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Abstract

Introduction—Neonatal lung injury as a consequence of hyperoxia (HO) therapy and ventilator
care contribute to the development of bronchopulmonary dysplasia (BPD). Increased expression
and activity of lysyl oxidase (LOX), a key enzyme that cross-links collagen, was associated with
increased sphingosine kinase 1 (SPHK1) in human BPD. We, therefore, examined closely the link
between LOX and SPHK1 in BPD.

Method—The enzyme expression of SPHK1 and LOX were assessed in lung tissues of human
BPD using immunohistochemistry and quantified (Halo). In vivo studies were based on Sphk1™~
and matched wild type (WT) neonatal mice exposed to HO while treated with PF543, an

inhibitor of SPHKZ1. In vitro mechanistic studies used human lung microvascular endothelial cells
(HLMVECS).

Results—Both SPHK1 and LOX expressions were increased in lungs of patients with BPD.
Tracheal aspirates from patients with BPD had increased LOX, correlating with sphingosine-1-
phosphate (S1P) levels. HO-induced increase of LOX in lungs were attenuated in both Sphk1™~
and PF543-treated WT mice, accompanied by reduced collagen staining (sirius red). PF543
reduced LOX activity in both bronchoalveolar lavage fluid and supernatant of HLMVECs
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following HO. In silico analysis revealed STAT3 as a potential transcriptional regulator of LOX. In

HLMVECs, following HO, ChlIP assay confirmed increased STAT3 binding to LOX promoter.
SPHK1 inhibition reduced phosphorylation of STAT3. Antibody to S1P and siRNA against
SPNS2, S1P receptor 1 (S1P1) and STAT3 reduced LOX expression.

Conclusion—HO-induced SPHK1/S1P signalling axis plays a critical role in transcriptional
regulation of LOX expression via SPNS2, S1P; and STAT3 in lung endothelium.

INTRODUCTION

Oxygen supplementation is commonly used to treat premature newborn infants with

immature lungs,! 2 as well as critically ill older patients with respiratory failure due to

conditions such as acute respiratory distress syndrome and pneumonia, including that caused
by COVID-19.3- Though oxygen is essential to sustain life, exposure to hyperoxia (HO)
causes increased production of reactive oxygen species (ROS), leading to untoward cellular
injury, inflammation and, ultimately, cell death.8 7 Excessive ROS generation contributes

to oxidant-induced lung injury in neonatal bronchopulmonary dysplasia (BPD) and the

corresponding animal models.8 @ Preterm infants with BPD who were exposed to higher
levels of supplemental oxygen in neonatal intensive care unit, so as to achieve higher oxygen

saturation such as used in the STOP-ROP trial, were found to have more severe lung

disease(s) on follow-up.10-12 One of the most prominent mechanisms of ROS production

in the pathogenesis of lung injury, including BPD, is through NADPH oxidase (NOX)
activation comprising of NOX1-5 and DUOX 1-2 family members.® 13 We have earlier
shown that reducing sphingosine-1-phosphate (S1P) production by sphingosine kinase
(SPHK) 1, but not SPHK?2, protected against HO-induced lung injury in both neonatal

and juvenile mice.1# This differential role of SPHK1 and SPHK2 in part may be attributed
to difference in the localisation, wherein SPHK1 is known to be primarily located in the

cytoplasm and SPHK2 both in the cytoplasm and the nucleus of the cell 1315

Infants developing BPD have low lung compliancel6 17 due to increased rigidity of

lung parenchyma, and in animal models too, rigid lung parenchyma could contribute to
increased respiratory system resistance, as reported by us earlier.18 Increased collagen

cross-linking by lysyl oxidase (LOX), a matrix modifying enzyme, could also contribute
to lung pathology leading to BPD, as reported earlier.1% LOX is an important enzyme that

plays an active role in matrix stabilisation, essential for normal alveolar formation.20 21

LOX catalyses the oxidative deamination of lysine and hydroxylysine residues, generating
reactive semialdehydes.?2 23 These semialdehydes condense to form covalent cross-links

in elastin and collagen molecules, providing structural stability to extracellular matrix.

Increased LOX expression and/or activity is associated with BPD?? as it overstabilises the
matrix, contributing to poor alveolar formation.24 LOX is also associated with pulmonary
fibrosis2® and is emerging as a key player in eosinophilic oesophagitis.26 Earlier studies
have shown an increase in S1P level in tracheal aspirates (TAs) of patients with BPD.18 27
The significance of sphingolipids such as ceramide and S1P in the pathogenesis of BPD

is being understood more recently.28 22 However, the causal link between SPHK1/S1P and
LOX in increased interstitial collagen cross-linking, a pathological consequence in BPD, is

unknown.
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We observed that LOX expression is downregulated in mouse lung tissues when Sphk1 is
knocked out genetically or inhibited pharmacologically. On the contrary, genetic deletion of
Sphk2increased hyperoxic lung injury accompanied by elevated expression of LOX in the
lung tissue. In the present study, our results, for the first time, show that LOX activation

in HO is mediated by increased S1P generated via SPHK1 with subsequent release of S1P
through S1P transporter SPNS2, binding of S1P to S1P receptor 1 (S1P,), activation of
STAT3 to phospho-STATS3, its translocation to the nucleus and transcriptional regulation of
LOX. These findings show a causal link of SPHK1/S1P/S1P; signalling axis in regulation of
LOX through STAT3 transcriptional factor in lung endothelium.

METHODS

Human BPD tissue use (deidentified)

Neonatal human lung tissue was retrieved from archived autopsy material at the University
of Rochester Medical Center (URMC) and University of Illinois at Chicago (UIC). We
would like to thank the BRINDL repository at URMC for providing us the neonatal autopsy
samples under IRB# STUDY 00004818 and Material Transfer Agreement (MTA #4668).
Deidentified human material was used with the approval of the Institutional Review Board
of the UIC (Protocol #2012-1018) and based on human research protection principles
espoused in the Declaration of Helsinki. The clinical characteristics of the patients from
whom the specimens were derived are presented in online supplemental table 1 (patients
with BPD, called the ‘BPD group’). Tissue samples were collected at autopsy, within

24 hours of death. Those who had pulmonary haemorrhage, pulmonary hypertension and
sepsis/pneumonia were excluded. Both Rochester and Chicago samples were pooled for
analyses. The average time between death and tissue processing was similar in all the patient
groups.

