-time PCR were used to check the expression of S1PL in lung fibroblasts from controls
and BLM-treated mice. Control, 0 day post-treatment; BLM, 14 days post-treatment. Data are expressed as mean+SEM of three independent
experiments; *p<0.05. o-SMA, a-smooth muscle actin; BLM, bleomycin; FN, fibronectin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;

S1PL, sphingosine-1-phosphate lyase.
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pulmonary  fibrosis.'® ' Further, immunostaining of

paraffin-embedded lung tissues from bleomycin-challenged mice
confirmed induction of S1PL expression in fibrotic foci (figure
2C). Similarly, as shown in figure 2D,E, the protein and mRNA
expression levels of S1PL in lung fibroblasts isolated from
bleomycin-treated mice were significantly increased compared
with that from control mice (~3-fold change). Similar to the
bleomycin model, as shown in online supplementary figure S1,
thoracic radiation also enhanced S1PL expression during the
later stages of pulmonary fibrosis (14-17 weeks post-irradiation).

TGF-B-induced S1PL expression in lung fibroblast via
activation of Smad signalling

Since TGF- is a key cytokine in fibroblast proliferation and dif-
ferentiation, we evaluated the effect of TGF-$ on S1PL expres-
sion in human lung fibroblasts. TGF-B challenge dramatically
enhanced the protein and mRNA expressions of SIPL in human
lung fibroblast (figure 3A, B), and pretreatment with anti-TGF-
antibody abolished TGF-p-mediated expression of S1PL
(figure 3C). As TGF-B regulates the expression of number of
genes via Smad pathway,' we investigated the role of Smad2/3
in TGF-B-induced S1PL expression. As shown in figure 4A,B,
transfection of human lung fibroblasts with Smad3 small inter-
fering RNA (siRNA) downregulated ~60% of Smad3 mRNA
level, and attenuated TGF-B-induced mRNA and protein levels
of S1PL, o-SMA and FN in human lung fibroblasts. In silico
analysis revealed presence of at least two consensus sequences
for Smad2/3 binding in hSGPL1 promoter region (at —75 bp
and —143 bp upstream of transcription start site) (figure SA).
The binding of Smad3 to SGPL1 promoter regions containing
Smad consensus sequences was evaluated using chromatin
immunoprecipitation (ChIP) assay, and the quality of the ChIP
DNA immunoprecipitated by Smad3 antibody was confirmed by
the real-time PCR amplification of ASGPL1 promoter region. In
Smad immunoprecipitation experiments, the binding of Smad3
to the consensus sites at —75 bp and —143 bp was dramatically
increased post-TGF-B challenge (figure 5A); whereas rabbit IgG
control failed to pull down the promoter region of hSGPL1 and
was not affected by TGF-B challenge (figure 5A). Further, muta-
tion of the two Smad binding sites (—75/-79 and —143/-147)

>
o)

48 h

almost completely blocked TGF-B-induced hSGPL1-luciferase
reporter activity (figure S5B). These results show that
TGF-B-induced S1PL expression is dependent on Smad2/3
binding to Smad consensus sequences on the promoter of
hSGPL1.

Overexpression of S1PL attenuates TGF-B-induced

expression of FN and a-SMA via autophagy in human lung
fibroblasts

Next, we investigated the effect of overexpression of S1PL on
TGF-B-induced expression of extracellular matrix (ECM) pro-
teins, markers of lung fibroblasts differentiation. Infection of
primary human lung fibroblasts with adenoviral construct
of hSGPL1 (5 multiplicity of infection (MOI), 48 h) resulted in
increased expression of S1PL, and decreased expression of FN
and o-SMA in response to TGF-B as compared with control
cells infected with adenoviral vector backbone (figure 6A-C). A
recent study showed that TGF-B-induced activation and differ-
entiation of lung fibroblasts was regulated by autophagy, as
knockdown of the autophagy marker protein LC3 or beclin 1,
augmented the TGF-p-induced expression of FN and a-SMA.'*~
4 Transfection of human lung fibroblasts with adenoviral con-
struct of hSGPL1 enhanced the expression of S1PL as well as
LC3 and beclin 1, and reversed TGF-B-induced decrease of LC3
expression and autophagosome formation in human lung fibro-
blasts (figure 6D-F and see online supplementary figure S2).
S1P plays a critical role in TGF-B-induced activation and differ-
entiation of lung fibroblasts;> therefore, we determined the
effect of S1PL overexpression on intracellular level of S1P As
shown in figure 6G, H, overexpression of S1PL abolished
TGF-B-induced increase in intracellular S1P level; however, it
did not alter the levels of ceramide and sphingosine (data not
shown). Similar to TGF-B, the S1P-induced protein and mRNA
expression of FN, o-SMA was also suppressed by overexpression
of SIPL in human lung fibroblasts (figure 7A and see online
supplementary figure S3). Further, S1P challenge also attenuated
LC3 expression and autophagosome formation in human lung
fibroblasts (figure 7B and see online supplementary figure S4),
and overexpression of S1PL blocked S1P-induced attenuation of
LC3 mRNA and protein expression (figure 7B and see online
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Figure 3 TGF-B-induced S1PL expression in human lung fibroblasts. (A) TGF-B (5 ng/mL) increased the mRNA level of SGPL1 in human lung
fibroblasts at different time points (024 h). (B) TGF-B (5 ng/mL) increased the protein level of S1PL in human lung fibroblasts at 48 and 72 h. (C)
TGF-B (5 ng/mL) induced expression of STPL (48 h) in human lung fibroblasts was blocked by pretreatment of anti-TGF- antibody (10 ug/mL). Data
are expressed as mean+SEM of three independent experiments; *p<0.05; **p<0.01; ***p<0.001. STPL, sphingosine-1-phosphate lyase; TGF,

transforming growth factor.

