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A B S T R A C T

Lysophosphatidic acid (LPA) via transactivation dependent signalling pathways contributes to a plethora of
physiological and pathophysiological responses. In the vasculature, hyperelongation of glycosaminoglycan
(GAG) chains on proteoglycans leads to lipid retention in the intima resulting in the early pathogenesis of
atherosclerosis. Therefore, we investigated and defined the contribution of transactivation dependent signalling
in LPA mediated GAG chain hyperelongation in human vascular smooth muscle cells (VSMCs).

LPA acting via the LPA receptor 5 (LPAR5) transactivates the TGFBR1 to stimulate the mRNA expression of
GAG initiation and elongation genes xylosyltransferase-1 (XYLT1) and chondroitin 6-sulfotransferase-1 (CHST3),
respectively. We found that LPA stimulates ROS and Akt signalling in VSMCs, however they are not associated in
LPAR5 transactivation of the TGFBR1. We observed that LPA via ROCK dependent pathways transactivates the
TGFBR1 to stimulate genes associated with GAG chain elongation. We demonstrate that GPCR transactivation of
the TGFBR1 occurs via a universal biochemical mechanism and the identified effectors represent potential
therapeutic targets to inhibit pathophysiological effects of GPCR transactivation of the TGFBR1.

1. Introduction

Lysophosphatidic acid (LPA) is a collective term for a series of en-
dogenous signalling molecules that comprise of a glycerol backbone, a
phosphate head group and a single tail of acyl chain with varied length
and saturation [1,2]. LPA signals via six well recognised LPA receptors
(LPARs) (LPAR1-LPAR6) [3], which are members of the G protein-
coupled receptor (GPCR) family. GPCRs transduce their signal via three
well established paradigms [4]. Transactivation independent signalling
that employs heterotrimeric G proteins to initiate downstream cascades
[5], β-arrestin dependent signalling pathways [6] or via transactivation
dependent signalling [7]. In this paradigm, the activation of one GPCR
promptly activates a secondary receptor to trigger diverse downstream
responses [8]. The GPCR transactivation dependent signalling has been
extended to include serine/theronine kinase receptor (S/TKR) trans-
activation in addition to the long established protein tyrosin kinase
receptor (PTKR) transactivation [4,9] examplified by transforming
growth factor receptor 1 (TGFBR1) and epidermal growth factor re-
ceptor (EGFR) transactivation, respectively [10–14].

Atherosclerosis commences with the accumulation of low density

lipoproteins (LDLs) in the vessel wall by modified proteoglycans with
hyperelongated glycosaminoglycan (GAG) chains [15–17]. The hyper-
elongation of GAG chains on proteoglycans is modulated by many
growth factors [18–20]. In experimental models of atherosclerosis, such
as high fat fed genetically modified mice, the administration of com-
pounds which block growth factor mediated GAG chain hyperelonga-
tion and binding of LDL-cholesterol in vitro, also block the deposition of
lipids in the vessel wall [19,20]. Therefore, blocking GAG chain hy-
perelongation by inhibiting the relevant growth factor mediated sig-
nalling pathways is a valid strategy to prevent atherosclerosis. The in-
itiation and hyperelongation of GAG chains involves multiple enzymes
[21–23], including the initiation xylosyltransferase-1 (XYLT1), elon-
gation and sulfation enzymes chondroitin-4-O-sulfotransferase-1
(CHST11) as well as chondroitin-6-O-sulfotransferase-1 (CHST3).
Therefore, characterising the underlying signalling pathways that con-
trol the expression of these enzymes and their genes will contribute to
our understanding of the mechanisms of atherosclerosis.

In human vascular smooth muscle cells (VSMCs), we have pre-
viously observed and reported the effects of EGF [24], platelet-derived
growth factor (PDGF) [20,25] and transforming growth factor beta 1
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(TGF-β1) [26,27] on GAG chain hyperelongation. In the light of the
transactivation dependent signalling concept, we have reported that
GPCR ligand endothelin-1 [11] stimulates GAG chain hyperelongation
via the endothelin receptor A mediated transactivation of TGFBR1.
Thrombin via its protease-activated receptor-1 (PAR-1) transactivates
both the EGFR and TGFBR1 to regulate GAG chain hyperelongation
[28] and the mRNA expression of GAG chain synthesizing genes [12].
These findings suggest transactivation signalling pathway is playing a
critical role in regulating GAG chain hyperelongation.

