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Abstract

Phosphorylation of sphingosine by sphingosine kinase 1 (SPHK1) produces the bioactive
sphingolipid sphingosine-1-phosphate (S1P), a microvascular and immuno-modulator associated
with vascular remodeling in pulmonary arterial hypertension (PAH). The low intracellular
concentration of S1P is under tight spatial-temporal control. Molecular mechanisms that mediate
S1P burden and S1P regulation of vascular remodeling are poorly understood. Similarities
between two early response pro-inflammatory cytokine gene transcript activation profiles, S1P and
Endothelial Monocyte Activating Polypeptide 11 (EMAP I1), suggested a strategic link between
their signaling pathways. We determined that EMAP 11 triggers a bimodal phosphorylation,
transcriptional regulation and membrane translocation of SPHK1 through a common upstream
process in both macrophages and pulmonary artery smooth muscle cells (PASMCs). EMAP 11
initiates a dual function of ERK1/2: phosphorylation of SPHK1 and regulation of the transcription
factor EGR1 that induces expression of SPHK1. Activated ERK1/2 induces a bimodal
phosphorylation of SPHK1 which reciprocally increases S1P levels. This identified common
upstream signaling mechanism between a protein and a bioactive lipid initiates cell specific
downstream signaling representing a multifactorial mechanism that contributes to inflammation
and PASMC proliferation which are cardinal histopathological phenotypes of PAH.
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Introduction

Pulmonary Arterial Hypertension (PAH) is a progressive, incurable and fatal
cardiopulmonary vascular disease. Despite the recent advances in etiological and treatment
landscape of PAH, it still remains difficult to be diagnosed, treated and managed [1,2]. PAH
can be idiopathic or associated with other diseases resembling idiopathic PAH suggesting
that there are similarities in mechanism of disease progression. Pathogenesis of PAH is
multifactorial with hypoxia, viral infections, congenital heart disease, and other
physiological/exogenous being triggers of PAH. Untreated PAH leads to right ventricular
hypertrophy, overload and heart failure. Pulmonary vascular remodeling in concert with
vascular proliferation/fibrosis and vessel obstruction are cardinal histopathological marks in
PAH [3]. Recent patients and animal studies of PAH revealed that inflammation and
angiogenesis are alluring contributors to vessel wall remodeling and cellular
hyperproliferation, hallmarks of severe PAH [3-6].

Progression of PAH is allied with multiple cell types in the pulmonary arterial wall and
pulmonary arterial circulation that contribute to the injury response. Pulmonary arterial
smooth muscle cells (PASMC) and inflammatory cells are two major cellular populations
that contribute to the pathogenesis of PAH. Microvascular and immuno-modulators such as
Sphingosine 1-phosphate (S1P), induced upon injurious stimuli, direct vascular remodeling
through a plethora of pathologic cellular processes in different cell types. Hyper-
proliferation of PASMC is a vital characteristic in PAH pathogenesis leading to prominent
intimal thickening and muscularization of the small arterioles [7,8]. Recent studies have
provided a glimpse at S1P signaling as a regulator of PASMC proliferation while S1P
elevated levels in human PAH lungs [9,10] suggests that modulation of S1P levels and
understanding the signaling cascade of S1P in the development of PAH would unravel
therapeutic targets to treat PAH.

Phosphorylation of sphingosine by sphingosine kinases (SPHK1 and SPHK?2) generates the
bioactive sphingolipid S1P, a key mediator of various biological processes such as cell
proliferation and growth, apoptosis, inflammation, angiogenesis and vascular integrity.[11]
S1P is present at low intracellular concentrations under tight spatial-temporal control. Upon
tissue injury or stress, intracellular levels of prototypical signal molecule, S1P is induced
which in turn can function as an intracellular secondary messenger or be transported out of
the cells and act as an extracellular signaling molecule by binding to one of five cell-specific
G-protein coupled receptors, S1P receptor 1 (S1PR1) - S1P receptor 5 (S1PR5) in autocrine
or paracrine manner. ‘Inside-out’ relocation of S1P can activate several signaling pathways
including Janus tyrosine kinase/signal transducer and activators of transcription (JAK/STAT)
and Extracellular Regulated Kinases (ERK) [12-14]. Importantly, during tissue injury and
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homeostasis early tissue injury response signaling molecules such as S1P recruit phagocytes
and induce secretion of proinflammatory cytokines such as IL-1p, IL6 and TNFa [15,16].

In the present study, we investigated the role of another key microvascular/ immune- early
response mediator, Endothelial Monocyte Activating Polypeptide 11 (EMAP 11) in
modulating S1P homeostasis and key intermediates in the SPHK1/S1P signaling pathway.
The role of EMAP Il in PAH is not known, however recent studies implicate a role for
EMAP 11 as secondary PAH was noted in Bronchopulmonary Dysplasia (BPD) like
phenotypic mouse model [17]. Our recent studies identified a link between S1P and EMAP
Il as EMAP Il mediates a distinct inflammatory gene profile in recruited macrophages
through a JAK/STAT signaling pathway similar to S1P signaling axis [18,19]. EMAP Il is
the cleaved C-terminal peptide of the pervasively expressed 34-kDa intracellular protein
Aminoacyl tRNA synthetase complex Interacting Multifunctional Protein 1 (AIMPI, also
known as p43/ proEMAP 1) that functions as one of three scaffold proteins for the multi-
synthetase complex (MSC) that mediate protein translation [20]. Once EMARP Il is released,
it functions as a promiscuous pro-inflammatory signaling cytokine that predominately
signals through tyrosine kinases [21-24].