Huang LS, et al. Thorax 2015;70:1138-1148. doi:10.1136/thoraxjnl-2014-206684

1141

“ybuAdoa Aq parosioid 1sanb Aq $20zZ ‘8 |udy uo jwodfwg-xeloyl//:dny woll papeojumoqd "STOZ 1snBny 8T U0 £89902-7T0Z-|ulxeloyy9sTT 0T Se paysiignd 1si1 :xeloy L


http://thorax.bmj.com/

Interstitial lung disease

Figure 4 Knockdown A s @ . S1PL
Smad3-attenuated TGF-B-induced S1PL : e

*%k ek
expression in human lung fibroblasts. _— 25 1
(A and B) Smad3 was knocked by 1 | 2|
treatment of si-Smad3 (100 nM) for
24 h, and cells were followed by 151
treatment of TGF-B (5 ng/mL, 48 h). 05 - 14
The mRNA (A) and protein (B) level of -
Smad2/3, FN, a-SMA and S1PL in ’
human lung fibroblasts were analysed. 0 . . T

T 0+
Data are expressed as mean=SEM of sc-RNA  si-smads  TGF-p1

Fold change
Fold change

three independent experiments; sc-RNA  si-smad3
*p<0.05; f*p<0.0_1. cx-SM_A, o-smooth a-SMA EN
muscle actin; FN, fibronectin; S1PL, 51 ok * 1
sphingosine-1-phosphate lyase; TGF, i . o *
transforming growth factor. Y * Y
§ 3- g 15
K= K=
) o *
3 2] 3 10
[e] O
I 'S
1 5 -
0 T 0+
TGF-p1 - + - + TGF-B1 - + - +
sc-RNA si-smad3 sc-RNA si-smad3
B -
sc-RNA si-smad3 FN

*%

*
TGF-p1 - + - +

FN - ” o 4 *
a-SMA i - | —

S1PL i S — 27

smad3 (NS S .

0 4
smed2 GEDGEPGEDENS TcFoi -+ -+

Fold change

a-SMA S1PL

*k * 2 o

1.5

Fold change
o N » ]
*
Fold change
1
*
+

“ybuAdoa Aq parosioid 1sanb Aq $20zZ ‘8 |udy uo jwodfwg-xeloyl//:dny woll papeojumoqd "STOZ 1snBny 8T U0 £89902-7T0Z-|ulxeloyy9sTT 0T Se paysiignd 1si1 :xeloy L

05 -
0
TGF-p1 = + - + TGF-g1 - +
sc-RNA si-smad3 sc-RNA si-smad3
smad3 smad2
2 P
*
1.5 z 15
& | 5
c c
© S
S 1 S 1
T T
[ (3}
L 05 L o5
0 - 0 - -
TGF-B1 - + - + TGF-B1 - + - +

sc-RNA si-smad3 sc-RNA si-smad3

1142 Huang LS, et al. Thorax 2015;70:1138-1148. doi:10.1136/thoraxjnl-2014-206684


http://thorax.bmj.com/

Interstitial lung disease
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supplementary figure S3). Rapamycin and chloroquine have
been reported to induce LC3 II accumulation in different cell
types through induction of autophagy or inhibition of autop-
hagy flux.' Similar to S1PL, both rapamycin (see online supple-
mentary figure S5) and chloroquine (see online supplementary
figure S6) inhibited TGF-B-induced human lung fibroblast differ-
entiation. Additionally, pretreatment of human lung fibroblasts
with chloroquine further increased the effect of S1PL-mediated
accumulation of LC3 II expression and inhibition of fibroblast
differentiation (see online supplementary figure S7), while
knockdown of beclin 1 with small hairpin RNA attenuated
S1PL-mediated expression of LC3 II, beclin 1 and restored the
inhibition of fibroblast differentiation (see online supplementary
figure S8). Further, TGF-B-mediated activation of MAPKSs, crit-
ical regulators in fibrogenesis, was dramatically inhibited by
increased expression of SI1PL in human lung fibroblasts (see
online supplementary figure S9). Together, these results suggest
that overexpression of S1PL attenuates TGF-B-induced intracel-
lular S1P levels, MAPK activation, expression of FN and
o-SMA, while it restores autophagy in lung fibroblasts.

Genetic deletion of S1PL (Sgp/1*'~) decreases autophagy in
mouse lung fibroblasts

The role of S1P in autophagy is controversial. Earlier studies indi-
cate that S1P is an inducer'®>° or inhibitor of autophagy.>'~>*
However, the role of S1P as a regulator of autophagy in

or

S1PL

Luc PGL3

Fold induction by TGF-8

pulmonary fibrosis is unclear. Therefore, we investigated the status
of autophagy in mouse lung fibroblast isolated from wild-type and
S1PL-deficient (Sgpl1™~) mice. As shown in online supplementary
figure S10, the expression of beclin 1 and LC3 and the number of
autophagosomes in lung fibroblast isolated from Sgpl1*/~ mice
were significantly lower than that from wild-type mice. Further,
chloroquine, treatment increased the autophagosome numbers in
lung fibroblasts from wild-type mice; however, the autophago-
somes in lung fibroblast isolated from Sgpl1™~ mice were lower
than that from wild-type mice (see online supplementary figure
S11). These data suggest that genetic deletion of Sgpl1 attenuates
autophagy in mouse lung fibroblasts.

Genetic deletion of S1PL (Sgp/1*'~) accentuates
bleomycin-induced pulmonary fibrosis in mice

To further validate the role of SIPL in pulmonary fibrosis, we
used Sgpl1™'~ (heterozygous) mice as deletion of both alleles of
Sgpl1 gene results in severe defects in vascular development and
mortality within 4-6 weeks.® S1PL activity in total lung homoge-
nates from Sgpl1™'~ mice was lower than wild-type mice.® S1P
levels, as measured by liquid chromatography-tandem mass spec-
trometry, revealed a small but significant increase in lung tissues
and bronchoalveolar lavage (BAL) fluids, but not in plasma of
Sgpl1™'~ mice (data not shown). The effect of S1PL deficiency on
bleomycin-induced lung injury and fibrosis was evaluated by
H&E staining for histopathology and Masson’s trichrome
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Figure 6 Overexpression of S1PL blocked TGF-B-induced differentiation in human lung fibroblasts by decreasing intracellular S1P level and
restoring autophagy. (A—C) Overexpression of S1PL blocked TGF-B-induced differentiation in human lung fibroblasts, and the expression of a-SMA
and FN was assayed by western blot. Representative western blot (A) and quantification of FN (B) and o-SMA (C). (D-F) Overexpression of STPL
blocked TGF-p effect on autophagy characterised by the expression of LC3 and beclin 1. Representative western blot (D) and quantification of beclin
1 (E) and LC3 Il (F). (G and H) Overexpression of S1PL decreased intracellular levels of S1P (G) and DH-S1P (H) in human lung fibroblasts. S1P and
DH-S1P level in the human lung fibroblasts with and without overexpression of S1PL were extracted and analysed as described in methods section.
Data are expressed as mean+SEM of three independent experiments; *p<0.05. a-SMA, a-smooth muscle actin; DH-S1P, dihydrosphingosine
1-phosphate; FN, fibronectin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; n.s, non-significant; S1PL, sphingosine-1-phosphate lyase;