Transactivation dependent signalling is playing a vital role in the
vascular system, such as regulating the above mentioned GAG chain
hyperelongation [11,28]. However, in human VSMCs, this paradigm of
LPA signalling has not yet been reported as well as the role of LPA on
GAG chain hyperelongation. In this paper, we addressed these questions
by investigating LPA transactivation of kinase receptors and its role on
GAG chain synthesizing gene expression.

2. Materials and methods

2.1. Materials

Human aortic VSMCs: T/G HA-VSMC (ATCC® CRL-1999™) and TC
LPA5 4 were purchased from In Vitro Technologies Life science (VIC,
AUS). Ham's F-12 K (Kaighn's) medium, antibiotics solution (10,000 U/
mL penicillin, 10,000 μg/mL streptomycin), GlutaMAX™-I (100×),
0.25% trypsin-EDTA (1×), fetal bovine serum (FBS), Pierce™ bicinch-
oninic acid protein assay kit and chemiluminescent molecular weight
marker (MagicMark XP), Invitrogen™ 50 bp DNA ladder, SYBR Gold™
nucleic acid gel stain and Fluo-4 AM were purchased from Thermo
Fisher Scientific (VIC, AUS). TGF-β1, EGF, phospho-Smad2 (Ser465/
467) (3108S), phospho-Erk (Thr202/Tyr204) (4377S), phospho-Akt
(Ser473) (4058S), phospho-Ezrin (Thr567)/Radixin (Thr567)/Moesin
(Thr558) (3141S), GAPDH (anti-glyceraldehyde-3-phosphate dehy-
drogenase) (3683S) and rabbit IgG HRP-linked antibody (7074S) were
purchased from Australian Biosearch (WA, AUS). LPA receptor control
cell lysates and antibodies to LPAR3 and LPAR5 were purchased from
Abcam (VIC, AUS). LPAR1/2/4/6 antibodies were purchased from
Alomone Labs (Jerusalem, Israel). Bovine serum albumin (BSA) was
from Bovogen Biologicals Pty Ltd. (VIC, AUS). LPA (CAS: 22556-62-3),
SB431542, AG1478, AM095, H2L5186303, diphenyleneiodonium
chloride (DPI), N-Acetyl-Cysteine (NAC), 2′,7′-Dichlorofluorescence
diacetate (H2DCF-DA) dye and endothelial cell growth supplement
(ECGS) were purchased from Sigma Aldrich (NSW, AUS). Certified low
range ultra-agarose, Bio-Rad Trans-Blot® Turbo Turbo RTA transfer kit,
polyvinylidene fluoride (PVDF) membrane, 30% acrylamide/bis-acry-
lamide solution, ammonium persulfate (APS) and Image Lab software
were from BioRad Laboratories (VIC, AUS). Primers for RRN18S,
LPARs, XYLT1 and CHST3; RNeasy® Mini Kit, QuantiTect® Reverse
Transcription Kit and QuantiNova™ SYBR® Green PCR Kit were pur-
chased from Qiagen (VIC, AUS).

2.2. Cell culture

Human aortic vascular smooth muscle cells (VSMCs) were main-
tained in complete Ham's F-12K medium (10% FBS and 1% antibiotics,
5% GlutaMAX, 0.3 mg/mL ECGS) at 37 °C with 5% CO2. VSMCs were
seeded in 60 mm dishes or 96-well plates for experiments. Cells were
grown to confluence, then rendered quiescent using F-12K medium
(0.1% FBS and 1% antibiotics) for 48 h prior treatments. Treatment
details are given in the figure legends.

2.3. Western blotting

Whole cell lysates were separated on 10% or 12% SDS-PAGE and
semi-dry transferred onto PVDF membranes. Membranes were blocked
with 5% BSA or 5% skim milk, then incubated with primary antibody

targeting protein of interest followed by HRP-anti-rabbit IgG and ECL
detection. Blots were imaged using the Bio-Rad gel documentation
system and densitometry analysis was performed with Image Lab 5.2.1.

2.4. mRNA expression

The mRNA expression of genes was determined by quantitative real
time polymerase chain reaction (qRT-PCR). Total RNA was isolated
from treated VSMCs with RNeasy Mini kit according to the instructions
of the manufacturer. RNA concentration and purity were assessed by
Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific). 1000 ng
RNA was used to synthesize first strand cDNA using Quantitect reverse
transcriptase kit. qRT-PCR was performed using Qiagen Rotor Gene Q
and QuantiNova SYBR green PCR master mix kit. Data was normalised
to the ribosomal 18S housekeeping gene to control variations between
individual experiments. Relative expression of mRNA levels was
quantified using comparative delta delta Ct method.