Tracheal aspirates

TAs were collected from formerly premature infants who were mechanically ventilated
with an in-dwelling endotracheal tube. The procedures were approved by the Institutional
Review Board of the University of Illinois at Chicago (Protocol #2010-1111, ‘Consortium
for Neonatal Intensive Care Unit’). Parental consent was obtained prior to collection. TAs
were collected cross-sectionally from controls born at term and those meeting criteria of
severe BPD when endotracheal tube lavage was performed as part of routine care. TAs
were isolated from patients diagnosed with BPD and remaining intubated at 36 weeks’
postmenstrual age. Infants with BPD remained intubated and ventilated for BPD at the time
of collection of TA. Samples from a total of six patients were used for the western blotting.
Term healthy infants (controls) were intubated for elective procedures such as repair of
myelomeningocele, inguinal hernia or anorectal malformation. They had no pulmonary
conditions. Aspirate specimen were centrifuged and supernatants stored at —80°C. BPD
and its severity were defined as per National Institutes of Health consensus criteria.30 31
Select clinical details are shown in online supplemental table 2. LOX is an enzyme secreted
into the extracellular matrix, and hence, we performed western blotting of the TAs to
determine relative expression levels. Normalised samples for protein content were used for
immunoblotting. The protein concentration range was 0.42-0.65 mg/dL in normal and 0.36—
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0.95 mg/dL in preterm infants with BPD. TAs stained with blood were eliminated from
analyses.

Immunohistochemistry

BPD mouse

Deidentified paraffin-embedded human lung tissues were studied by immunohistochemical
staining for the expression of LOX using rabbit anti-LOX antibody (Thermo Fisher
PA-116955) at 1:2000 dilution and SPHK1 by staining with rabbit anti-SPHK1 (Ab 71700,
Abcam, Cambridge, Massachusetts, USA) at 1:100 dilution. Specificity of anti-SPHK1 for
immunohistochemistry was proven by using blocking peptide for SPHK1 (Ab 16634, 1:1000
dilution). No blocking antibody is available for LOX. LOX antibody was verified and
certified by the supplier, Thermo Fisher (Waltham, Massachusetts, USA). We analysed the
lung tissue excluding airways and blood vessels. Edges of lung tissue were always excluded
as they tended to stain darker. Area was measured in pixels, and intensity of staining was
noted. Strongly stained areas of the lung were defined as a percentage of the whole lung area
so that comparison could be made between various groups.

Image preparation—Slides were scanned using Aperio AT2 (Leica Biosystems). The
digital images were then imported into a project folder within Aperio eSlide Manager (Leica
Biosystems). Images were annotated for analysis, with positive penning indicating regions of
interest to be included from analysis and negative penning indicating regions to be excluded
from analysis. Whole tissue areas were positively penned, while artefacts (folds, debris,
secretions and so on) and prominent vessels and bronchi were negatively penned using
Imagescope program (Leica Biosystems).32

Positive pixel count—The image analysis tool ‘positive pixel count” within eSlide
Manager (Leica Biosystems) was used to quantify the area and intensity of positive and
negative staining. The number of pixels in an image was counted and classified as either
negative, weakly positive, moderately positive or strongly positive. The Positive Pixel Count
has input parameters to define each colour as positive (brown) and negative (blue), in
addition to defining the threshold range as weak, moderate or strong positive. Parameters
were set and run batchwise, and review of analysed markup was conducted to make changes
to parameter to obtain a more accurate markup. After review, batch export of data and
statistical analysis was conducted.

models

Exposure of neonatal mice to HO results in BPD-like lung morphology characterised by
alveolar simplification.33 34 The pups were exposed to 95% HO for 1 week, as explained in
the section further.

Mouse experiments and animal care—All experiments using animals were approved
by the Institutional Animal Care and Use Committee at University of Illinois at Chicago
(protocol #15-246). We used neonatal mouse pups to study the effect of HO in the
developing lungs.14 Sphk1~~and Sphk2™~ mice, were obtained from Dr Richard L

Proia (NIDDK, National Institutes of Health, Bethesda). These mice were backcrossed to
C57BL/6 background for two generations (F2 hybrid). The resultant mixed background of
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C57BL/6 strain and the original background (F2 hybrid) was used as controls and is referred
to hereafter as wild type (WT). WT, Sphk1™~ or Sphk2~”~ newborn (NB) mice along with
the lactating dams were exposed to HO or normoxia (NO) from postnatal (PN) day 1 for 7
days as previously described.18 The lactating dams were rotated between HO and NO every
24 hours. PF543 is a specific inhibitor of SPHK1.3%> We administered PF543 at a dose of

5.0 mg/kg on alternate days as published earlier.1® The mice pups requiring injection with
PF543 had to be injected intraperitoneally a volume of 20 uL, which was better tolerated on
PN 3 compared with PN 1. Mice pups were pretreated with PF543 or vehicle and exposed to
NO or HO (95%) from PN days 3-10 (online supplemental figure 1). A total of four doses
was given between PN 3 and 10. At the end of experiments, the animals were sacrificed, and
lung tissues were collected and prepared for further analysis.