TGF, transforming growth factor.

staining for collagen in lung sections. Bleomycin challenge signifi- lung collagen content, and TGF-B1 levels in BAL fluids were
cantly increased lung injury and collagen deposition in wild-type markedly higher in Sgp/1*/~ mice compared with wild-type mice
mice on day 21, which was further enhanced in (figure 8D, E). Additionally, bleomycin induced significant
bleomycin-challenged  Sgpl1*~ mice (figure 8A, B). increase in mRNA levels of several markers of pulmonary fibro-
Histopathological quantification for pulmonary fibrosis (Ashcroft sis, including TGF-, collagen 1A1, FN and o-SMA, on day 21
score) showed a significant increase of fibrogenesis in Sgpl1™'~ post-bleomycin challenge in wild-type mice, and the effect of
mice compared with control group (figure 8C). Importantly, bleomycin was even more pronounced in Sgpl1*'~ mice (figure
Sgpl1*/~ deficiency alone had no significant effect on lung colla- 8F). At the protein level, Sgpl/1*/~ deficiency significantly
gen content or histopathological evidence of pulmonary fibrosis increased bleomycin-induced expression of FN and a-SMA, and
in the absence of bleomycin insult. Further, bleomycin-induced attenuated the expression of LC3 II and beclin 1 (figure 8G).
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Figure 7 Overexpression of S1PL blocked S1P-induced differentiation in human lung fibroblasts through restoring autophagy. (A) Overexpression of
S1PL blocked S1P-induced differentiation in human lung fibroblasts, and the expression of a-SMA and FN was assayed by western blot. (B)
Overexpression of S1PL blocked S1P effect on autophagy characterised by the expression of LC3 Il and beclin 1. Data are expressed as mean+SEM of
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n.s, non-significant; S1PL, sphingosine-1-phosphate lyase.

Next, the effect of Sgpl1™'~ deficiency on bleomycin-induced
lung inflammation was assessed. Bleomycin challenge of wild-
type mice significantly increased protein levels in BAL fluids, a
marker of lung damage and pulmonary leak, relative to the
vehicle-treated group; however, the increase in protein levels in
BAL fluids of bleomycin-challenged Sgp/1*/~ mice were similar
to that of wild-type animals at day 14 post-bleomycin challenge
(see online supplementary figure S12A). Furthermore, influx of
cells into alveolar space in response to bleomycin was margin-
ally increased in Sgpl1*/~ mice compared with wild-type mice at
day 14 post-bleomycin challenge (see online supplementary
figure S12B). Differential cell counts of BAL fluids showed that
bleomycin-induced infiltration of macrophages and lympho-
cytes, but not neutrophils, into alveolar space was higher in
Sgpl1*'~ mice compared with wild-type mice at day 14 post-
bleomycin challenge (see online supplementary figure S12C-E),
while interleukin (IL)-6 levels were similar in BAL fluids in both
the groups (see online supplementary figure S12F). Together,
these results demonstrate that Sgpl1¥/~ deficiency accentuates
bleomycin-induced pulmonary fibrosis.

Correlation between SGPL1 expression in PBMCs, lung
function and survival in patients with IPF

To study the role of S1PL in human pulmonary fibrosis, we com-
pared the SGPL1 mRNA expression levels in PBMCs with lung
function and survival in patients with IPE. Microarray analysis of
PBMCs of patients with IPF (n=44) showed that the mRNA
expression levels of SGPL1 positively correlated with diffusing
capacity of the lung for carbon monoxide (DLCO) (figure 9A).
There is an inverse correlation between DLCO and IPF disease
severity”® and our analysis revealed that lower expression of
SGPL1 in patients correlated with relatively severe IPF (figure
9A). Next, patients were classified as having a high-level or low-

level mRNA expression of SGPL1, with the median of expression
as the threshold value. We tested the correlation between SGPL1
expression and survival to classify patients into prognostic
groups. Kaplan—-Meier survival analysis comparing patient
groups demonstrated a marginal increase in survival for patients
with high expression levels in SGPL1 mRNA (figure 9B).
Together, these data suggested that SGPLT mRNA expression in
PBMCs may serve as potential indicator of survivability in IPE.

DISCUSSION

Idiopathic lung fibrosis is a chronic fatal lung disease of unknown
aetiology with limited effective therapies. The pathogenesis of
IPF is characterised by fibroblast to myofibroblast differentiation,
epithelial to mesenchymal transition, deposition of ECM pro-
teins such as FN, enhanced expression of a-SMA and excess
deposition of collagen in lungs." Accumulation of myofibroblasts
results in gradual but excessive scarring of the lung tissues that
undermines essential lung functions leading to eventual respira-
tory failure. Therefore, identification of new targets against fibro-
blast differentiation and accumulation during pulmonary fibrosis
is critical to a better understanding of the pathobiology of pul-
monary fibrosis and development of new strategies for treatment.
Here, we report that S1PL, one of the key enzymes involved in
terminal degradation of S1P to hexadecenal and ethanolamine
phosphate in mammalian cells, has a regulatory role in the devel-
opment of pulmonary fibrosis in both human IPF and
bleomycin-induced murine model of fibrosis.