2.5. Agarose gel electrophoresis

To visualise the PCR product, 20 μL amplified DNA solution was
separated on a 1.5% agarose gel in TEA buffer (40 mM Tris base, 20 mM
glacial acetic acid, 1 mM EDTA, pH 8.3) parallel with 8 μL DNA ladder.
After separation, the gel was then incubated with 0.01% SYBR Gold for
30 min, followed by image capture using the Bio-Rad gel documenta-
tion system.

2.6. Intracellular calcium assay

Intracellular calcium was quantified by fluorescence assay using
Fluo-4 AM. VSMCs were seeded into a 96 well black plate with a density
of 10,000 cells/well. Cells were rendered quiescent in Ham's F-12K
(0.1% FBS and 1% antibiotics) for 48 h. Krebs-HEPES buffer (10 mM
HEPES, 140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 11 mM
glucose, 2 mM probenecid, pH 7.4) was used to wash the cells prior to
incubation with 4 μM Fluo-4 AM for 30 min at 37 °C and 5% CO2. The
dye was then removed and VSMCs were washed twice with Krebs-
HEPES buffer and incubated with antagonists for 15 min. Agonists were
injected into 96-well plate using FLIPR Tetra® High-Throughput
Cellular Screening System. Fluorescence intensity was measured at
excitation/emission of 494/506 nm. The fluorescence intensity was
used to calculate the fold change of intracellular calcium.

2.7. Intracellular ROS assay

VSMCs seeded in a 96-well plate at 10,000 cells per well were
rendered quiescent for 48 h in F-12K (0.1% FBS and 1% antibiotics).
Then, cells were washed with 100 μl of Krebs-HEPES buffer [29] and
incubated with 20 μM H2DCF-DA for 45 min at 37 °C and 5% CO2. The
dye was gently removed and replaced with Krebs-HEPES buffer in the
presence of LPA. The fluorescence was measured using Ensight™ Mul-
timode Plate Reader at excitation/emission of 485/535 nm. The
fluorescence intensity was used to calculate the fold change of in-
tracellular ROS level.

2.8. Statistical analysis

Normalised data is expressed as the mean ± standard error of the
mean (SEM) of four independent experiments, unless stated otherwise.
A one-way ANOVA was used to calculate statistical significance of
normalised data as stated followed by least significant difference post-
hoc analysis. Results were considered significant when the probability
was less than 0.05 (*p < 0.05) and 0.01 (**p < 0.01).
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3. Results

3.1. LPA induces TGFBR1 but not EGFR transactivation in human VSMCs

LPA has been reported to transactivate TGFBR1 in human lung

epithelial cells [30] and in human airway smooth muscle cells [31]. To
assess LPA mediated TGFBR1 transactivation in human VSMCs, we
measured Smad2 carboxyl-terminal phosphorylation (pSmad2C) from
cells time dependently treated with LPA (10 μM) (Fig. 1A). LPA treated
VSMCs showed a rapid increase of pSmad2C with a 2.7-fold (p < 0.01)

Fig. 1. LPA transactivation of kinase receptors. (A, D) Human VSMCs were treated with LPA (10 μM) over 240 min time course or (A) TGF-β (2 ng/mL), (D) EGF
(10 ng/mL) for 15 min. (B, E) Human VSMCs were treated with LPA (0.1 μM–30 μM) for 15 min. (C, F) Human VSMCs were treated with LPA (1 μM) for 15 min in the
presence and absence of (C) SB431542 (3 μM) or (F) AG1478 (5 μM). Blots were probed with antibodies to phospho-Smad2 (Ser465/467) (1:1000) or phospho-Erk1/
2 (Thr202/Tyr204) (1:4000) and secondary anti-rabbit IgG antibody (1:2000). Blots are representative of four-independent experiments. Blot density was normalised
to GAPDH to offset the effect of unequal sample loading. Panels B and E share the same GAPDH. Histogram represents band density expressed as fold per basal
(presented as mean ± SEM). Statistical significance was determined by one-way ANOVA, followed by least significant difference post-hoc analysis. *, p < 0.05 and
**, p < 0.01 versus basal; ##, p < 0.01 versus corresponding agonists treated samples.
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change observed at 15 min and this was maintained over the 240 min
treatment period. TGF-β1 (2 ng/mL) treatment used as a positive con-
trol increased the pSmad2C to 14-fold (p < 0.01). A dose response
study of LPA (0.1 μM–30 μM) on the pSmad2C (Fig. 1B). VSMCs treated
with 0.1 μM LPA resulted in a 3.7-fold (p < 0.01) increase in pSmad2C
and this response was sustained under all treatment conditions.