We identified EMAP Il as a strategic early regulator of SPHK1 mediated S1P expression
where it signals in both macrophages and SMCs through ERK1/2 and transcriptional
regulator Early growth response 1 (EGR1). Furthermore, we demonstrate that EMAP 11
mediated SPHK1/S1P signaling generates cell-type specific response such as macrophage
pro-inflammatory activation and PASMC proliferation. Although recent studies target the
inhibition of SPHK1 as a protective treatment for SPHK1/S1P signaling activated
inflammatory and proliferative role of altered S1P homeostasis [25], our results suggest that
EMAP Il initiated bimodal phosphorylation of SPHK1 is an important upstream regulator of
the SPHK1/S1P mediated signaling mechanism. Thus, shedding new insight into the
upstream regulation of SPHK1/S1P signaling mechanism and offering hope of more specific
and effective therapeutic targets in treating PAH and several pathophysiological conditions
of inflammation and PASMC proliferation.

Materials and methods

Materials.

The primary antibodies STAT3, pSTAT3 (Y705), ERK1/2, pERK1/2, SPHK1, EGR1, Lamin
B1 and cyclin 1 were from Cell Signaling Technology (CST) (Danvers, MA), SPHK1 and
alpha-tubulin was from Abcam and phospho-SPHK1 (Ser?25) was purchased from ECM
Biosciences. HRP-conjugated rabbit and mouse secondary antibodies were from CST, Alexa
fluorescent labeled secondary antibodies and phalloidin were purchased from Thermo
Fischer Scientific (Waltham, MA). Inhibitors W 146 (iS1PR1), JTE 013 (iS1IPR2), TY
52156 (iS1PR3) and PF543 (iSPHK1) were from Cayman Chemical (Ann Arbor, Ml), PD
184161 (iERK) was from Santa Cruz Biotechnology (Dallas, TX) and Ruxolitinib
(iJAK1//2) and Trametinib (iERK1) were purchased from LC laboratories (Woburn, MA).
EMAP I neutralizing antibody (Anti-EMAP I1) was used to block EMAP |1 activity [26].
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EMAP Il preparation

6x-His tagged EMAP 11 was prepared as previously described [27] The endotoxin levels in
all preparations used for this study were below detectable limits, containing <0.1 ng/EU
(GenScript).

Cell culture and treatments

RAW 264.7 (ATCC) mouse macrophages and HEK-293T (ATCC) cells were cultured in
DMEM media with 10% (v/v) fetal bovine serum (FBS) and 2 mM glutamine. HEPES
buffer and beta-mercaptoethanol were added to the growth medium used for RAW 264.7
macrophages. Primary human pulmonary artery smooth muscle cells (hnPASMC) purchased
from Lonza (Walkersville, MD) were cultured in complete growth medium containing
smooth muscle growth media-2 (SmGM-2) with 10% FBS and growth factors provided as a
kit by the supplier (Lonza, (Walkersville, MD). THP-1 human monocyte cells were cultured
in RPMI 1640 with 10% FBS and glutamine. Cells were cultured in a humidified
atmosphere with 5% CO, at 37°C. For all studies passages 5-14 were used for RAW 264.7
and passages 5-10 were used for hPASMCs. For treatment studies, subconfluent cells plated
in multi-well plates were serum starved and if required, pretreated with inhibitors before
stimulation with 2 pg/mL recombinant EMAP 1. All the controls were handled similar to
the test samples. Cells were treated with EMAP 11l or vehicle, cells were rinsed at the desired
time point, and lysis buffer was applied.

Mouse Lung Tissues

Animal experimental procedure was performed in accordance with the guidelines issued by
the University of Notre Dame/Indiana University Institutional Animal and Use Committee.
Lung tissues were harvested from postnatal day 15 C57BL/6 mice (Jackson laboratories)
that were injected with either EMAP Il or PBS at Day 3. Total protein was extracted and
quantified. 1 mg of total protein was subjected to S1P quantification by HPLC/MS/MS.

ELISA for S1P quantification

Equal number of hPASMC cells (1,000,000) were plated and serum starved for overnight.
Cells were stimulated for in a series of time points and collected the cells. Cells were
pelleted out and washed with PBS. After the lysis protein concentration was measured. S1P
levels were measured using S1P ELISA kit (MyBioSource, MBS069092) following
manufacturer’s instructions. S1P levels were normalized against protein levels.

Analysis of S1P, Sphingosine and Ceramides by LC-MS/MS

Collected cells were rinsed with PBS, pelleted. Cell pellets and 1 mg of protein tissue
extracts were frozen at —80 °C. Sphingolipids extraction and analysis was carried out at the
Medical University of South Carolina (MUSC) core facility using eight-point calibration
curves generated for each target analyte by High Performance Liquid Chromatography-
Tandem Mass Spectrometry (HPLC/MS/MS) system operating in positive multiple reaction-
monitoring (MRM) mode engaging a gradient elution. Sphingolipids were normalized to
inorganic phosphate levels in PASMC which was determined from the Bligh & Dyer lipid
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extraction method. Biological samples were from different passages collected on different
days.

Immunoblotting

After appropriate treatments, protein lysates were prepared by using RIPA buffer
supplemented with phosphatase and protease inhibitors (Thermo Fisher Scientific). Alpha-
tubulin was used as a loading control. For nuclear and cytoplasmic fractionation, NE-PER
kit from Thermo Fischer Scientific was used. Western blots were performed according to
standard methods and quantified using densitometry using Image Studio Lite software from
LI-COR Biosciences.

Differentiation of THP-1 cells

Several passages after thawing of THP-1 cell line, cells were seeded in Nunc Lab-Tek™ I
4-well imaging plates and differentiated into macrophages with 100 nM Phorbol myristate
acetate (InvivoGen, CA) for 72 hours.

Immunofluorescence staining

Primary hPASMC:s cells or human THP-1 macrophages were seeded in Nunc Lab-Tek™ |1
4-well imaging plates (Thermo Fisher Scientific) and cultured in growth medium. After the
serum starvation cells were stimulated with EMAP Il. Treated cells were rinsed with PBS
and fixed with 4% paraformaldehyde at room temperature for 15 minutes and permeabilized
with 0.1% Triton X-100 at room temperature for 10 min. After washing with PBS three
times, the cells were incubated with EGR1, lamin, or pSPHK1 antibody at 4 °C overnight.
The cells were then rinsed with PBS three times and subsequently incubated with respective
secondary antibody conjugated with Alexa Fluor 647 and 488 or Phalloidin 488 at room
temperature for 1h. The cells were rinsed with PBS three times and coverslips were mounted
with SlowFade Gold Antifade Mountant with DAPI (Thermo Fischer Scientific) and the
cells were examined under Olympus microscope with 40X water objective lens for EGR1
expression and with 60X for pSPHK1 water immersion.