A role for S1P and S1P signalling in pulmonary fibrosis is
emerging in human IPF and animal studies. S1P is a bioactive
sphingolipid, which is generated by phosphorylation of sphingo-
sine, catalysed by SphK1/2 in mammalian cells.* S1P levels in
most of the mammalian cells are lower compared with plasma,
platelets and erythrocytes.* In most of the cells, intracellularly
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Figure 8 Sgpl/1*/~

deficiency accentuates BLM-induced lung fibrosis. Sgp/1*/~ or WT (1295V) mice (male, 8 weeks) received BLM (2 Urkg in 50 L

PBS) or PBS intra-tracheally and were sacrificed on day 21. Lungs were removed, embedded in paraffin and cut into 5 pm sections for staining.
(A) Representative H&E photomicrographs of lung sections obtained from Sgp/7™~ and WT mice with/without BLM challenge (black arrows showing

injury area). Original magnification, x10. Scale bar: 200 wm. (B) Representative images of trichrome staining of lung sections obtained from Sgp/

1 +/—

and WT mice with/without BLM challenge (blue arrows showing blue of collagen deposition area). Upper panel, original magnification, x4; Scale
bar: 1 mm. Lower panel, amplification from box in upper panel, original magnification, x10; Scale bar: 200 wm. (C) Ashcroft score of lung sections,
(D) acid-soluble collagen in lung tissue, (E) TGF-B1 level in BAL fluids, (F) mRNA level of TGF-B1, a-SMA, Col1A1 and FN, (G) protein levels of beclin
1, LC3 II, o-SMA and FN from Sgp/7*/~ and WT mice with/without BLM challenge. Data are expressed as mean+SEM; *p<0.05, **p<0.01; n=4-6
per group. o-SMA, a-smooth muscle actin; BLM, bleomycin; Col1A1, collagen 1A1; FN, fibronectin; PBS, phosphate buffered saline; S1PL,
sphingosine-1-phosphate lyase; TGF, transforming growth factor; WT, wild-type.

generated S1P is either metabolised to sphingosine by S1P phos-
phatases or to ethanolamine phosphate and hexadecenal by
S1PL.® Additionally, S1P is also transported to outside of cells
by S1P transporters such as ATP-binding cassettes and Spns2.>
A recent study has demonstrated the increased expression of
SphK1 mRNA and S1P levels in lung tissues from patients with
IPE, and downregulation of SphK1 as well as S1PR2 and
S1PR3, but not S1PR1, with siRNA-attenuated TGF-B-mediated
upregulation of FN and o-SMA in human lung fibroblasts,
suggesting involvement of S1P signalling in regulating
TGF-B-induced fibroblast to myofibroblast differentiation.’ Our
recent work, using the mouse model of radiation-induced and
bleomycin-induced pulmonary fibrosis, demonstrated involve-
ment of SphK1/S1P signalling axis in the development of pul-
monary fibrosis.’ ° In the radiation model, inhibition of serine
palmitoyltransferase delayed the onset of pulmonary fibrosis
through the negative regulation of SphK1 expression.”®
Interestingly, genetic deletion of Sphk1 or inhibition of SphK1
activity with a small molecular weight inhibitor-attenuated S1P
generation, TGF-B secretion and pulmonary fibrogenesis in the
murine model of bleomycin-induced lung fibrosis.> In vitro,

bleomycin-mediated enhanced expression of SphK1 was
TGF-B-dependent, as addition of anti-TGF-B antibody attenu-
ated the increases in SphK1, a-SMA and FN expression in
human lung fibroblasts.” Here, we observed that both bleomycin
and TGF-p increased the Sgp/1T mRNA and protein expression
via transcriptional regulation of Smad2/3 in human lung fibro-
blast. Our present findings combined with our earlier observa-
tion on TGF-B-induced expression of SphK1 strongly suggest
that TGF-B-mediated regulation of S1P levels is dependent on
the balance between SphK1 and S1PL expression and activities
in human lung fibroblast. Interestingly, TGF-B regulates S1P
levels in human fibroblast,” and its expression is modulated by
S1B which is a balance between SphK1 and S1PL expression
and activity. Our current results show that overexpression of
SGPL1 in human lung fibroblasts blocks TGF-B-mediated
increase in S1B expression of FN and o-SMA and fibroblast dif-
ferentiation. However, the increased expression of S1PL in lung
tissues from patients with IPF and bleomycin-treated mice may
contradict the role of S1P in pulmonary fibrosis. In the model
of radiation-induced pulmonary fibrosis, increased S1PL expres-
sion was not accompanied by enhanced S1PL enzyme activity.>®
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Figure 9 Expression of SGPLT correlates with the severity of disease
and survival of patients with idiopathic pulmonary fibrosis (IPF). (A)
Expression level as a function of DLCO for SGPLT in IPF. Y-axis denotes
the relative mRNA expression level. Each point represents the value
from one patient with IPF. Y-axis denotes the relative mRNA expression
level. The p value for each gene is measured by Spearman'’s rank
correlation test. Correlation coefficient: p=0.316. (B) Kaplan—Meier
curves for patients with IPF high and low gene expression level of
SGPL1. Patients were classified as having a high-level or a low-level
mRNA expression, with the median of the expression as the threshold
value. The p values are measured by log-rank test.

It is unclear if SIPL undergoes any post-translation modification
such as nitration, phosphorylation or ubiquitination to bleo-
mycin or radiation challenge, which could modulate its ability
to degrade S1P

An interesting and important finding of current study is that
S1PL/S1P signalling axis mediates regulation of autophagy in
human lung fibroblasts. In the current study, we provide evidence
for decreased expression of LC3 II, beclin 1 and autophagosome
formation in isolated fibroblasts from Sgpl1™'~ mouse lungs com-
pared with the wild-type, and exposure of normal human lung
fibroblasts to TGF-B or S1P attenuated LC3 II expression and
autophagosome formation. Further, overexpression of hSGPL1
significantly increased beclin 1 and LC3 II levels in the absence
or presence of TGF-B and S1P These results for the first time
demonstrate the influence of S1P and its role in regulating LC3 1I
and beclin 1, markers of autophagy, in lung fibroblast. There is
increasing evidence for insufficient autophagy in IPE. While lung
tissues from patients with IPF showed decreased autophagic
activity as assessed by LC3, p62 expression and the number of
autophagosomes, ' and based on the in vitro results from human
fibroblasts isolated from patients with IPF and administration of
rapamycin,?” an inducer of autophagy to bleomycin-challenged
mice, it was concluded that autophagy is not activated in the
setting of IPE,'? and insufficient autophagy was involved in fibro-
blast to myofibroblast differentiation in human IPE'* These
results indicate that impairment of autophagy in IPF lung might
be TGF-B-dependent, and the TGF-B effect on autophagy could
be related in part to S1P production, as S1P attenuates LC3
expression in human lung fibroblasts (figure 7). The present
results suggest that increased intracellular S1P level is essential
for the fibroblast differentiation and autophagy, and suppression
of intracellular S1P level through overexpression of S1PL
enhanced autophagy and inhibited fibroblast differentiation.
Further, our current studies with chloroquine and rapamycin (see
online supplementary figure S5-S7) indicate that the effect of
S1PL on autophagy in lung fibroblast may be through the regula-
tion of LC3 II and beclin 1 expression rather than autophagy
flux. Further studies are necessary to delineate the mechanism(s)
involved in S1P-mediated modulation of autophagy in

fibroblasts.