To characterise whether LPA stimulated pSmad2C is occurring via
transactivation dependent mechanisms, we utilised the well-char-
acterized TGFBR1 kinase inhibitor, SB431542 [32] and measured LPA
mediated pSmad2C (Fig. 1C). Treatment of VSMCs with LPA (1 μM) for
15 min stimulated a 1.7-fold (p < 0.01) increase in pSmad2C that was
completely abolished by TGFBR1 antagonist, SB431542. Treatment of
VSMCs with TGF-β1 in the presence and absence of SB431542 served as
controls. TGF-β1 treatment stimulated an 8.2-fold (p < 0.01) increase
in pSmad2C which was completely blocked by SB431542. These results
demonstrate that LPA stimulates the phosphorylation of the Smad2
carboxy terminal via transactivation of TGFBR1.

LPA transactivates EGFR to regulate DNA synthesis and growth
factor expression in rat-1 fibroblasts [7] and human umbilical vein
endothelial cells [33]. To investigate whether LPA can transactivate
EGFR in VSMCs, time and dose dependent experiment were conducted
(Fig. 1D and E) and the downstream product of EGFR, phosphorylated
Erk1/2 (pErk1/2), was measured. VSMCs treated with LPA (10 μM)
showed a rapid 10-fold (p < 0.01) increase of pErk1/2 (Fig. 1D). LPA
stimulated pErk1/2 was sustained and gradually declined to 4.5-fold
(p < 0.01) stimulation at 240 min treatment. Treatment with EGF was
used as a positive control and as expected EGF stimulated a large
(p < 0.01) increase in pErk1/2. This was followed by a dose dependent
evaluation of LPA (0.1 μM–30 μM) mediated pErk1/2 (Fig. 1E). LPA
treatment of VSMCs stimulated pErk1/2 to 6.7-fold (p < 0.01) at
0.1 μM and this response was sustained across all the range of LPA
concentrations. To evaluate whether LPA mediated pErk1/2 was oc-
curring via transactivation of the EGFR, we utilised specific EGFR an-
tagonist, AG1478 [34] (Fig. 1F). Treatment of VSMCs with LPA (1 μM)
increased pErk1/2 to 3.2-fold (p < 0.01); however, this response was
unaffected in the presence of AG1478. Treatment with EGF in the
presence and absence of AG1478 served as controls. EGF treatment
stimulated pErk1/2 to 3.3-fold (p < 0.01) and this response was
blocked by AG1478, validating AG1478 as an EGFR antagonist. This
data demonstrates that LPA mediated phosphorylation of Erk1/2 was
not occurring via transactivation of the EGFR. Taken together, the data
demonstrates that in VSMCs, LPA transactivates the TGFBR1 but not the
EGFR.

3.2. LPA mediated TGFBR1 transactivation is occurring via LPAR5

LPA can signal via at least six known GPCRs (LPAR1-6) which are
differentially expressed in human tissues [3]. We sought to characterise
the LPARs that are expressed in human VSMCs with the assessment of
the gene expression and protein expression. At the mRNA level
(Fig. 2A), LPAR1 was the most abundantly expressed receptor in human
VSMCs. LPAR2 and LPAR6 were the next highly expressed receptors.
LPAR4, LPAR5 were less expressed while LPAR3 was not expressed in
VSMCs. To visualise the results, PCR products were subjected to agarose
gel electrophoresis which correlates with the quantitative data in the
histogram. At the protein level (Fig. 2B), the LPAR1 was the most
abundantly expressed receptor in human VSMCs, with LPAR2 and
LPAR5 also detected. In contrast, the LPAR3, LPAR4 and LPAR6 were
not detected. Therefore, LPAR1, LPAR2 and LPAR5 are expressed in
human VSMCs and they are the subjects of future functional studies.