Bronchoalveolar lavage (BAL) collection—BAL collection with PBS was performed,
as previously described.* Protein concentration in BAL fluids collected were measured
using Bio-Rad Protein Assay (Bio-Rad, Hercules, California, USA).13

Preparation of S1P for exogenous addition on endothelial cells—S1P dissolved
in methanol:toluene (1:1 v/v) to a final concentration of 1 mM was stored in aliquots in
glass vials at —20°C. An aliquot of S1P solution was transferred to a glass tube; the solvent
was evaporated under N to leave a thin film of S1P at the bottom of the glass tube, which
was reconstituted by sonication with probe sonicator (3x15 s) in basal EGM-2 medium
containing 0.1% fatty acid free bovine serum albumin. The S1P solution was made fresh 10
min prior to the experiment and kept at room temperature.36

Histological analysis—Animals were euthanised, and lungs were collected to be
processed for histological evaluation as described earlier.36 The tissue was stained with
H&E or sirius red and methyl green at ‘Research Histology Laboratory’ (Department of
Pathology at University of Illinois, Chicago). Sirius red specifically stains cross-linked
collagen types | and Il fibrils, directly indicating the deposition of mature collagen in lung
tissue, an indication of the function of LOX.37 38 The objective assessment of alveolarisation
was determined by the mean linear intercept (MLI) method.18 Slides were examined at 10x
magnification and the MLI for a minimum of 50 alveoli for each section were measured. At
least three sections from each pup were used for analysis. Higher magnification (40x) was
used to examine collagen deposition in lung tissue.

Endothelial cell culture—Human lung microvascular endothelial cells (HLMVECS)
(Lonza, Morristown, New Jersey, USA), with passages between 5 and 8, were cultured
in EGM-2 complete media (10% foetal bovine serum (FBS), 100 units/mL penicillin and
streptomyecin) at 37°C and 5% CO». They were grown to about 90% confluence when
cultured in 35 or 60 mm dishes or on glass cover slips for various studies as described
earlier.13

Exposure of cells to HO—HLMVECs (~90% confluence) in complete EGM-2 medium
were placed in the cell culture incubator at 37°C for HO (95%) exposure as described
earlier.13 The concentration of O, inside the Billups-Rothenberg modular incubator chamber
was monitored using digital oxygen monitor. The buffering capacity of the cell culture
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medium did not change significantly during the period of HO exposure and was maintained
atapH ~7.4.

Immunoblotting—Protein expression was detected in the mouse lungs and HLMVECs
by immunoblotting, as described earlier.13 14 HLMVECs grown on 35 mm dishes (~90%
confluence) were used in experiments for HO, lysed and subjected to immunoblotting

as described earlier.13 14 The following antibodies were used: LOX (PA1-16955, Fisher
Scientific), SPHK1 (Ab37980, Abcam), P-STAT3 (9145S, Cell Signaling), STAT3 (4904P
Cell Signaling), SPNS2 (NBP1-54345, Novus Biologics), GAPDH (sc-25778, Santa

Cruz Biotechnology), Actin (A15441, Sigma Aldrich) and EDG1 (S1P;) (sc-25489,
Santa Cruz Biotechnology). The following siRNAs from Santa Cruz Biotechnology were
used: STAT3sIRNA (sc-29493), SPNS2siRNA (sc-106749), S1P;siRNA (sc-37086),
Control siRNA (sc-37007) and SPHK1 siRNA (sc-36494). RTPCR of LOX expression
(mouse) used primers: 5'-ATGCGTTTCGCCTGGGCTGTGC-3” (forward primer) and 5’-
CTAATACGGTGAAATTGTGCAGCC-3’ (reverse primer).

Transient transfection of HLMVECs—In siRNA experiments, HLMVECSs grown to
~50% confluence in 6-well plates were transfected with Gene Silencer transfection reagent
(Gelantis, San Diego, California, USA) plus scRNA (scrambled) or siRNA specific for
SPHK1, SPNSZ, S1P; or STAT3in serum-free EBM-2 medium according to manufacturer’s
recommendations. After 3 hours of transfection, the serum-free media was replaced by 1 mL
of fresh complete EGM-2 medium containing 10% FBS and the growth factors. The cells
were cultured for an additional 72 hours prior to experiments.

Pretreatment of cells with SPHK1 inhibitor, PF543—HLMVECSs grown to ~90%
confluence were preincubated with PF543 (1 uM) in serum-free or media containing 1%
FBS as indicated for 1 hour prior to stimulation with HO (95% O, 5%CQO,) for 6 hours.

LOX activity assay—K:it (Fluorometric) (Ab112139, Abcam) was used to measure LOX
activity in BAL and cell culture supernatant solutions. The assay uses a proprietary red
fluorescence substrate for horseradish peroxidase (HRP)-coupled reactions that estimates
release of hydrogen peroxide from a proprietary LOX substrate by the action of LOX
present in the sample. The relative fluorescence was determined at EX/Em=540/590 nm in
a fluorescence microplate reader as recommended. The assay is semiquantitative as there
is no LOX standard for calibration. The assay is extremely sensitive to changes in activity,
and according to the manufacturer, its unique detection method eliminates the interference
that occurs in certain biological samples. We used LOX like 2 (LOXL-2) as standards
(positive control) to ensure that the assay worked as shown in previous publications.39
This was used as positive and negative control, but no attempt was made to quantify

using LOXL-2 standard. LOX assay results were expressed as fold change compared with
room air controls. During the activity assay, it was noted that the fluorometric method of
measurement saturated at 24 min, and hence, 18 min was taken as the cut-off when the
difference between various groups was most evident. Measurements were taken every 6 min.

In silico analyses of transcription factor binding sites for LOX—In silico
analyses was performed using the Genomatix (Munich, Germany) software tool namely
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MatlInspector.4? This tool uses a large library of matrix descriptions for transcription factor
binding sites to locate matches in DNA sequences. We performed initial search for the
promoter(s) of LOX gene in humans (LOX Gene ID: 4015, Homo sapiens chromosome 5).
Core similarity for the search was set at the default of 0.75. Genomatix system suggested
transcripts for LOX were analysed for possible STAT transcription factor binding sites to
the promoter. Data obtained from the in silico analyses were confirmed by ChIP assay to
confirm the transcription factor binding to the promoter sequence.