Transfection with Small Interfering RNA

Knockdown of endogenous EGR1 was carried out by transfecting with 25 nM final
concentration of ON-TARGETplus siRNAs specific for EGR1 or non-targeting control (GE
Dharmacon, Lafayette, CO) using Viromer Blue (Lipocalyx) per manufacturer’s
instructions. Cells were stimulated with EMAP 11 48 h post-transfection. Non-targeting
controls and EGR1 knocked-down samples were washed, treated and handled similar to each
other.

Transfection and luciferase assay

HEK 293-T cells cultured in DMEM media containing 10% serum were reverse co-
transfected with pGL4.47[luc2P/SIE/Hygro] and pGL4.74 [hRluc/TK] using Attractene
Transfection Reagent (301005, Qiagen) as per manufacturer’s protocol. Pretreated with
inhibitors for 1 hour as required. After the treatment, cells were incubated for 24 hours and
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luciferase activity was measured using Dual-Glo Luciferase Assay (E2920, Promega) per
manufacturer’s guidelines.

Cell proliferation assay

Cell proliferation of hPASMCs was assessed using WST-1 cell proliferation reagent (Roche
Diagnostic Corporation, IN) in a 96- well plate. Human PASMCs were seeded at 4200 cells/
well density in 100 pl complete medium and serum starved for overnight. Cells were
stimulated for 48 hours with 2 pg/ mL EMAP 11 following the pretreatment with inhibitors.
WST-1 reagent (10 pL) was added into each well and incubated for 90 minutes in a
humidified atmosphere with 5% CO5 at 37 °C. Absorbance was measured at 450 nm using
microplate reader. Blank control well was with medium and WST-1 reagent without cultured
cells. All samples were in duplicates. Cell proliferation was determined by subtracting the
background reading from average of duplicate of each sample.

RNA extraction and quantification

Total RNA was extracted with TriZol using standard RNA extraction protocol and reverse
transcribed with Superscript 111 Reverse Transcriptase (Thermo Fisher Scientific). SPHK1,
7nf, 116, EGR1, Gapdh, Hprt1 transcripts were quantified using PrimePCR SYBR Green
assays from BioRad.

Statistical analysis

Results

The data are presented as means + 1 standard error of mean (SEM) from at least three
independent experiments. In time-course studies, all the time points were performed on the
same day and repeated at least three times over different days. Statistical significance was
determined with unpaired Student’s #test or one-way or two-way ANOVA using GraphPad
Prism software.

EMAP Il modulates S1P levels in vitro and in vivo.

EMAP Il mediates a distinct inflammatory gene profile in recruited macrophages through a
JAK/STAT signaling pathway similar to S1P signaling axis [18,19]. Moreover, our previous
studies reported EMAP |1 promoted secondary PAH in BPD-like phenotypic mouse model
[17]. Therefore, we investigated the potential of EMAP 1l to modulate S1P levels in two
major cell populations in PAH, the pulmonary arterial wall component, PASMCs and one of
the major inflammatory cells, macrophages. Following stimulation by EMAP Il in a time
course, intracellular S1P levels of smooth muscle cells (SMCs) measured by ELISA peaked
at 1 hour, subsided at 2 hours peaked again at the 6 hour time point before subsiding at 24
hour exhibiting a significant bimodal pattern in S1P elevation (Figure 1A). The cellular S1P
measurements in both SMCs and macrophages by HPLC-MS/MS confirmed the bimodal
trend of S1P elevation at 1 hour and 6 hour (Figure 1B and 1E) and moreover, examination
of the immediate precursor of S1P, sphingosine and S1P’s interconvertible lipid, ceramide
by HPLC-MS/MS showed a decreasing trend over time both in SMCs and macrophages
after EMAP Il treatment (normalized against inorganic phosphates) (Figure 1B, 1C, 1E and
1F). Consistently, S1P (product of SPHK1): sphingosine (substrate of SPHK1) ratio in both
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EMAP I treated SMCs and macrophages showed a bimodal peaking trend at 1 hour and 6
hour (Figure 1B and 1E). Extracellular S1P in SMCs was elevated after 1 hour of EMAP I
treatment compared to the control (Figure 1D) suggesting the possibility of S1P acting as an
extracellular ligand for S1P receptors.

Previously, delivery of recombinant EMAP Il subQ to neonatal mice on days of life 3-15 has
shown to induce distal pulmonary artery thickening and right ventricular hypertrophy
consistent with phenotypes of pulmonary hypertension [29]. Consistent with in vitro studies,
EMAP Il stimulation, significantly increased S1P levels in whole lungs of mice at postnatal
age day 15 as assessed by HPLC/MS/MS compared to the control (Figure 1G).

EMAP Il induces time dependent bimodal ERK activation and overexpression of immediate
early transcription factor EGR1.