To characterise the functionality of LPAR1, LPAR2 and LPAR5, we
utilised specific receptor antagonists and measured the downstream
product of LPARs, intracellular calcium release (Fig. 2C, D, E). Treat-
ment with LPA (10 μM) induced a rapid increase in intracellular cal-
cium to 8-fold (p < 0.01) and in the presence of LPAR1 antagonist,
AM095, this response was dose dependently inhibited with a complete

inhibition observed at 10 μM (Fig. 2C). In the presence of the LPAR2
inhibitor, H2L5186303, LPA stimulated intracellular calcium was un-
affected under all treatment conditions. Gαq protein inhibitor, YM-
254890, served as a control and inhibited LPA stimulated intracellular
calcium (Fig. 2D). In the presence of the LPAR5 antagonist, TC LPAR5
4, LPA mediated intracellular calcium was dose dependently inhibited
with a complete inhibition observed at 10 μM (Fig. 2E). This data de-
monstrates that although LPAR1, LPAR2 and LPAR5 are abundantly
expressed in human VSMCs, only LPAR1 and LPAR5 are biologically
functional in these cells.

To characterise the LPAR(s) involved in the LPA transactivation of
the TGFBR1, pharmacological inhibitors to LPAR1 (AM095), LPAR2
(H2L5186303) and LPAR5 (TC LPA5 4) were utilised (Fig. 2F). VSMCs
were pre-incubated with LPAR inhibitors for 30 min followed with LPA
(10 μM) for 30 min. LPA treated cells resulted in a 3.2-fold (p < 0.01)
stimulation of pSmad2C. In the presence of LPAR1 inhibitor AM095 and
LPAR2 inhibitor H2L5186303, there was no observed change of
pSmad2C. However, in the presence of the LPAR5 inhibitor, the LPA
mediated pSmad2C was blocked by 80%, indicating LPA mediated
TGFBR1 transactivation occurs via LPAR5.

3.3. LPAR5 mediated TGFBR1 transactivation is not regulated by Akt
signalling

Most TGFBRs reside in the intracellular compartments of the cells.
TGFBR1 mobilization to the cell surface is driven by Akt mediated
phosphorylation of the membrane associated Rab-GTPase activating
protein, AS160 [35,36], resulting in increased sensitivity to endogenous
or exogenous TGF-β. Therefore, we sought to investigate whether LPA
stimulates Akt in human VSMCs and whether Akt was driving the LPA
transactivation of the TGFBR1. VSMCs were treated with LPA in the
presence and absence of two Akt inhibitors, allosteric inhibitor MK-
2206 (1 μM) [37] and ATP competitive inhibitor GSK690693 (1 μM)
[38] (Fig. 3A). Treatment with LPA stimulated a 4.4-fold (p < 0.01)
increase in the phosphorylation of Akt which was abolished by MK-
2206 but not GSK690693. Mechanistically, GSK690693 constrains Akt
dephosphorylation by stabilizing a conformation where phosphorylated
sites on Akt are inaccessible to phosphatases [38]. Therefore,
GSK690693 enhances phospho-Akt, however inhibits downstream ef-
fectors of Akt [39], including phospho-AS160 (data not shown).

To investigate whether LPA mediated phosphorylation of Akt sen-
sitizes the cells to TGFBR1 transactivation, we evaluated whether LPA
mediated pSmad2C was regulated by Akt dependent pathways
(Fig. 3B). Treatment with LPA stimulated pSmad2C to 2.2-fold
(p < 0.05) which was unaffected in the presence of Akt inhibitors MK-
2206 and GSK690693, whereas LPA stimulated pSmad2C was inhibited
by TGFBR1 antagonist, SB431542 (Fig. 3B). This data demonstrates
that treatment of VSMCs with LPA can stimulate the phosphorylation of
Akt. However, LPA mediated transactivation of the TGFBR1 is not
regulated by Akt dependent signalling pathways.

3.4. LPAR5 mediated TGFBR1 transactivation is intermediated by ROCK
signalling

Several biochemical mechanisms exist for TGFBR1 activation in-
cluding proteolytic activation of TGFBR1, ROCK/integrin dependent
signalling, and activation by reactive oxygen species (ROS) [40,41]. We
have previously demonstrated that thrombin transactivation of the
TGFBR1 occurs via ROCK dependent signalling pathways [28,42]. We
have recently identified that in VSMCs endogenous ROS activates the
TGFBR1 and downstream pSmad2C [29,43]. We have also shown that
GPCR transactivation of the TGFBR1 is not dependent on MMPs and the
proteolytic activation of the TGFBR1 [28,42]. Therefore, our aim was to
characterise the mechanisms of LPA mediated transactivation of the
TGFBR1.