ChIP assay—HLMVECs grown to 95% confluency on 100 mm dishes were serum starved
in 0.1% serum for 1 hour. Dishes were exposed to 95% HO for 3 hours. ChIP assay was
performed as described previously.1> We used the LOX promoter-specific ChIP-validated
primer from Qiagen (Valencia, California, USA): EpiTect ChIP gPCR Primer Assay for
Human LOX [GPH1024332(+)01A] Unigene #Hs. 102267, GenBank NM_002317. EpiTect
ChIP gPCR Assays provide validated genome-wide real-time PCR primers specifically
designed for the analysis of the specific ChIP-enriched genomic DNA.41 42 The validated
primers focus on specific 1 kb genomic regions in gene promoters. This enables a detailed
analysis of the dynamic interaction between DNA and nuclear proteins. Data obtained were
analysed as fold enrichment=2"AACt,

Statistical analysis

RESULTS

Mann-Whitney U test was used for analysis of human IHC data. Student’s t-test and two-
way analysis of variance were used to compare means of two or more different treatment
groups, respectively. Pearson correlation was used to measure the linear correlation between
LOX content of TA and S1P level. The level of significance was set to p<0.05 unless
otherwise stated. Results were expressed as mean+SEM.

SPHK1 and LOX expressions are upregulated in neonatal BPD lung tissues

Both SPHK1 and LOX have been independently implicated in BPD pathology4 18 19 24.
however, a potential relationship between the two is unknown. As a first step to evaluate this
link, we examined the expression of SPHK1 and LOX in formalin-fixed paraffin-embedded
lung tissue sample from five control and eight BPD subjects by immunohistochemistry.
Controls selected were of comparable postmenstrual age with no BPD. Patients with BPD
had a significant increase in SPHK1 as evidenced by an increased area (percentage) of
tissue positive for SPHK1 staining in BPD (17.5%1.3) compared with controls (10.5+0.8)
(figure 1A,B). Area of lung tissue positive for LOX was also significantly elevated in BPD
(26.3£3.3) compared with controls (10.0+2.1) (figure 1C,D). We have earlier shown that
S1P was elevated in TAs of patients with severe BPD, which correlates with enhanced
SPHK1 expression in lung tissue.18

Increased LOX expression in TAs of patients with severe BPD

LOX protein was assessed in TAs obtained from intubated neonates with normal lungs as
well as age-matched controls with severe BPD. Compared with controls, TAs of neonates
with BPD showed increased content of LOX (13.2+4.2 fold) (figure 1E & F). Collectively,
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these data demonstrate increased LOX and SPHK1 in human BPD lung specimens and
TAs. Patients with enhanced expression of LOX had elevated S1P This increase in S1P
concentration in TAs of the patients with severe BPD compared with controls was reported
earlier.18 Analysis showed that increased content of LOX correlated well (r=0.813) with
increased concentration of S1P in TA (figure 1G).

Genetic deletion of Sphk1 attenuates HO-induced BPD-like morphology, collagen
deposition and LOX expression in neonatal mouse lung

We had earlier shown that genetic deletion of SphkI attenuated HO-mediated neonatal BPD
in mice.14 To investigate the role of SPHK1 in LOX expression, neonatal WT and Sphk1™~
mice were exposed to HO, and lung tissues were investigated for collagen cross linking

and LOX expression. As shown in figure 2A,B, compared with WT mice, deletion Sphk1
reduced HO-induced alveolar simplification, as well as collagen deposition as determined by
area (percentage) of sirius red staining in lungs (WT HO 30.6+5 compared with Sphk1™~
HO 7.4£1.5). Deletion of Sphk1 showed protection against HO-induced lung injury as
evidenced by improved MLI (WT RA 32.6 um, SEM +0.81, WT HO 66.4 um, SEM

+1.44, Sphk1™~ RA 33.8 um, SEM 0.8, Sphk17~HO 55.8 um, SEM %0.66) (figure 2C).
HO has been shown to enhance LOX expression in mouse lung!?; however, the role of
SPHK1 in regulating LOX expression is unclear. Therefore, we investigated the effect of
Sphkl deletion on LOX expression. Exposure of neonatal WT but not SphkZ™~ mice to

HO increased LOX mRNA (4.30£0.08 fold) (figure 2D) and protein expression (3.2+0.4
fold increase in WT HO compared with 0.26+0.02 in SphkZ”~HO. WT RA is 1 +0.05
fold) (figure 2 E,F) in lung tissues. Interestingly, Sphk deletion had a tendency to have
lower expression of LOX in mouse lungs under NO, suggesting that the expression of LOX
protein is dependent at least in part on SPHK1 even in NO (figure 2E). On the contrary, lung
tissue of Sphk2~~ neonatal mice showed a significant increase in expression of LOX when
exposed to HO similar to the response seen in the WT mice (12.5+0.8 fold increase in WT
HO compared with 12.1+0.6 in Sphk2”~HO; WT RA is 1+0.03 fold) (figure 2G,H). We
have earlier shown that Spsk2~~ neonatal mice were not protected from HO-induced lung
injury as compared with SphkZ™~ Collectively, these results demonstrate a role for SPHK1
in HO-mediated BPD and LOX expression in neonatal mouse lungs.

SPHK1 inhibitor, PF543, protects HO-induced neonatal BPD accompanied by reduced
expression of LOX

Having shown a role for SPHK1 protein in LOX upregulation by HO, next, we interrogated
if SPHK1 activity is essential for LOX expression. To test this, we used PF543, a

specific inhibitor of SPHK1 that has been effective in ameliorating several pathologies in
experimental models including BPD,18 pulmonary hypertension,*3 pulmonary fibrosis,18 44
sickle cell anaemia%® and cancer.46 Neonatal mice exposed to HO (95%) and treated

with PF543 from PN 3-10 were protected from neonatal lung injury compared with the
HO exposed group that were not treated with PF543 (figure 3A,B). This was evidenced

by improved MLI (WT RA 33.4 um, SEM +0.68, WT HO 68 pm, SEM £1.38, WT
RA+PF543 32.6 pm, SEM £0.81, WT HO+PF543 57 um, SEM +0.45). Furthermore, PF543
administration reduced HO-induced LOX expression and area (percentage) of lung tissue
stained with sirius red (28.2+5 in WT HO compared with 9.6+1.1 in WT HO treated with
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PF543) (figure 3C). PF543 therapy reduced LOX expression in lung tissue (5.2+0.3 fold
in WT HO compared with 2.3 £0.2 in WT HO treated with PF543; WT RA is 1+0.07
fold) (figure 3D,E). LOX activity also showed a significant reduction in broncho alveoar
lavage fluid (BALF) following PF543 administration (4.4+0.1 fold in WT HO compared
with 1.8+0.2 in PF543 treated WT HO; WT RA is 1+0.07 fold) (figure 3F).