As EMAP |1 is a promiscuous mediator of tyrosine kinase signaling [21-24], the activation
of a common tyrosine kinase-signaling factor, ERK1/2 can be a potential target of EMAP Il
signaling. To determine the impact and timing of EMAP Il induced ERK1/2
phosphorylation, a 24-hour time course examined the impact of EMAP Il on pERK1/2 in
two known S1P signaling cellular targets, macrophages and SMCs. We identified a time
dependent statistically significant bimodal activation of pPERK1/2 (normalized to ERK1/2) in
macrophages (Figure 2A and 2B) as early as 5 minutes and reached the peak at 1 hour
before subsiding only to again be noted to increase at 24 hours. EMAP Il induced pERK1/2
in SMCs in a similar time dependent manner (Figure 2D and 2E) where pERK1/2 reached
significance as early as 3 minutes, subsided and steadily started increasing back again at 24
hours. Since EMAP |1 signaling is intertwined around both ERK activation (Figure 2A and
2B) and S1P signaling (Figure 1), we explored the effect of EMAP Il on an immediate early
transcription factor, EGR1 which has SPHK1 as a target gene [30,31] and is known to be
transcriptionally mediated by ERK1/2 [32,33]. Protein levels of EGR1 in whole cell lysates
from time course studies in both macrophages and SMCs demonstrated a significant
upregulation of EGR1 expression at 1 to 2 hours following EMAP Il treatment in
macrophages and SMCs (Figure 2A, 2C, 2D and 2F).

EMAP Il induced upregulation of nuclear EGR1 expression is mediated through ERK

activation.

Previous studies have identified nuclear pERK1/2 as an important transcriptional regulator
of EGR1 [34]. Utilizing nuclear and cytoplasmic fractions, the impact of EMAP II
stimulation on pERK1/2 and EGR1 nuclear expression in macrophage and SMC populations
was studied. Converse to pERK1/2 mediated £GR1 transcription, MEK inhibition by iERK
(MEK inhibitor, 10 uM) and iERK1 (MEK inhibitor, 10 pM) blocked EMAP Il induced
EGR1 protein expression in both macrophages (Figure 3A and 3B) and SMCs (Figure 3D
and 3E). To determine whether EGR1 transcription is mediated through ERK activation,
EGR1 transcripts were quantified in macrophages and SMCs with or without iERK1 (MEK
inhibitor, 10 uM) pretreatment following EMAP 11 stimulation and normalized against Hprt1
in macrophages (Figure 3C) and Gapdhin SMCs (Figure 3F). Results demonstrated EMAP
Il induced £GRI transcription can be inhibited by blocking ERK1/2 phosphorylation.
Furthermore, EMAP II significantly (~ 9-fold) upregulated nuclear expression of EGR1 in
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macrophages at 2 hours (Figure 4A and 4B) and in SMCs, EMAP Il upregulated EGR1
expression (~ 2.5-fold) at 1 hour before subsiding (Figure 4C and 4D). Immunofluorescent
analysis of SMCs stimulated with EMAP 11 for 1 hour demonstrated significantly elevated
nuclear EGR1 expression as indicated by co-localization of EGR1 (red), DNA (b/ue) and
lamin (green) as compared to control (Figure 4E and 4F). These results suggest that EMAP
Il upregulated EGR1 play a major role as a transcription factor in EMAP Il mediated
signaling cascade.

EMAP Il upregulates SPHK1 transcription and translation through EGR1.

As EGR1 has been previously identified as a SPHK transcriptional mediator, the effect of
EMAP 11 signaling on SPHK1 expression was measured. EMAP 11 significantly increased
expression of SPHK1 at 6 hours in both macrophages (Figure 5A and 5B) and SMCs (Figure
5D and 5E). To determine the effect of EMAP Il on SPHK transcription, gRT-PCR of
SPHK1 transcription was performed. EMAP |1 induced a time-dependent increase in
SPHK1 transcription that peaked at 3 hours after EMAP Il stimulation in both macrophages
and SMC types (Figure 5C and 5F).

Furthermore, knockdown of EGR1 using specific sSiRNA and blocking EMAP I activity by
pretreating with an EMAP Il neutralizing antibody significantly attenuated EMAP 11
induced SPHK1 protein upregulation at 6 hours (Figure 5G and 5H) and upregulation of
transcript level at 3 hours (Figure 51). Successful knockdown of EGR1 was confirmed by
immunoblotting (Figure 5J and 5K).

EMAP Il induces bimodal phosphorylation and plasma membrane localization of SPHK1.

Having established that SPHK1 is upregulated by EMAP |1 through EGR1, we sought to
determine whether EMAP II affects the activation of SPHK1. Since phosphorylation of
SPHK1 at Ser225 is required for SPHK1 activity [35], we initially studied the pSPHK1
protein expression after EMAP Il stimulation at specific time points. In line with EMAP Il
induced bimodal S1P peaks (Figure 1), immunoblotting demonstrated that EMAP Il induced
bimodal SPHK1 phosphorylation at 1 and 6 hours in SMCs (Figure 6A and 6B). SPHK1
resides in the cytoplasm where upon phosphorylation by ERK1/2, it translocates to the
plasma membrane [35]. Consistent with the immunoblotting data, immunofluorescence
showed increased pSPHK1 signal (red) co-localized with actin (green) staining boundaries
in SMCs stimulated with EMAP 11 for 15 minutes yet persisted for 60 minutes (Figure 6C).
As human SMCs and mouse macrophages, human macrophages THP-1 also exhibited
EMAP Il induced bimodal ERK activation, EGR1 upregulation, SPHK1 overexpression and
S1P generation as shown in Supplementary Figure 1. Moreover, elevated levels of pSPHK1
was observed near the THP1 cell membrane at 1 hour of EMAP I stimulation (Figure 6D)
as indicated by actin staining. In addition, we observed that in SMCs after 6 hours of EMAP
Il treatment, pSPHK1 is concentrated around the membrane (Figure 6E) demonstrating
bimodal phosphorylation of SPHK1 at 1 and 6 hours as suggested by the immunoblotting for
pSPHK1.
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EMAP Il induced STAT3 activation in macrophages is linked with S1P signaling and ERK

activation.