LPA can stimulate ROS production in different cellular context

Y. Zhou, et al. BBA - Molecular Cell Research 1867 (2020) 118848

4



Fig. 2. The expression and biological function of LPAR(s) in human VSMCs. (A). The mRNA expression of individual receptors was normalised to the expression of
18S and expressed as mean ± SEM (n= 3). Samples were then resolved on agarose gel for visualisation. (B) Lysates from VSMCs were resolved on SDS-PAGE with
the following lysates used as positive controls: A549 (4 μg) (LPAR1), HL60 (10 μg) (LPAR2), HepG2 (20 μg) (LPAR3), HepG2 (5 μg) (LPAR4), HT29 (20 μg) (LPAR5)
and mouse heart tissue (10 μg) (LPAR6). Transferred proteins were blotted with anti-LPAR1 (1:400) or with anti-LPAR (2, 3, 4, 5, 6) (1:200) followed with secondary
anti-rabbit IgG (1:2000). To measure functionality of expressed LPARs, intracellular calcium was measured in the presence of receptor antagonists (C) LPAR1: AM095
(D) LPAR2: H2L5186303 and (E) LPAR5: TC LPA5 4; Gαq inhibitor YM-254890 (10 μM) served as a control. Histogram represents fluorescence intensity fold change
compared with basal level. Results are expressed as mean ± SEM (n = 3). (F) VSMCs were pre-incubated with receptor antagonists LPAR1 AM095 (10 μM), LPAR2
H2L5186303 (10 μM) or LPAR5 TC LPA5 4 (10 μM) followed with LPA (10 μM) for 30 min. Blots were probed anti-phospho-Smad2 (Ser465/467) (1:1000) and
secondary anti-rabbit IgG (1:2000). Blots are representative of four-independent experiments. Histogram represents band density expressed as fold per basal (pre-
sented as mean ± SEM). Statistical significance was determined by one-way ANOVA, followed by least significant difference post-hoc analysis. **, p < 0.01 versus
basal; #, p < 0.05 and ##, p < 0.01 versus LPA treated samples.

Y. Zhou, et al. BBA - Molecular Cell Research 1867 (2020) 118848

5



[44,45], including the cells in the vasculature [46,47]. We examined
the profile of LPA stimulated ROS generation in VSMCs. Cells were
treated with LPA (10 μM) over a 120 min period (Fig. 4A). Upon
treatment with LPA, VSMCs showed a rapid ROS production of 1.5-fold
within 5 min compared to control and this response was maintained for
up to 30 min. Treatment with LPA dose dependently increased in-
tracellular ROS levels with a 1.5-fold (p < 0.01) stimulation observed
at 10 μM LPA (Fig. 4B). These data demonstrate that in VSMCs treat-
ment with LPA can stimulate intracellular ROS levels. Next, we ex-
amined the role of ROS in LPA transactivation response utilising a
broad-spectrum NOX inhibitor, DPI and ROS scavenger, NAC. LPA
treatment stimulated a 1.8-fold (p < 0.01) increase in pSmad2C. In the
presence of DPI and NAC, LPA mediated pSmad2C was unaffected,
however as expected TGFBR1 antagonist SB431542 completely abol-
ished this response. Treatments with TGF-β in the presence and absence
of the NOX/ROS antagonists served as controls. As expected, treatment
with DPI and NAC had no effect on direct TGF-β mediated pSmad2C.
These data demonstrate that although LPA can stimulate intracellular
levels of ROS, LPA transactivation of the TGFBR1 is not dependent on

NOX/ROS pathways.
To investigate whether LPA transactivation of the TGFBR1 is oc-

curring via ROCK dependent pathways, we measured the immediate
downstream product of ROCK, phosphorylated ezrin/radixin/moesin
(pERM) (Fig. 4D). VSMCs treated with LPA (10 μM) stimulated a 2-fold
(p < 0.05) increase in pERM within 15 min and a maximal stimulation
of 2.2-fold (p < 0.01) observed at 30 min. We next utilised ROCK
inhibitor Y27632 (10 μM) and observed that LPA mediated pSmad2C
was completely abolished by both Y27632 and SB431542, indicating
LPAR5 mediated TGFBR1 transactivation was ROCK dependent
(Fig. 4E).

3.5. LPA stimulates the expression of GAG chain synthesizing genes

LPA is critical in multiple stages of the pathogenesis of athero-
sclerosis [2]. We wished to investigate the role of LPA in the early lipid
binding phase of atherogenesis. Therefore, we studied LPA mediated
GAG chain elongation as an early marker of vascular change and po-
tentially lipid retention. GAG chain synthesis requires the combined
action of multiple GAG synthesizing enzymes [21]. The initiation of the
GAG chains is attributable to the expression of the XYLT1 and the
elongation and sulfation of the GAG chains correlates with CHST3 ex-
pression. We measured the mRNA expression of these genes to assess
the role of LPA on GAG chain initiation and elongation.