Furthermore, to determine the specificity of SPHK1 inhibition, neonatal Sphk2~~ mice were
exposed to HO. Knockdown of Sphk2in mice had no effect on HO-induced lung injury;
however, PF543 treatment showed a significant protection against HO-induced BPD in both
WT and Sphk2~~ neonatal mice (online supplemental figure 2A). This was accompanied

by improved alveolarisation as evidenced by reduced MLI. Sphk2~~ exposed to HO had
enlarged alveoli (MLI of 75 um, SEM +1.8) compared with Sphk2~~ exposed to HO

but treated with PF543 (MLI of 59.2 um, SEM +1.7) (online supplemental figure 2B).

These results show that blocking SPHK1 activity with PF543 reduced HO-induced LOX
expression and collagen staining in lung tissue while improving alveolarisation in neonatal
mice.

SPHK1/S1P/SPNS2/S1P signalling axis regulates HO-mediated LOX expression in

HLMVECs

HO stimulates SPHK1 and generates S1P in lung endothelial cells.1# S1P thus, generates
signals either intracellularly or is transported outside the cell by an S1P transporter SPNS2
and signals by binding to G-protein coupled receptors in the lung endothelium.14 15 In order
to investigate the role of SPHK1/S1P/SPNS2/S1P, signalling in LOX expression, a series of
experiments were performed using HLMVECs. The role of SPHK1 in HO-mediated LOX
expression in lung endothelial cells was investigated using siRNA and PF543. Addition of
exogenous S1P to HLMVECs in the absence of HO enhanced expression of LOX at 6 hours
(5.7+0.3 fold) with no further increase noted by 24 hours (figure 4A,B). Similarly, exposure
of HLMVECs to HO enhanced LOX expression (2.4+0.1 fold) that was attenuated by
downregulation of SPHK1 with SPHK1 siRNA (0.8+0) or inhibiting SPHK1 activity with
PF543 (5.940.1 fold following HO reduced to 0.8+0.02 fold by PF543) (figure). In addition
to LOX expression in cells, LOX activity was increased in the medium of HLMVECs
exposed to HO (3.8+0.2 fold following HO reduced to 2.1+0.2 fold by PF543), which was
inhibited by PF543 (figure 4G). As S1P generated in cells is transported to extracellular
milieu by S1P transporters,*’ we investigated the role of the S1P transporter, SPNS2 on
LOX expression. Downregulation of SPNS2 by SPNS2 siRNA reduced HO-mediated LOX
expression (2.320.3 fold following HO reduced to 1.1+0.2 fold by s/SPNS2) in HLMVECs
(figure 4H,1). Having established a role for SPNS2 in S1P transport and LOX expression,
we interrogated the role of extracellular S1P signalling in LOX expression. Exogenous

S1P stimulated LOX expression in HLMVECs and HO-induced LOX expression (2.6+0.2
fold) was attenuated by S1P antibody added to the extracellular medium of HLMVECs
(1.1+0.1 fold) (figure 4J,K). As extracellular S1P-mediated cellular functions are transduced
via G-protein coupled S1P 1-5 receptors, we next investigated the type of S1P receptors
involved in HO-induced LOX expression.*8 Downregulation of S1P; with siRNA attenuated
HO-induced LOX expression in HLMVECs (3.2+0.2 fold increase following HO reduced
to 0.7+0.1 fold by siS1P; under HO) (figure 4L,M). However, knockdown of S1P,
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and S1P3 with siRNA had no effect on HO-induced LOX expression (data not shown).
Collectively, these results suggest involvement of SPHK1/SPNS2/S1P/S1P4 signalling axis
in HO-induced LOX expression in human lung endothelial cells.

SPHK1/S1P signalling regulates HO-induced LOX expression via STAT3 in lung endothelial

cells

Activation of S1P; by S1P stimulates STAT3 phosphorylation and enhances p-STAT3
colocalisation with S1P; in tumour cells.*° To determine the potential involvement of
STATSs in LOX expression, we probed the LOX promoter region by in silico analyses using
Genomatix software program, MatlInspector. The analyses revealed three different transcript
variants of LOX. A matching score was assigned to the transcription factor and the transcript
promoter binding/matching probability. A score of 1.00 indicated a perfect match, while the
minimum score of 0.8 was considered to be a good match. The results of probing for all the
members of the STAT family as potential transcription factors for LOX promoter sites are
shown in online supplemental table 3. Sequence GXP_123790 showed a strong correlation
for STAT with a matrix similarity score of 0.966 for STAT1. STAT3 showed a near-perfect
matching score of 0.968 for transcript 1 and 0.95 for transcript 3 of LOX. Transcript 1 also
showed a matching score of 0.966 for STAT1 and transcript 2 showed a matching score

of 0.871 for STAT5A (figure 5A,B). Based on the in silico analysis, next we investigated
the role of STATSs in LOX expression. HLMVECs stimulated by HO (1-6 hours) showed

a time-dependent increase in STAT3 phosphorylation peaking at 6 hours (3.4+0.3 fold)
(figure 5C,D). Phosphorylation of other STATs was not significantly different between NO
and HO exposed HLMVECs (data not shown). Pretreatment of HLMVECs with SPHK1
inhibitor PF543 attenuated HO-induced STAT3 phosphorylation at Tyr 705 (5.9+0.4 fold
following HO reduced to 3.1+0.2 fold) (figure 5E,F) and nuclear localisation of p-STAT3
(figure 5G,H) compared with cells exposed to HO but not treated with PF543 (3.3+0.6

fold following HO reduced to 1.8+0.2 fold following PF543). Furthermore, downregulation
of STAT3 with siRNA reduced HO-induced LOX expression in HLMVECs (3.1+0.2 fold
reduced to 1.2+0.2 fold) (figure 51,J).