Our previous studies demonstrated that EMAP Il induces a JAK dependent biphasic tyrosine
phosphorylation of STAT3 (Y705) and increases STAT3 mediated transcriptional target
genes in macrophages[19]. EMAP Il induced STAT3 activation in macrophages while
pretreatment with S1PR specific inhibitors [iSIPR1 (S1PR1 inhibitor, 1 uM), iSIPR2
(S1PR2 inhibitor, 1 uM), iS1PR3 (S1PR3 inhibitor, 1 pM)], SPHK1 inhibitor [iSPHK1, 100
nM)] as well as a JAK1/2 inhibitor [iIJAK1/2, 1 uM] significantly inhibited EMAP II
induction of pSTAT3 (Figure 7A and 7B). These findings were further supported as
luminescence of STAT3 transcription reporter plasmid (Figure 7C) demonstrated that EMAP
Il induced STAT3 activation is linked to the S1P signaling axis. Pharmacological inhibition
of SPHK1 significantly inhibited EMAP Il induced STAT3 activation and luminescence of
STAT3 transcription reporter plasmid (Figure 7A, 7B and 7C) suggesting that EMAP 11
signaling was upstream of S1PR. In SMCs, no STAT3 activation was observed (data not
shown). Similar to EMAP Il induction of ERK1/2 phosphorylation in endothelial cells [22],
EMAP Il induced ERK1/2 phosphorylation in macrophages (Figure 2) while pretreatment
with a chemical inhibitor to block phosphorylation of ERK1/2 (iERK: MEK inhibitor, 10
UM) significantly inhibited EMAP Il induced pSTAT3 (Figure 7D and 7E) suggesting that
pSTAT3 activation may occur through EMAP 11 initiated ERK1/2 mediated signaling
cascade.

The downstream effects of EMAP II/S1P signaling are cell type specific.

Although EMAP Il signaling activates STAT3 in macrophages as shown in Figure 7, EMAP
Il does not impact pSTAT3 levels in SMCs (data not shown). Moreover, EMAP Il induced
tumor necrosis factor (TNF) cytokine production in macrophages as demonstrated by
increased 7nftranscription level (Figure 8E) while this observation was absent in SMCs
(data not shown). We discovered that EMAP Il modulates cyclin D1 in SMCs in an ERK1/2
dependent manner instead of TNFo after 48 hours of EMAP 11 stimulation (Figure 8A and
8B) which was confirmed by WST1 proliferation assay (Figure 8C) suggesting that EMAP
I promotes cell proliferation in SMCs. Importantly, inhibition of SPHK1 ablated EMAP II
promoted proliferation in SMCs (Figure 8C) without affecting the basal cell proliferation
rate. Likewise, increased transcription of a major proliferative marker in SMCs [36]
interleukin 6 (//6) was found in SMCs by gRT-PCR (Figure 8D).

Discussion

The regulatory role of the bioactive lipid S1P in vasoconstriction, proliferation, fibrosis and
vascular inflammation has attributed a growing recognition of S1P as a critical regulator of
several cardiovascular and pulmonary pathophysiological processes including
PAH[11,25,31,37]. Understanding the molecular mechanism and key regulators of enigmatic
S1P could guide the discovery of potential treatments for PAH. The molecular regulation of
S1P generation catalyzing kinase SPHK1 is not well described. Here, we report a novel role
of EMAP Il in mediating cellular responses through triggering a bimodal phosphorylation of
sphingosine, generating S1P in a two-pronged manner by modulating phosphorylation,
transcriptional regulation and translocation of SPHK1 through a common and coherent
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upstream signaling in inflammatory cells and SMCs. EMAP Il initiates cell specific
downstream pathophysiological functions that may contribute to the pathogenesis PAH. We
identified that 1) EMAP Il induces bimodal ERK1/2 activation and SPHK1 activation, 2)
EMAP Il induced ERK1/2 results in overexpression of transcription regulator of
differentiation, inflammation, and mitogenesis protein coding gene EGR1, 3) EMAP Il
induced elevated nuclear expression of EGR1 regulates SPHK transcription, and 4) EMAP
I promotes membrane localization of pSPHK1 and Oincreases S1P expression (Figure 9).
Thus, identifying the upstream crosstalk between S1P and EMAP Il in downstream
molecular and signaling consequences that stimulate macrophage pro-inflammatory
mediators and SMC proliferation associated with development PAH sheds new insight into
the regulation of S1P homeostasis.

S1P has been implicated in several cardiopulmonary diseases. S1P levels reported to be
elevated in lung tissues of patients with PAH where increased transcription of SPHK1
showed to play the critical role in disrupting the S1P homeostasis [31,38]. SPHK1 mediated
increased proliferation of perivascular SMCs reported to cause PAH [39]. Moreover, a
clinical study identified S1P as a stronger biomarker of severe atherosclerosis [40,41].
Recent studies reported the knockdown or pharmacological inhibition of SPHK1 attenuates
bronchopulmonary dysplasia (BPD) in mouse models warranting that SPHK1/S1P would be
a potential signaling pathway to be targeted in BPD [25,42]. Similarly, moonlighting roles
for EMAP Il in disease progression mediated by inflammation include mediating
inflammation by immune cell trafficking, angiogenesis and apoptosis. Previous studies link
EMAP 11 to endothelial cell apoptosis, a detrimental factor in atherosclerosis and increased
expression of E- and P-selectins and Tnf-1 which results in monocyte and neutrophils
attraction [43,44]. Moreover, EMAP Il mediated macrophage recruitment and pro-
inflammatory cytokine production are seen in BPD mouse models [17,45]. However, this
study is the first to report the potential mechanistic contribution of EMAP Il to the
development of PAH.