VSMCs were treated with LPA (10 μM) over 8 h or control TGF-β1
(2 ng/mL) for 4 h (Fig. 5). LPA time-dependently stimulated mRNA
expression of XYLT1 (Fig. 5A) with a 2.6-fold (p < 0.01) change ob-
served at 6 h which then peaked at 8 h (3.0-fold, p < 0.01). TGF-β1
stimulated mRNA expression of XYLT1 to 4.9-fold (p < 0.01). In
contrast, LPA treatment resulted in the rapid increase in the mRNA
expression of CHST3 with 2.0-fold (p < 0.05) change observed at 2 h,
and this stimulation was sustained for 8 h (Fig. 5B). As expected,
treatment with TGF-β1 resulted in a 2.2-fold (p < 0.05) stimulation of
CHST3 expression. These results demonstrate that LPA can drive the
mRNA expression of the genes involved in the initiation and elongation
of the GAG chains.

3.6. LPA stimulated GAG chain synthesizing gene expression is regulated by
LPAR1 and LPAR5

To characterise the LPAR(s) that drive the mRNA expression of GAG
chain synthesizing genes, we pre-incubated the cells with pharmaco-
logical antagonists to LPAR1, AM095 (10 μM), LPAR2, H2L5186303
(10 μM) and LPAR5, TC LPA5 4 (10 μM) followed with LPA (10 μM) for
6 h. LPA treatment stimulated a 2.5-fold (p < 0.01) change of XYLT1
expression (Fig. 6A), which was inhibited by 80% (p < 0.05) in the
presence of LPAR1 inhibitor and was completely blocked by LPAR5
inhibitor; however, the LPAR2 inhibitor showed no effect. LPA treat-
ment stimulated a 2.2-fold (p < 0.01) change of CHST3 expression
(Fig. 6B), which was partially mitigated by 50% and 60% in the pre-
sence of LPAR1 inhibitor and LPAR5 inhibitor, respectively. The LPAR2
inhibitor had no functional role on LPA mediated CHST3 expression.
The data shows LPAR1 and LPAR5 but not the LPAR2 regulate LPA
mediated GAG chain synthesizing gene expression.

3.7. LPAR5 stimulated mRNA expression of GAG chain synthesizing gene
XYLT1 and CHST3 is regulated by TGFBR1 transactivation pathway

Thrombin transactivates both EGFR and TGFBR1 to elicit GAG chain
hyperelongation [28] and GAG chain synthesizing gene expression
[12]. To examine the contribution of transactivation dependent path-
ways in LPA mediated GAG chain synthesizing gene expression, we
utilised specific TGFBR1 inhibitor, SB431542 (3 μM) and EGFR an-
tagonist, AG1478 (5 μM). LPA treatment stimulated a 2.8-fold
(p < 0.01) change of XYLT1 expression (Fig. 7A), which was inhibited
by 90% (p < 0.01) in the presence of SB431542 and unaffected in the

Fig. 3. The role of Akt signalling in LPAR5 transactivation of TGFBR1. VSMCs
were pre-incubated with MK-2206 (1 μM), GSK690693 (1 μM) or SB431542
(3 μM) for 30 min prior the treatment of LPA (10 μM) for another 30 min. Blots
were probed with antibodies to (A) phospho-Akt (Ser473) (1:1000) or (B)
phospho-Smad2 (Ser465/467) (1:1000) and secondary anti-rabbit IgG
(1:2000). Blots are representative of four-independent experiments. Histogram
represents band density expressed as fold per basal (presented as
mean ± SEM) after normalising with GAPDH. Statistical significance was
determined by one-way ANOVA, followed by least significant difference post-
hoc analysis. *, p < 0.05 and **, p < 0.01 versus basal; #, p < 0.05 and ##,
p < 0.01 versus LPA treated sample.
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presence of AG1478. The treatment with LPA induced the mRNA ex-
pression of CHST3 to 2.4-fold (p < 0.01) change (Fig. 7B) that was
partially blocked by SB431542 (p < 0.05), whereas AG1478 showed
no inhibition. The data together demonstrates that LPA transactivates
TGFBR1 but not EGFR to mediate the expression of GAG chain bio-
synthesizing genes.