Increased binding of p-STAT3 to the promoter region of LOX

Chromatin immunoprecipitation (ChIP) assay was used to confirm the binding of pSTAT3
to the promoter region of LOX in HLMVEC genome. HO caused increased binding of
pSTAT3 to the promoter region of LOX compared with cells exposed to NO (1.7+0.1 fold)
(figure 5K). The data were normalised using ‘signal over background’ or ‘relative to the no-
antibody control’. Collectively, the above results show a role for SPHK1 signalling in HO-
induced STAT3 phosphorylation and binding of STAT3 to LOX promoter in HLMVECs.

DISCUSSION

The pathobiological mechanisms contributing to the remodelling of the ECM and impaired
alveolarisation noted in BPD and other lung disorders are poorly understood.59 51 In

our earlier study, we noted that S1P was elevated in patients with severe BPD and
inhibition of SPHK1 by PF543 protected mice against HO-induced BPD as well as airway
remodelling.18. This was accompanied by an amelioration of HO-induced increase in lung
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tissue resistance, suggesting a reduction in HO-induced parenchymal damage by PF543
therapy. Formation and remodelling of the ECM are critical processes involving optimal
collagen scaffolding, leading to secondary septation of the developing lung necessary for
the formation and maturation of alveoli.52 The role of copper containing enzyme, LOX, in
the remodelling of matrix has been studied in the context of BPD, but the factors regulating
LOX that could also incite lung injury in the NB remain unclear.19 A therapeutic reduction
of excessive HO-induced LOX expression and/or activity normalising collagen cross-linking
could contribute to improved lung development, as shown in this study. Importantly, we have
demonstrated a potential link between SPHK1 and LOX in human BPD. Our collective data
support an overall theoretical model for LOX regulation in HO-induced experimental BPD
through a novel pathway composed of SPHK1/S1P/S1P{STAT3 (figure 6).

Our data clearly demonstrate an upregulation of LOX in neonatal mice with HO-induced
lung injury, accompanied by excess collagen deposition and poor alveolar development
(figure 2A,B). LOX is essential for normal lung development. Previous studies have clearly
identified a key role for LOX and LOXL1 in normal mouse lung development.53 Both
these enzymes are temporally regulated and crucial for normal lung embryogenesis, as both
Lox™™455 and Lox/17756 mouse pups show impaired lung development. Though Lox™~
embryos develop to term, they die within hours of birth due to cardiopulmonary failure.
LOX plays a key biological role in improving structural integrity of ECM by strengthening
the connective tissue. On the contrary, increased LOX is associated with over stabilisation
of matrix accompanied by impaired alveolarisation.1® We noted an elevated expression of
Loxgene in microarray, and this was confirmed in RT-PCR, as reported by us earlier.5’
Previous studies revealed increased mRNA expression of Lox following both mechanical
ventilation and/or HO (40%) in mice.50 Interestingly, LOX and LOX-like proteins have also
been implicated in intranuclear oxidative deamination of histones. It is beyond the scope of
this study to delve into the role of LOX in the nucleus and the epigenetic regulation.

It is interesting to note that the transcriptional regulation of LOX has been reported to be
mediated by transforming growth factor (TGF)-B family of growth factors.58 TGF- group
of peptide growth factors are also key regulators of late lung development.>® Increased TGF-
B activity is recognised as a pathogenic factor in animal models of BPD, and downregulation
of TGF- signalling in the NB lung was reported to reduce the expression of the Lox gene in
the lungs.>® Our findings indicate that the regulation of LOX under HO might be overridden
by the SPHK1/S1P pathway.

Although there is evidence for the regulation of LOX by TGF-p and NF-xB in tumours,®0 61
the data from our study suggest a link between S1P/S1P1/STAT3 signalling axis and

LOX with no role for NF-xB (figures 4 and 5). Interestingly, S1P/S1P, is known to be
essential for production of NF-xB regulated cytokine interleukin-6 secretion via STAT3.60
The SPHK1/S1P/S1P; axis has been identified as the nexus between NF-xB and STAT3
signalling in chronic inflammation; however, in this study, we did not note any increase

in NF-xB in response to HO. In addition, inhibition of NF-xB activation had no impact

on LOX expression or activity under HO (data not shown). Thus, under HO regulation of
LOX secretion by S1P/S1P1/STAT3 signalling axis does not involve NF-xB in HLMVECs.
Additionally, here we demonstrate for the first time the link between SPHK1 and LOX
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through transcriptional regulation by STAT3 activation under HO using in vitro experiments.
In tumour cells, S1P/ S1P; induced persistent STAT3 activation.®2 Inhibition of SPHK1
downregulated HO-induced activation of STAT3, which in turn reduced LOX expression and
activity (figures 4 and 5). We have earlier shown elevated expression of SPHK1 and S1P4
following exposure of neonatal mice to HO.13

In addition to the mouse lung, we observed an elevated expression of SPHK1 and LOX in
human lung tissues with BPD. This increase in LOX expression in BPD lung specimen is

in accordance with previous reports.19 Here, we link this association by establishing a novel
pathway whereby SPHK1/S1P axis regulates the expression of LOX through the S1P; and
STAT3 pathway. This observation suggests that elevated LOX expression noted in infants
with BPD may be attributable to elevated SPHK1 in these neonates. Inhibition of SPHK1

by PF543 protects against BPD-like morphology in neonatal mice associated with reduced
LOX, thus suggesting a causal relationship among SPHK1/S1P axis, LOX and BPD. Beyond
BPD, PF543 has been shown to reduce pulmonary fibrosis by reducing lung epithelial cell
mitochondrial DNA damage and recruitment of fibrogenic monocytes.53

LOX inhibitor p-aminopropionitrile (BAPN), a neurotoxin present in the seeds of Lathyrus
sativus, is known to cause lathyrism when consumed in large quantities.54 Contrary to the
expectations, LOX inhibition by BAPN did not protect against hyperoxia-induced BPD,24
though it partially restored normal collagen levels and elastin structure in the developing
septa. From this finding it is evident that the mechanism of protection against hyperoxia-
induced animal BPD following inhibition of SPHK1 by PF543 is unlikely to be due to LOX
inhibition alone. It is pertinent to note that LOX, which is secreted out into the matrix, is

by itself capable of generating more ROS, and this could further aggravate or perpetuate the
HO-induced injury. LOX also affects the transcriptome relevant to lung development and
BPD.%5 In this context, the protective role of PF543 could be partially attributed to inhibition
of LOX secretion.