Both immunochemistry and mass spectrometry studies showed EMAP 11 stimulated bimodal
peaking of S1P and S1P: sphingosine ratio at 1 and 6 hours suggesting that the protein,
EMAP Il is a potential upstream mediator of S1P generation. Moreover, the decreasing trend
of ceramide can be ascribed to increasing ceramide degradation as S1P is a derivative of
ceramide hydrolysis with the ceramide-sphingosine-S1P rheostat known to control the cell
fate [28]. Therefore, the depreciation of ceramides presumably, supports the observation of
S1P elevation. Our recent studies reported that AIMP1 binds to phosphoinositide, a
phospholipid that has a fundamental role in the cellular membrane structure and cellular
signaling [46] implicating a role for EMAP 11 in the metabolism of membrane
phospholipids. Moreover, a bimodal activation of sphingosine to S1P is further evident by
immunoblotting and immunofluorescence studies of activating phosphorylation of SPHK1,
the S1P conversion catalyzing enzyme. The phosphorylation of SPHK1 at Ser225 by
ERKZ1/2 activators such as phorbol esters and PDGF increases SPHK1 enzyme activity by
14-fold and mediates the translocation of the enzyme from the cytosol to the plasma
membrane bringing it into proximity to its substrates. The translocation of SPHK1 is
assisted by the interaction with calmodulin-related protein calcium and integrin-binding
protein 1 (CIB1) which provides a plasma membrane docking site via myristoylation where
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it’s retention facilitates sphingosine phosphorylation [35,47,48]. Importantly, high cytosolic
Ca?* detected upon CIB1-SPHK1 interaction [35] is consistent with previous reports that
showed EMAP 11 treatment causes redistribution of intracellular calcium stores into the
cytosol [49].

We observed a similar bimodal pattern in both ERK1/2 and SPHK1 activation, suggesting an
inter-dependent relationship between ERK1/2 and SPHK1. ERK1/2 is one of the members
of mitogen-activated protein kinase super family and is known to directly phosphorylate
SPHK1 at Ser225 residue [35,47]. Additionally, SPHK1 carries a docking site for ERK1/2
[50]. However, there is evidence showing that ERK1/2 activated SPHK1 is capable of
activating ERK1/2 back in a positive feedback mechanism [51] suggesting that the early
observed (1 hr) pSPHK1 may be the activator of secondary ERK1/2 activation in EMAP 11/
SPHK1/S1P signaling pathway. For the first time, we report that EMAP Il phosphorylates
SPHK1 at Ser225 by acting as an activator of ERK1/2 which may eventually initiate the
feedback loop between ERK1/2 and SPHK1.

Interestingly, we found that EMAP 11 induces overexpression of nuclear EGR1, another
known target of ERK1/2 [32,33,35,52-54] and transcription activator of SPHK1 [30,31].
EGR1 is a 80-82-kD inducible zinc finger transcription factor that has also been known to
regulate cell growth, proliferation and inflammation in lung disorders [55-57]. Identified as
one of the early biomarkers of lung injury in preterm lambs, EGR1 mRNA levels were
increased 120-fold within 30 minutes of injury [58]. Moreover, pharmacological inhibition
of EGR1 has been reported to attenuate pulmonary vascular resistance and right ventricular
hypertrophy in animal models [55]. Our experiments indicate that inhibition of EGR1
suppresses EMAP 1l mediated SPHK transcription representing a potential mechanism of
regulating downstream S1P generation. Since our studies show that EMAP 11 signaling
provokes a bimodal early upstream SPHK1 phosphorylation in addition to the later EGR1
mediated SPHK transcription and activation, it is questionable whether inhibition of EGR1
alone would be a promising therapeutic target for impeding EMAP 11/SPHK1/S1P signaling
in PAH. However, ablating ERK1/2 phosphorylation has been reported to inhibit EGR1
induced pulmonary vascular proliferation in newborn pulmonary hypertension calves models
[52,55] supporting the fact that the phosphorylation of ERK1/2 is a key regulator of both
SPHK1 phosphorylation and transcriptional regulation. Thus providing a critical target point
in regulation of downstream sphingosine phosphorylation. In addition, we observed about 4
times induction of SPHK transcription in EMAP |1 treated macrophages in compared to the
control. Nevertheless, the protein expression of SPHK1 in macrophages was only about 1.7
times. One possibility for the difference between the fold change of transcripts and protein
expression levels might be due to multiple factors that affecting the protein translation
including the level of MRNA and its half-life, translational efficiency, and the stability of the
interested protein [59].

To demonstrate the potential of translating this novel signaling mechanism into /n vivo
system, EMAP Il treated postnatal day 15 mice were used as in Lee et al. 2016 reported
right ventricular hypertension and increased elastin deposition in neonatal mice of postnatal
day 42 treated with EMAP 11 in 3-15 days of life that promoted BPD-like phenotype
suggesting that EMAP Il induces secondary PAH signs associated with BPD. Moreover, Lee
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et al. 2016 reported that those mice exhibit high inflammatory responses on postnatal day
15. Compared to control, EMAP Il treated postnatal day 15 mice lungs showed a significant
increase in the tissue S1P levels suggesting that EMAP 1l induced S1P could contribute to
the development of PAH in BPD.

Although upstream signaling of EMAP II/ERK/EGR1/SPHK1/S1P is common in both cell
types of macrophages and SMCs, our studies demonstrated cell type-specific downstream
responses suggesting that downstream effects may depend on the cell type and the
availability of different S1IPRs. In macrophages, EMAP 11 signaling induces STAT3
activation via S1PRs which mediates inflammatory state as shown by prior studies [18,19]
while in SMCs, EMAP 11 signaling results in proliferative signaling by overexpressing cell
cycle regulating proteins like cyclin D1 which is required for G1/S phase transition. We
report that EMAP 1l promotes proliferation in SMCs challenging the conventional known
apoptotic function of EMAP Il in endothelial cells [60,61] and is consistent with previous
reports of increased peri-vascular SMC EMAP Il expression in infants with BPD [62]. A
recent study has shown that macrophage migration inhibitory factor upregulates cyclin D1
via ERK1/2 leading to SMC proliferation causing pulmonary hypertension in animal models
[63].