Interstitial lung disease

In summary, we have identified that S1PL is a novel endogen-
ous suppressor of human lung fibroblast differentiation and
development of pulmonary fibrosis in bleomycin-challenged
mouse. We have shown increased expression of S1PL in lung
tissues and fibroblasts from patients with IPF and
bleomycin-challenged or radiation-challenged mice, and identi-
fied that S1PL inhibited lung fibrosis through regulating intracel-
lular S1P level and autophagy in lung fibroblast. In vitro
TGF-B-stimulated S1PL expression was transcriptionally regu-
lated by Smad2/3 signalling in human lung fibroblast. This study
identifies for the first time, using Sgp/1*/~ mice, that knock-
down of the S1PL accentuated bleomycin-induced pulmonary
fibrosis in mice, and the clinical investigation also indicated that
the expression of S1PL in PBMCs directly correlated to the
severity of fibrosis in human. As differentiation of lung fibro-
blast to myofibroblast is critical to the development of pulmon-
ary fibrosis, the role of S1IPL and S1P signalling in fibrogenesis
needs to be further investigated to better understand the patho-
biology of IPE
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MATERIALS AND METHODS

Reagents and kits

Bleomycin sulfate was from Hospira Inc. (Lakeforest, IL), and the Sircol Collagen Assay
Kit was from Accurate Chemical and Scientific Corp. (Westbury, NY). The neutralizing
chicken anti-TGF-B1 antibody and control chicken 1gG, IL6 and TGF-B1 ELISA kits were
obtained from R&D systems (MN, USA). S1P, C17-S1P, a 17-carbon analog of S1P
was procured from Avanti Polar Lipids (Alabaster, AL). Lysis buffer was purchased from
Cell Signaling Technology Inc. (Danvers, MA). Protease inhibitor cocktail tablets (EDTA-
free Complete) and phosphatase inhibitor cocktail were obtained from Roche
Diagnostics (Indianapolis, IN). Recombinant human TGF-B1 was purchased from Pcpro
Tech Inc (Eocky Hill, NJ). LC3-GFP plasmid construct (#11546) was obtained from
Addgene [1]. Chloroquine, Rapamycin, control and human Beclinl shRNA construct

were obtained from Sigma-Aldrich (St. Louis, MO).

Murine model of bleomycin-induced experimental pulmonary fibrosis

129SV wild type mice were purchased from Charles River Laboratory (Wilmington, MA).
Sgpl1*™~ mice, originally provided by Dr. Philip Soriano (New York, NY). In 129SV
background were bred at the University of lllinois, Chicago animal facility. For bleomycin
instillation, 8 week old male mice were anesthetized with 3-5 ml/kg of a mixture of 25
mg/kg of ketamine and 2.5 ml of xylazine. The animals were challenged with either
saline or bleomycin sulfate (2 U/kg of body weight in saline) by intratracheal (IT)
injection in a total volume of 50 ul/animal. Animals were sacrificed on 0, 3, 7, 14 or 21
days after bleomycin challenge, BAL fluid was collected by IT injection of 0.5 ml of
sterile PBS solution followed by gentle aspiration. The lavage was repeated twice with
0.5 ml of sterile PBS to recover a total volume of 0.7-0.8 ml. BAL fluid was centrifuged
at 3000 X g for 10 min and the supernatant was used for total protein and cytokine
measurements. Lungs were removed from mice and lobes were sectioned, embedded
in paraffin, and cut into 5-um sections. Hematoxylin and eosin (H&E) and trichrome
staining were performed by the Pathology Core Facility (University of lllinois, Chicago).
The studies reported here conform to the principles outlined by the Animal Welfare Act

and the National Institutes of Health guidelines for the care and use of animals in



biomedical research. All animal protocols were approved by the IACUC of the University

of lllinois, Chicago.

Histolopathological analysis for fibrosis

The fixed lungs were sectioned, embedded in paraffin, cut and stained with H&E for
analysis of lung injury, and with Elastica-Masson trichrome stain to check for collagen
deposition, an index of lung fibrosis. For the analysis of the fibrotic changes in lung
tissue, the quantitative fibrotic scale (Ashcroft scale) was calculated as described
previously [2-4] . Briefly, the severity of the fibrotic changes in each lung section was
given a mean score from the observed microscopic fields. More than 20 fields within
each lung section were observed at a magnification of 100 X, and each field was
assessed individually for severity and allotted a score from 0 (normal) to 8 (total fibrosis)
[5-6]. The severity was then averaged for each lung section. To avoid bias, all histologic
specimens were evaluated in a blinded fashion. Each specimen was scored
independently by two individuals, including a histopathologist, and the mean of their

individual scores was taken as the fibrotic score.

Lipid extraction and sample preparation for LC/MS/MS

Cellular lipids were extracted by a modified Bligh and Dyer procedure with the use of
0.1N HCI for phase separation as described before [6]. C17-S1P (40 pmol) was
employed as an internal standard, and was added during the initial step of lipid
extraction. The extracted lipids were dissolved in methanol/chloroform (4:1, v/v), and
aliquots were taken to determine the total lipid phosphorus as described previously [7].
Samples were concentrated under a stream of nitrogen, re-dissolved in methanol,
transferred to auto sampler vials, and subjected to electrospray ionization tandem mass
spectrometry (ESI-LC/MS/MS). The instrumentation employed was an AB Sciex 5500
QTRAP hybrid triple quadrupole linear ion-trap mass spectrometer (Applied Biosystems,
Foster City, CA) equipped with a turboionspray ionization source interfaced with an
automated Agilent 1200 series liquid chromatograph and auto sampler (Agilent
Technologies, Wilmington, DE, USA). S1P and dihydro (DH)-S1P were analyzed as bis-



acetylated derivatives employing reverse-phase HPLC separation, negative ion ESI,
and MRM analysis [8].