PF543 has been shown to have its therapeutic effect in various pathological conditions,
including inhibition of sickling of erythrocytes in ex vivo studies of patients with sickle cell
disease.*> We have earlier shown that PF543 inhibits SPHK1 and reduces HO-induced ROS
formation mediated through p47#/19X 3 component of NADPH oxidase.!3 It is, therefore,
very likely that inhibition of SPHK1 that confers protection against HO-induced lung injury
may include mechanisms beyond regulation of LOX secretion into the extracellular matrix.
Taking into consideration the known mechanisms related to LOX and BPD, it could be
deduced that reducing the increased secretion of LOX ameliorates the lung pathology by at
least two mechanisms: one by reduced extracellular collagen cross-linking and the other by
reduced LOX-induced ROS production. We had earlier shown that genetic deletion of Sphk2
in neonatal mice was not protective against HO-induced lung injury.1* In this study, we have
shown that inhibition of SPHK1 in Sphk2~~ mice protects against HO-induced BPD, thus
reiterating the specific role played by SPHKZ1 in the pathogenesis of BPD. Our delineation
of LOX pathway regulation through SPHK1/S1P independent of previously described ones,
represents a significant discovery with therapeutic implications.
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There are several limitations to this study. (1) We excluded patients with pneumonia,
pulmonary hypoplasia, congestive cardiac failure and pulmonary hypertension. This limited
the patient population available to us. This was done to have a group of patients with

BPD alone when it comes to collection of TA or selection of lung specimen for IHC

studies. The majority of population that is served by our hospital comprises of patients

of African-American or Hispanic background. (2) We have assessed LOX expression or
activity in patients with severe BPD only and hence have attempted correlation. However,
for IHC, specimens received from the URMC repository were included thus diversifying the
patient population. (3) Parents of patients who refused to give consent to collect TAs were
excluded. Out of a total of five patients with severe BPD from whom we intended to collect
TAs during the period of TA collection, two refused. Both parents were of African-American
background, and this did not affect the racial/ethnic mix as the three patients from whom the
samples were collected are also of same background. (4) Also excluded were patients with
pneumonia, pulmonary hypoplasia, congestive cardiac failure and pulmonary hypertension.
This limited the patient population available to us. This was done to have a group of patients
with BPD alone when it comes to collection of TA or selection of lung specimen for

IHC studies. (5) Study of developmental regulation of LOX based on gestational age and
developmental expression of SPHK1 is beyond the scope of this manuscript, and study of
the same is likely to shed more light into the relationship between SPHK1 and LOX. (6)

We have not looked at the therapeutic role of LOX inhibitor compound in enabling lung
development in the murine neonatal hyperoxia model, which will be followed in near future.

CONCLUSION

The novel pathway described in this manuscript opens up therapeutic targets at the
pretranscriptional and transcriptional regulation level of LOX. We have demonstrated that
each step in the SPHK1 pathway that is involved in the S1P synthesis and subsequent
transport from inside to the exterior of the cell, followed by subsequent signalling through
S1P; and STAT3 impacted the expression of LOX. This discovery reveals that one of the
critical mechanisms of LOX regulation could involve the SPHK1/S1P signalling pathway in
BPD.
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Key messages
What is the key question?

. How does sphingosine kinase 1 (SPHK1) contribute to the pathobiology
of neonatal bronchopulmonary dysplasia (BPD) by regulating lysyl oxidase
(LOX)?

What is the bottom line?

. SPHK1 is increased in lung tissue of human BPD. An associated increase of
LOX in human tissue correlated well with similar findings in mouse lung. We
found that SPHK1/sphingosine-1-phosphate (S1P)/S1P receptor 1 signalling
axis regulates LOX through STATS3.

Why read on?

. The manuscript reveals a novel pathway depicting the transcriptional
regulation of LOX by SPHK1 through STAT3.
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LOX expression

Elevated sphingosine kinase 1 (SPHK1) and lysyl oxidase (LOX) expression are noted in
lung tissue of neonates with severe BPD. Paraffin-embedded lung sections were used to
assess expression of SPHK1 (A) and LOX by immunohistochemistry (C) in the lung tissue
of neonates with BPD compared with controls. Intensity of antibody staining (brown) was
quantified in halo system using scanned lung images (B and D). LOX was also elevated in
the tracheal aspirates of newborns with severe BPD (E). Qquantified data show significance
(F). Correlation test showed significant relationship (r=0.831) between LOX content in TA
detected by immunoblot and the S1P level estimated (G). Original view, 10%, scale bar 100
um. Statistical analyses done with Pearson correlation and Mann-Whitney U test. Details of
patients are given in online supplemental tables 12. BPD, bronchopulmonary dysplasia; S1P,

sphingosine-1-phosphate.
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Figure 2.