As such our future studies will explore if SIP/S1PR is a potential therapeutic target to
regulate these downstream effects while minimizing consequences associated with S1P
signaling. Elevated early response signaling molecules recruit inflammatory cells such as
neutrophils and macrophages. Macrophages are the prominent inflammatory cells in chronic
inflammation due to its functions in promotion and resolution of inflammation, pathogen
clearance, and tissue restoration following injury [64]. Chronic inflammation mediated by
macrophages can contribute to the arterial remodeling observed PAH. The dynamic interplay
between macrophages and SMCs in vascular diseases is well recognized [65]. Therefore, the
source of EMAP Il that acts on SMCs to promote proliferation can be expressed and
secreted in recruited macrophages suggesting a novel aspect of a complex signaling
mechanism to be explored. We report EMAP 11 as a mediator of S1P burden. However, the
proteolytically cleaved protein EMAP Il and the bioactive lipid S1P are signals that get
triggered as early response chemokines prior to influx of inflammatory cells upon the
cellular damage. Therefore, in physiological conditions although it is possible that S1P is
activated prior to EMAP II, our findings suggest that there is an intimate crosstalk between
two biological molecules may initiate a feedback loop mechanism elevating cellular S1P
concentration.

In summary, our findings indicate that EMAP Il can be a potential key mediator of the
bioactive lipid S1P. EMAP Il modulated S1P signaling promotes activation of key
mechanistic signaling pathways that can contribute to the pro-inflammation and SMC
hyperproliferation in PAH through a two-phase process. An upstream common protein
initiated biphasic activation of the bioactive lipid S1P and a lipid mediated downstream cell
specific signaling pathway that contributes to PAH progression. Future studies exploring this
signaling mechanism in PAH are warranted to identify potential therapeutic targets aimed at
treating inflammation and vascular remodeling associated with PAH.
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Highlights

. Unique identification of EMAP Il mediated cellular responses through
triggering a bimodal phosphorylation of sphingosine generating the bioactive
sphingolipid S1P in a two-pronged manner by modulating phosphorylation,
transcriptional regulation and translocation of the S1P synthesis catalyzing
kinase SPHK1.

. Representation of a binary mechanism of mediating cell type- specific
downstream S1P mediated pro-inflammatory and proliferative smooth muscle
cellular responses that may contribute to pulmonary arterial hypertension.
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Figure 1. EMAP Il modulates in vitro and in vivo S1P levels.

(A) ELISA-cellular C18- S1P levels normalized against 1 pug of protein, (B) HPLC/MS/MS-
cellular C18- S1P, sphingosine levels and S1P: sphingosine ratio, (C) HPLC/MS/MS-cellular
ceramide levels (C16-Cer, C18-Cer, C20-Cer, C22-Cer and C24-Cer) normalized against cell
phosphates in hPASMC cells following EMAP 11 treatment for 0, 1, 2, 6 and 24 hours. (D)
HPLC/MS/MS-extracellular C18-S1P in 1 mL of hPASMC growth media at 0 and 1 hour of
EMAP I treatment. (E) HPLC/MS/MS- cellular C18- S1P, sphingosine levels and S1P:
sphingosine ratio, (F) HPLC/MS/MS-cellular ceramide levels (C16-Cer, C18-Cer, C20-Cer,
C22-Cer and C24-Cer) normalized against cell phosphates in RAW 264.7 cells following
EMAP I treatment for 0, 1, 2, 6 and 24 hours. (G) HPLC/MS/MS tissue C18- S1P levels
normalized against 1 mg of protein in postnatal day 15 mouse lung tissues following EMAP
Il treatment on postnatal days 3-15. Results are shown as means + SEM. =3, *p<0.05,
**p<0.005 using unpaired £test ((A) and (G)) or two-way ANOVA following Dunnett’s test
((B) **p=0.0016, *p= 0.0314) and (E) all **p<0.005, *p=0.0487) or one-way ANOVA
following Tukey’s test ((C) and (F)) compared to the control or time=0.
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Figure 2. EMAP Il induces time dependent bi-modal ERK activation and overexpression of
immediate early transcription factor EGR1.

(A) Representative western blot probed for ERK and EGRL1 in whole cell lysates of EMAP
Il treated RAW 264.7 cells had a time dependent phosphorylation of ERK and an
overexpression of EGR1. (B) quantification of pERK/ERK (C) quantification of EGR1/
tubulin. (D) Representative western blot probed for ERK and EGRL1 in whole cell lysates of
EMAP I treated hPASMC cells had a time dependent phosphorylation of ERK and an
overexpression of EGR1. (E) quantification of pERK/ERK (F) quantification of EGR1/
tubulin. Results are shown as means = SEM. =3, *p<0.05, **p<0.01, ***p<0.001,
****<(0.0001 using unpaired £test.
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Figure 3. EGR1 upregulation is mediated through EMAP 11 induced ERK activation.
(A) Representative western blot probed for EGR1 in whole cell lysates of RAW 264.7 cells

pretreated with PD184161 (iERK), Trametinib (iIERK1) or vehicle exposed to EMAP Il or
vehicle for 2 hours (B) quantitation of EGR1/ Tubulin. (C) EGRI expression levels
normalized against Hprtlin RAW 264.7 cells pretreated with Trametinib (iERK1) or vehicle
and followed EMAP I treatment for 45 minutes. (D) Representative western blot probed for
EGR1 in whole cell lysates of hPASMC cells pretreated with PD184161 (iERK), Trametinib
(iERK1) or vehicle exposed to EMAP |1 or vehicle for 1 hour (E) quantitation of EGR1/
Tubulin. (F) EGRI expression levels normalized against Gapah in hPASMC cells pretreated
with Trametinib (iERK1) or vehicle and followed EMAP |1 treatment for 45 minutes.
Results are shown as means + SEM. /7=3, *p<0.05, **p<0.01 using unpaired #test.
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Figure 4. EMAP Il induced upregulation of EGR1 expression is nuclear localized.
(A) Representative western blot probed for EGR1 and pERK in cytoplasmic and nuclear