Targeted Mutation of Smad3 binding sites in SGPL1 luciferase reporter

Plasmid construct of SGPL1 promoter luciferase reporter was purchased from
GeneCopoeia, Inc (Rockville, MD). Mutation of Smad3 binding sites in SGPL1
luciferase reporter was generated as described before [9-10], by using the site-directed
mutagenesis kit (QuikChange II, Agilent Technologies, Santa Clara, CA). Mutations of
Smad3 binding site in the SGPL1 promoter area were carried out with following
sequences: Mutation -143, Forward: 5-
TGGTTGAGACATTCACTGGAGGGGCGGGGTGCAGCCCGCTGCCT-3’, Reverse: 5'-
AGGCAGCGGGCTGCACCCTATGCCTCCAGTGAATGTCTCAACCA-3’; mutation -75,
Forward: 5-ACAGGCCGTGGGGCCCGGGGCGGGGCGTGCGCGCGGLCTGG-3,
Reverse: 5-CCAGCCGCGCGCACGCCCTATGCCGGGCCCCACGGCCTGT-3'. After
transfection and treatment, the luciferase reporter activity was assayed by using dual-
luciferase report assay kit from Promega inc. (Madison, W1).

Infection with S1PL wild type adenoviral constructs

Infection of human lung fibroblasts with purified SGPL1 wild type adenoviral vector was
carried out as described previously [11-12]. Briefly, vector-control or SGPL1 wild type
adenoviral constructs (5 MOI) were added to primary human lung fibroblasts (~90%
confluence) in complete medium containing 10% fetal bovine serum. After overnight
infection, the virus-containing medium was replaced with fresh complete medium for
another 24 h prior to stimulation with TGF-$ (0-5 ng/ml) or S1P (0-1 uM).

Microarray profiling and analysis

The Affymetrix Human Exon 1.0 ST array (Affymetrix, Inc., Santa Clara, California)
(exon array) was used to profile whole-genome expression in a cohort of 44 IPF
patients. Briefly, the sample preparation, and RNA isolation were based on standard
molecular biology protocols. The labeling, microarray hybridization was carried out at

the University of Chicago Genomics Core Facility according to the manufacturer’s



instruction. The exon array data were then normalized and summarized using the
Affymetrix Power Tools. Before summarizing gene-level expression data, probes
containing known polymorphisms (based on dbSNP v131) were removed as described
earlier [13]. The log; transformed gene-level (i.e., transcript clusters) expression data
were then evaluated for differential expression using SAM (Significance Analysis of
Microarray) [14]. Gene annotations were obtained from the Affymetrix NetAffy Analysis
Center (http://www.affymetrix.com/). The microarray data have been deposited in the
NCBI Gene Expression Omnibus (Accession Number: GSE38958) [15].

RNA isolation and real-time RT-PCR

Total RNA was isolated from mouse lung tissue or from cells using TRIzol reagent (Life
Technology, Rockville, MD) according to the manufacturer's instructions. RNA was
guantified spectrophotometrically and 1 pg of RNA was reverse transcribed using cDNA
synthesis kit (Bio-Rad laboratories Inc., Hercules, CA). Real-time PCR was performed
to assess expression of target genes using primers as shown in Supplemental Table 2.
GAPDH was used as an internal control. Amplification reactions were performed in
triplicate with SYBR Premix Ex Taq (Bio-Rad Laboratories, Inc., Hercules, CA), and the
thermal cycling conditions were as follows: 10 seconds at 95°C, 40 cycles of 5 seconds
at 95°C, and 30 seconds at 60°C [2].

Collagen content determination

The right lungs from mice were collected and homogenized in 5 ml 0.5 M acetic acid in
PBS containing 0.6% pepsin. The extracts were rotated at 4°C overnight and cleared by
centrifugation at 10,000 x g for 15 min. Collagen content was measured using the Sircol
Collagen Assay kit according to the manufacturer’s instructions. Collagen content is

presented as pg acid-soluble collagen/right lungs [3].

SDS-PAGE and Western blotting

SDS-PAGE and Western blotting were performed as described previously [16]. Rabbit
anti-p-Smad2, Smad-2, p-Smad3, Smad3, JNK, P-p38 and p38 antibodies, and mouse
anti-P-Akt, Akt and P-JNK antibodies were from Cell Signaling Technology (Beverly,


http://www.affymetrix.com/

MA). Horseradish peroxidase linked anti-mouse IgG and anti-rabbit IgG antibodies were
from Bio-Rad Laboratories Inc. (Hercules, CA). Rabbit anti-S1PL, anti-LC3, anti-Beclinl,
anti-FN, anti-GAPDH and anti-S1PL antibodies were from Santa Cruz Biotechnology Inc.
Mouse anti—-a-SMA and actin was from Sigma-Aldrich (St. Louis, MO).

Immunofluorescence Microscopy

Immunofluorescence microscopy to determine the expression of LC3 proteins was
performed as described elsewhere [17]. Briefly, human lung fibroblasts or mouse lung
fibroblasts were grown in slide chambers before infection of control or S1IPL Adenovirus
(5 MOI). After stimulation with TGF-B1 (0, 5 ng/ml) for 48 hours or treatment of
Chloroquine (0, 10 yM) for 3 hours, cells were fixed with 3.7% paraformaldehyde in PBS
for 10 min, followed by permeabilization for 4 min in Tris-buffered saline (TBS)
containing 0.25% Triton X-100. Cells were then washed with PBS three times, and
blocked with TBS Tween 20 (TBST) blocking buffer (containing 2% BSA) for 3 minutes
at room temperature. Cells were then incubated with LC3 primary antibody (1:200
dilutions in blocking buffer) for 1 h, followed by three washings (15 min each) in TBST.
Cells were then stained with Alexa Fluor secondary antibodies (1:200 dilutions in
blocking buffer; Life Technologies, Grand Island, NY) for 1 h, followed by a TBST wash
for 15 minutes. Slides were prepared with mounting media, examined under a Nikon
Eclipse TE 2000-S fluorescence microscope (Nikon, Tokyo, Japan), and the images
were recorded with a Hamamatsu digital camera (Tokyo, Japan), using a X60 oil

immersion objective lens.