Deletion of sphingosine kinase 1 gene (Sp/hk1~") protects alveolarisation of murine neonatal
lungs under hyperoxia (HO) accompanied by reduced collagen deposition/cross-linking.
Representative H&E photomicrographs of lung sections from neonatal wild type (WT)

and SphkI™~ mice, exposed to room air or hyperoxia (HO) stained with sirius red for
collagen (dark arrow). Sphki™~ KO exposed to HO showed improved alveolarisation
accompanied by reduced sirius red staining (A). The objective assessment of sirius red
staining of the lungs was determined by quantification using ImageJ system. Following
exposure to HO, sirius red staining of the lung of SpikZ~~ newborn mice is significantly
lower compared with WT control exposed to HO (B) accompanied by protection against
HO-induced lung injury as evidenced by improved mean linear intercept suggestive of
improved alveolarisation (C). RT-PCR showed an increase in expression of Lox following
HO in the WT, which was not seen in the SphkI™~ exposed to HO (D). Whole lung

tissue lysates subjected to SDS-PAGE and western blotting showed increased expression

of LOX following HO in WT compared with no controls. This increase in expression was
significantly reduced in the SphkI™~ KO exposed to HO (E and F). Western blotting showed
increased expression of LOX following HO in Sphk2~~ compared with no controls quite
similar to the expression seen in WT (G and H). Original view, 40x, scale bar 100 pm.
Statistical analyses done with two-way analysis of variance test, N 6-8/group, equal number

of males and females used.
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Figure 3.
Inhibition of sphingosine kinase 1 protects alveolarisation of murine neonatal lungs under

hyperoxia (HO) accompanied by reduced collagen deposition/cross-linking. Representative
H&E photomicrographs of sirius red stained (dark arrow) lung sections from neonatal wild
type (WT) mice, exposed to RA or HO and treated with PF543 or vehicle. WT pups
exposed to HO but treated with PF543 showed improved alveolarisation accompanied by
reduced sirius red staining (A). Quantified data of sirius red staining of the lungs were
determined using ImageJ system. Following exposure to HO, sirius red staining of the lung
of PF543-treated newborn mice is significantly lower compared with WT control exposed to
HO (B). This was accompanied by protection against HO induced lung injury as evidenced
by improved MLI suggestive of improved alveolarisation (C). Whole lung tissue lysates
subjected to SDS-PAGE and western blotting showed increased expression of lysyl oxidase
(LOX) following HO in WT compared with no controls. This increase in expression was
significantly reduced in the WT exposed to HO and treated with PF543 (D and E). The
reduction of expression of LOX in lung tissue lysates in the western blot of HO exposed
and PF543 treated was accompanied by reduced LOX activity in the bronchoalveolar lavage
fluid (F). Original view, 40x, scale bar 100 pm. Statistical analyses done with two-way
analysis of variance test, N 6-8/group, equal number of males and females used.
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Figure 4.

Interruption of the SPHK1/S1P signalling pathway attenuates HO-induced increased LOX
expression in human primary lung microvascular endothelial cells (HLMVECs). HLMVECs
were used to study the influence of SPHK1/S1P signalling on LOX production. Exogenous
S1P added to HLMVECs resulted in an increased expression of LOX at 6 hours, and there
was no further increase noted at 24 hours (A and B). HO-induced increased expression of
LOX at 6 hours was reduced by SPHK1 siRNA (C and D). Similar to the effect of SIRNA,
SPHK1 inhibitor, PF543, also prevented a HO-induced increase in LOX expression. No
difference was noted between the two groups pretreated with or without PF543 (E and F).
In consonance with a reduction of HO-induced expression of LOX following PF543 therapy,
there was a significant reduction of LOX activity in the cell culture supernatant as well
following PF543 therapy and exposure to HO (G). S1P transporter SPNS2 transporting S1P
from inside the cell to the outside enabling it to bind to S1P receptors. siSPNS2 reduced
HO-induced increased expression of LOX (H and I). S1P binding antibodies were added

to the medium prior to exposure of HLMVECSs to HO. Following exposure to HO, S1P
antibody added group showed a reduced expression of LOX suggesting a role for S1P
transported out of the cell into the medium in regulating LOX expression (J and K). siS1P;
reduced HO-induced increased expression of LOX compared with HO and NO controls (L
and M). Statistical analyses done with two-way analysis of variance test. Images for control
and treatment groups in microscopy experiments were collected at the same time under the
same conditions. HO, hyperoxia; LOX, lysyl oxidase; NO, normoxia; S1P, sphingosine-1-
phosphate receptor 1; SPHK1, sphingosine kinase 1.
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Figure 5.
Transcription factor STAT3 serves to activate S1P-mediated LOX transcription leading to

HO-induced increased LOX expression in human primary lung microvascular endothelial
cells (HLMVECS). In silico analyses showed a strong probability for STAT3 binding to the
promoter site of LOX with a score of 0.966 and 0.95 (A and B). HLMVECs exposed to
HO showed activation of STAT3 at 3 hours of HO as evidenced by its translocation to the
nucleus, which was inhibited by PF543 the SPHK1 inhibitor (C and D; G &and H). HO
induced an increase in expression of pSTAT3, which peaked at 6 hours. PF543 inhibited
HO-induced increased expression of pSTAT3 at 6 hours (E and F). siSTAT3 inhibited
HO-induced increased expression of LOX (I and J). Chromatin immune precipitation assay
was done after 3 hours of HO, which showed a 1.7-fold increase in enrichment of STAT3
in the LOX promoter region. HO, hyperoxia; LOX, lysyl oxidase; NO, normoxia; S1P,
sphingosine-1-phosphate receptor 1.
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Figure 6.
Schema showing the summary of the theoretical model of SPHK1/S1P/STAT3 axis in

regulating LOX HO-induced experimental BPD. HO causes an increase in SPHK1, which
stimulates the formation of S1P. HO leads to increased production of LOX leading to
increased collagen cross-linking as evidenced by increased sirius red staining driven by
SPHK1, S1P, SPNS2, S1P receptor 1 and STAT3 pathway. Inhibition of this pathway

along its various components was associated with reduced LOX expression. Inhibition of
SPHK1 was associated with reduced LOX production and collagen staining of lung tissue
accompanied by restoration of lung alveolarisation. BPD, bronchopulmonary dysplasia; HO,
hyperoxia; LOX, lysyl oxidase; S1P, sphingosine 1 phosphate; SPHK1, sphingosine kinase
1.
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