fractions of RAW 264.7 following EMAP 11 treatment for 0, 1, 2, 3 hours (B) quantification
of nuclear EGR1/ lamin. (C) Representative western blot probed for EGR1 and pERK in
cytoplasmic and nuclear fractions of hPASMC following EMAP Il treatment for 0, 20
minutes and 1 and 2 hours (D) quantification of nuclear EGR1/ lamin. (E)
Immunocytochemistry images of EGR1 expression in vehicle (i) or EMAPII (ii) treated
hPASMC cells for 1 hour (red= EGR1, green= actin and blue=DNA), scale bar is 20 um.
Enlarged images of the nucleus in (ii) are on right. (F) quantification of fluorescence
intensity of EGR1. Results are shown as means + SEM. =3, ns= non-significant, *p<0.05,
**p<0.01, ***p<0.001 using unpaired £test.
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Figure 5. EMAP Il upregulates SPHK1 transcription and translation through EGR1.
(A) Representative western blot probed for SPHK1 in whole cell lysates of RAW 264.7 cells

following EMAP Il treatment for 0, 1, 2, 6 and 24 hours (B) quantitation of SPHK1/
Tubulin. (C) SPHK1 expression levels normalized against HprtZ in RAW 264.7 cells
following EMAP I treatment for 0,1, 3, 6 and 24 hours. (D) Representative western blot
probed for SPHK1 in whole cell lysates of hPASMC cells following treatment with EMAP
110, 1, 2, 6,24 hours (E) quantitation of SPHK1/ Tubulin. F) SPHK1 expression levels
normalized against Gapdhin hPASMC cells following EMAP I treatment for 0, 1, 3, 6 and
24 hours. (G) Representative western blot probed for SPHK1 in whole cell lysates of
hPASMC cells following siRNA mediated EGR1 silencing and EMAP 11 treatment for 6
hours (H) quantitation of SPHKZ/ Tubulin. (1) SPHKZ expression levels normalized against
Gapdhin hPASMC cells following siRNA mediated EGRL1 silencing and EMAP Il treatment
for 3 hours. (J) Representative western blot probed for EGR1 in whole cell lysates of
hPASMC cells following siRNA mediated EGR1 silencing and EMAP I treatment for 6
hours (K) quantitation of EGR1/ Tubulin. Results are shown as means + SEM. 7=3, ns=
non-significant, *p<0.05, **p<0.01 using unpaired #test.
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Figure 6. EMAP Il induces bi-modal phosphorylation and plasma membrane localization of
SPHK1.

(A) Representative western blot probed for pPSPHK1 in whole cell lysates of hPASMC cells
following EMAP Il treatment for 0, 1, 2, 6 and 24 hours (B) quantitation of pSPHK1/
Tubulin. (C) Representative immunofluorescence images of EMAP Il treated primary
hPASMC at 0, 15 min and 60 min. (D) Representative immunofluorescence images of
vehicle (i) EMAP I (ii) treated THP1 human macrophages at 1 hour. (E) Representative
immunofluorescence images of vehicle (i) EMAP 11 (ii) treated primary hPASMC at 6 hours.
(red= pSPHK1, green= actin and blue= DNA and arrows indicate the membrane localization
of pSPHK1), scale bar is 10 pm. Results are shown as means + SEM. =3, *p<0.05 using
unpaired #test.
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Figure 7. EMAP Il induced STAT3 activation in macrophages is linked with S1P signaling and
ERK activation.

(A) Representative western blot probed for pSTAT3 in whole cell lysates of RAW 264.7
cells pretreated with W146 (iSIPR1), JTE013 (iS1PR2), TY52156 (iS1PR3), PF543
(iISPHK1), Ruxolitinib (iJak1/2) or vehicle exposed to EMAP Il or vehicle for 24 hours (B)
quantitation of pSTAT3/STAT3. (C) HEK293-T cells were reverse transfected with 200 ng of
pGL3-STAT3 and 10 ng of pRL-null vectors, pretreated with W146 (iSIPR1), JTE013
(iS1IPR2), TY52156 (iS1PR3), PF543 (iSPHK1), Ruxolitinib (iJak1/2) or vehicle exposed to
EMAP 11 or vehicle and luciferase activity measured after 24 hours. (B) and (C) Following
one-way ANOVA, Tukey’s honestly significant difference test, *p<0.05, **p<0.01,
****pn<0.0001 (D) Representative western blot probed for pSTAT3 in whole cell lysates of
RAW 264.7 cells pretreated with PD184161 (iERK) or vehicle exposed to EMAP 11 or
vehicle for 24 hours. (E) quantitation of pSTAT3/STAT3, ***p<0.001 using unpaired £test.
Results are shown as means + SEM. /=3
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Figure 8. The downstream effects of EMAP 11/ S1P signaling are cell type specific.
(A) Representative western blot probed for Cyclin D1 in whole cell lysates of hPASMC cells

pretreated with PD184161 (iERK), EMAP Il neutralizing antibody (Anti-EMAP I1) or
vehicle following EMAP 11 or vehicle treatment for 48 hours (B) quantitation of Cyclin D1/
Tubulin. (C) Cell proliferation rate in hPASMC cells pretreated with PF543 (iSPHKZ1) or
vehicle following EMAP 11 treatment for 48 hours. (D) //6 expression levels normalized
against Gapdh in hPASMC cells following EMAP |1 treatment for 0, 1, 3, 6 and 24 hours.
(E) Tnfexpression levels normalized against HprtZ in RAW 264.7 cells following EMAP 11
treatment for 0, 1, 3, 6 and 24 hours. Results are shown as means + SEM. /=3-4, ns= non-

significant, *p<0.05, **p<0.01 using unpaired #test.
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Figure 9. Potential mechanism of EMAP 11/ S1P signaling and modulation of S1P homeostasis.
EMAP |1 stimulation activates a common signaling pathway where ERK activation induces

bimodal phosphorylation of SPHK1 and EGR1 overexpression. EGR1 overexpression
upregulates SPHK1 transcription and translation. Increased SPHK1 and phosphorylated
SPHK1 results in augmented S1P levels which generates cell type-specific downstream
effects such as pro-inflammatory signals in macrophages and pro-proliferative signals in
SMCs.
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