Transfection of plasmid constructs.

Lung fibroblast were cultured onto six-well plates or glass bottom dishes. At ~60%
confluence, cells were transiently transfected with LC3-GFP plasmid (3 pg/ml), and
control or Beclinl shRNA using Fugene HD transfection reagents (Premaga, Inc,
Madison, WI). Briefly, plasmid (3 pg) was condensed with Fugene HD transfection
reagents according to the manufacturer's instructions. The transfection complex was
diluted into 900 pl of medium and added directly to the cells. Cells were analyzed by

Western blotting or confocal microscopy at 48 h after transfection.
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Isolation of primary fibroblasts from murine lungs

Mouse lung fibroblasts were isolated essentially as described [2]. Briefly, mouse lungs
from 8 week old mice with or without bleomycin challenge (2 U/kg, 0, 3, 7 and 14 days)
were cut into small pieces, minced and subjected to collagenase type Il and DNase |
digestion (Worthington Biochemical, Lakewood, NJ) in Dulbecco’s modified Eagle’s
medium with 5% FCS for 90 minutes. After filtration, cells were centrifuged, washed and
cultured in T-25 flasks in DMEM medium containing 10% fetal bovine serum (FBS) for
14 days. Fibroblasts were characterized by expression of Thymocyte differentiation
antigen 1 (Thy-1).

Cell culture

Primary human lung fibroblasts were obtained from Lonza (Walkersville, MD, USA).
Cells were grown and maintained in 6-well dishes with FGM medium (Lonza,
Walkersville, MD, USA) containing 2% FBS. Murine primary lung fibroblasts were
cultured in DMEM medium containing 10% FBS. Cells (~80% confluent) were serum-
starved for 24 h prior to stimulation with S1P or TGF-B1 for the indicated time. In some
experiments, TGF-B neutralizing antibody was added to cover the cells 1h before
stimulation with S1P or TGF-(.

Statistical analysis

Data are expressed as mean = SEM. All results were subjected to statistical analysis
using one-way ANOVA or two-tailed Student’s t test or Spearman's correlation test. P-
values < 0.05 were considered significant. Values are from three to six independent
experiments. Survival analysis was performed using the Cox proportional hazards
model, implemented in the survival library in the R Statistical Package. A log-rank test

p-value <0.05 was deemed significant [18-19].



Supplemental Table 1. Characteristics of the IPF subjects.

Variable Overall
Cases 44

Age (years) 68.7+6.8
Gender (Male/Female) 39/5

FVC % predicted 62.1+15.0

DLCO % predicted 43.2+17.4




Supplemental Table 2. cDNA primer sequences for real-time PCR.

Gene Primer Sequences

m SGPL1 Forward 5-AACTCTGCCTGCTCAGGTA-3'
Reverse 5-CTCCTGAGGGCTTTCCCTTCT-3'

m FN Forward 5-TCTGGGAAATGGAAAAGGGGAATGG-3'
Reverse 5'-CACTGAAGCAGGTTTCCTCGGTTGT-3'

m a-SMA  Forward 5'-GACGCTGAAGTATCCGATAGAACACG-3'
Reverse 5'-CACCATCTCCAGAGTCCAGCACAAT-3'

m TGF-B1 Forward 5'-AGCGGACTACTATGCTAAAGAGGTCACCC-3'
Reverse 5'-CCAAGGTAACGCCAGGAATTGTTGCTATA-3'

m CollAl1 Forward 5'-GGAGGGCGAGTGCTGTGCTTT-3'
Reverse 5'-GGGACCAGGAGGACCAGGAAGT-3'

m GAPDH Forward 5'-CGACTTCAACAGCAACTCCCACTCTTCC-3'
Reverse 5-TGGGTGGTCCAGGGTTTCTTACTCCTT-3'

hLC3 Forward 5'-GATGTCCGACTTATTCGAGAGC-3'
Reverse 5-TTGAGCTGTAAGCGCCTTCTA-3'

h beclinl  Forward 5'-CTGGTAGAAGATAAAACCCGGTG-3'
Reverse 5-AGGTAGAGCGTGGACTATCCG-3'

h FN Forward 5-GTGTTGGGAATGGTCGTGGGGAATG-3'
Reverse 5'-CCAATGCCACGGCCATAGCAGTAGC-3'

ha-SMA  Forward 5'-CATCACCAACTGGGACGACATGGAA-3'
Reverse 5'-GCATAGCCCTCATAGATGGGGACATTG-3'

h GAPDH Forward 5-GCTGGCGCTGAGTACGTCGTGGAGT-3'
Reverse 5-CACAGTCTTCTGGGTGGCAGTGATGG-3'

h Smad3  Forward 5'-TGGACGCAGGTTCTCCAAAC-3'
Reverse 5'-CCGGCTCGCAGTAGGTAAC-3'

h SGPL1 Forward 5'-GATAGAGGCAGAAATTGTGAGGATA-3'

Reverse

S5-GTATTTTGTATTTGACAGCCAGCTT-3'
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Supplemental Figures

Fig. S1: Expression of S1PL in lung tissues obtained from irradiation-challenged
mice. (A) Representative Western blot of S1PL expression in lung tissue from mice
challenged with radiation. Lung tissues from irradiated mice (0-17 weeks post irradiation,
20Gy) were homogenized and subjected to Western blotting. (B) Quantification of S1PL
expression in lung tissue post irradiation. The intensity of each band was quantified
using an anti-S1PL antibody and normalized to GAPDH expression. *P < 0.05, n = 4 per

group.
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Fig. S2: Effect of S1PL overexpression on autophagosome formation in human
lung fibroblasts. Human lung fibroblasts, infected with adenoviral vector control or
hSGPL1 (5 MOI, 24 h), were starved overnight in serum free DMEM medium followed by
TGF-B (0 -5 ng/ml) treatment for another 48 h. The autophagosome formation was
assessed by immunofluorescence staining of LC3 using confocal microscopy, and
formation of LC3 (autophagosome) puncta was quantified. *P < 0.05, n = 10 per group.
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Fig. S3: Effect of S1PL overexpression on S1P-induced gene expression in human
lung fibroblasts. Human lung fibroblasts post-SGPL1 adenoviral infection (5 MOI, 24 h)
were treated with S1P (0-1 uM) for 20 h, and the mRNA levels of beclinl, LC3, a-SMA
and FN were quantified by real time RT-PCR as described in methods section and
normalized to GAPDH. *P < 0.05, *P < 0.01; n.s, non-significant; n = 4 per group.
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Fig. S4: Effect of S1P on LC3 accumulation in autophagosome in human lung
fibroblasts. Human lung fibroblasts, transfected with LC3-GFP plasmid (3 pg/ml, 48 h),
were starved overnight in serum free DMEM medium followed by treatment of S1P (0
orl yM) for another 48 h, accumulation of LC3 in autophagosome was evaluated by
confocal microscopy, and the number of LC3-GPF puncta in autophagosome were
guantified. ***P < 0.001; n = 10 per group.
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Fig. S5: Effects of Rapamycin on TGF-B-mediated differentiation of human lung
fibroblasts. Human lung fibroblasts were starved overnight in serum free DMEM
medium prior to challenge with DMSO or Rapamycin (Rap, 150 nM) for 1 h, followed by
TGF-B (0 or 5 ng/ml) treatment for an additional 48 h, and the expression of FN, a-SMA
and GAPDH was determined by Western blotting with specific antibodies. The intensity
of each band was quantified and normalized to GAPDH. *P < 0.05; n = 4 per group.
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Fig. S6: Effects of chloroquine on TGF-B-mediated differentiation of human lung
fibroblasts. Human lung fibroblasts, starved overnight in serum free DMEM medium,
were pre-treated with DMSO or chloroquine (CQ,10 uM) for 1 h, followed by treatment of
TGF-B (0 or 5 ng/ml) for another 48 h, and the expression of FN, a-SMA, LC3 Il and
GAPDH were analyzed by Western blotting. The intensity of each band was quantified
and normalized to GAPDH. *P < 0.05; n = 4 per group.
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Fig. S7: Effect of chloroquine on S1PL induced inhibition of TGF-B-mediated
differentiation of human lung fibroblasts. Human lung fibroblasts, infected with
adenoviral vector control or hSGPL1 (5 MOI, 24 h), were starved overnight in serum free
DMEM medium followed by pre-treatment with DMSO or chloroquine (CQ, 10 pM) for 1
h, and then cells were treated with TGF-f (5 ng/ml) for another 48 h. Cell lysates were
analyzed for the expression of FN, a-SMA, S1PL, LC3 and GAPDH by Western blotting.
The intensity of each band was quantified and normalized to GAPDH. *P < 0.05; n =4

per group.
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Fig. S8: Effects of knockdown of Beclinl on S1PL mediated inhibition of TGF-B-
mediated differentiation of human lung fibroblasts. Human lung fibroblasts were
transfected with control or human Beclinl shRNA (3 pg/ml, 24 h), after starvation
overnight in serum free DMEM medium followed by treatment with TGF- (5 ng/ml) for
another 48 h. Cell lysates were analyzed for the expression of FN, a-SMA, Beclinl,
S1PL, LC3 and GAPDH by Western blotting. The intensity of each band was quantified
and normalized to GAPDH. *P < 0.05; n = 4 per group.
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Fig. S9: Effect of S1PL overexpression on S1P induced activation of ERK, p38 and
JNK in human lung fibroblasts. Human lung fibroblasts, infected with adenoviral
vector control or hNSGPL1 constructs (5 MOI, 24 h), were challenged with S1P (1 uM) for
15 min, and the activation of MAPKs (ERK, p38 and JNK) were analyzed by Western
blotting. (A) Representative Western blot depicting ERK, p38 and JNK activation in
human lung fibroblasts with or without over-expression of S1PL. (B-D) Quantification of
S1P induced activation of ERK (B), JNK (C) and p38 (D) in human lung fibroblasts. The
intensity of each band was quantified and normalized to total ERK1/2, p38 or JNK
protein, respectively. *P < 0.05, **P < 0.01; n = 4 per group.
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Fig. S10: Effect of genetic deletion of S1PL (Sgpl1+-) on LC3, beclinl expression
and the accumulation of autophagosomes in mouse lung fibroblasts. Primary
mouse lung fibroblasts were isolated from mouse WT or Sgpl1+- mice (8 weeks old male
mice) as described in methods section, and expression of LC3, Beclinl and S1PL were
analyzed by western blot. (A) Representative Western blot and quantification of LC3 Il,
beclinl and S1PL in primary lung fibroblasts from WT and Sgpl1+- mice. The intensity of
each band was quantified and normalized to total actin. *P < 0.05, n = 3 per group. (B)
Accumulation of LC3 in autophagosomes of mouse lung fibroblasts. Lung fibroblasts
from wild type and Sgpl1+- mice were transfected with GFP-tagged LC3 plasmid (3
pg/ml) for 48 h, accumulation of GFP-tagged LC3 puncta in autophagosomes was
checked by confocal microscopy, and the number of LC3-GPF puncta in cells were
quantified. ***P < 0.001; n = 10 per group.
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Fig. S11: Effect of genetic deletion of S1PL (Sgpl1+-) on chloroquine induced
autophagosomes formation in mouse lung fibroblasts. Primary mouse lung
fibroblasts were isolated from 8 week old WT or Sgpll+- mice as described in Methods
section. Cells were starved overnight in serum free DMEM medium and treated with
either DMSO or chloroquine (CQ, 10 pM) for 3 h, autophagosome formation was
evaluated by immunofluorescence staining of LC3 using confocal microscopy, and the
autophagosomes puncta were quantified and analyzed. *P < 0.05, n = 10 per group.
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Fig. $12: Effect of S1PL deficiency (Sgp/1+/) on bleomycin-mediated inflammatory changes in
mouse lung. Sgp/1+/-or WT (129SV) mice (male, 8 weeks) were intratracheally instilled with PBS
or bleomycin (2 U/kg in 50 ul of PBS) and were sacrificed on day 14 post bleomycin
administration. Lungs were lavaged using sterile PBS, and the BAL fluids were analyzed as
described in Methods. (A) Total protein levels, (B) total cell number, (C) total neutrophils, (D)

total macrophages, (E) total lymphocytes and (F) IL-6 levels in BAL fluids were expressed as
mean + SEM. *P < 0.05, **P < 0.01; n=4-6 per group.
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