4. Discussion

LPA is involved in multiple aspects of the pathogenesis of athero-
sclerosis, such as promoting inflammation, platelet aggregation, en-
dothelial permeability, VSMC dedifferentiation and extracellular matrix
remodelling [2]. Modified GAG chains in the intima bind and retain
LDL-cholesterol as the initiating step of atherosclerosis [15–17]. In this
study, we investigated the regulatory role and relevant mechanisms of
LPA on GAG chain modification. We observed that in VSMCs, LPA

Fig. 4. The mechanistic involved in LPAR5 mediated transactivation of the TGFBR1. VSMCs were treated with (A) LPA (10 μM) for 5–120 min or (B) LPA (1–30 μM)
for 15 min. Histograms represent fluorescence intensity expressed as fold per basal of intracellular ROS production. VSMCs were treated with (C) LPA (10 μM) or
TGF-β (2 ng/ml) in the presence and absence of NOX inhibitor DPI (10 μM), anti-oxidant NAC (5 mM) or TGFBR1 antagonist SB43152 (3 μM) (D) LPA (10 μM)
0–60 min or with (E) LPA (10 μM) in the presence of ROCK inhibitor Y27632 (10 μM) or SB4315412 (3 μM). Blots were probed with (C and E) anti-phospho-Smad2
(Ser465/467) (1:1000) or (D) anti-phospho-ERM (Thr567/564/558) (1:1000) and secondary anti-rabbit IgG (1:2000). Blots are representative of three to four
independent experiments. Histogram represents band density expressed as fold per basal (presented as mean ± SEM) after normalising with GAPDH. Statistical
significance was determined by one-way ANOVA, followed by least significant difference post-hoc analysis. *, p < 0.05 and **, p < 0.01 versus basal; ##, p < 0.01
versus agonist.
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rapidly transactivates the TGFBR1 but not the EGFR. We have de-
monstrated that although human VSMCs express LPAR1, LPAR2 and
LPAR5, transactivation of the TGFBR1 is occurring via LPAR5. LPAR5
mediated transactivation of the TGFBR1 leads to the subsequent for-
mation of carboxyl-terminal phosphorylated Smad2 via ROCK depen-
dent signalling pathways. LPAR5 mediated TGFBR1 activation upre-
gulates the mRNA expression of genes associated with GAG chain
initiation and elongation (Fig. 8).

The significance of GPCR transactivation dependent signalling is on
the rise. Since the original observations of GPCR transactivation of the
PTKR, this signalling paradigm has been expanded to include S/TKR
transactivation [4,48]. Our recent work with GPCR agonist thrombin
[49] demonstrated that transactivation dependent signalling con-
tributes to 50% of gene expression and GPCR transactivation of PTKR
was equally as important as transactivation of S/TKR with approxi-
mately 50% of the signalling occurring via each of the receptor path-
ways [49]. We have demonstrated in VSMCs, thrombin via its receptor
PAR-1 transactivates the EGFR and TGFBR1 to stimulate GAG synthe-
sizing gene expression [12,42] and GAG chain elongation [10,28]. LPA
transactivates the TGFBR1 in mouse proximal tubule cells [50], human
bronchial epithelial cells [30] and human airway smooth muscle cells
[31]. Our data demonstrates that LPA specifically via LPAR5 transac-
tivates the TGFBR1 to stimulate the phosphorylation of Smad2 carboxyl
terminal. In our VSMC model, LPA stimulated pErk1/2 was not in-
hibited by EGFR antagonist, AG1478, demonstrating that LPA does not

transactivate the EGFR. Several studies have demonstrated that LPA
transactivates other PTKRs to stimulate pErk1/2 [51–54]. In mesangial,
bronchial epithelial and smooth muscle cells, LPA transactivates PDGFR
to stimulate pErk1/2 [52,53,55] and in CHO-K1 cells, LPA transacti-
vates insulin-like growth factor-I receptor to stimulate downstream
Erk1/2 signalling [51]. Belonging to GPCRs, LPARs can activate Erk1/2
dependent signalling pathways in the absence of transactivation de-
pendent signalling [54,56]. In adipocytes, LPA mediated pErk1/2 was
independent of EGFR or PDGFR transactivation; however, it was de-
pendent on the activation of downstream G proteins [54]. These studies
identify potential sources of LPA mediated pErk1/2 in VSMCs.

Several biochemical mechanisms are involved in the activation of
the TGFBR1 [41]. The activation of Akt and its downstream associated
effector AS160 drive cell surface translocation of TGFBRs. TGF-β [35],
glucose [57] and insulin [36] drive intracellular TGFBRs to the cell
surface increasing the sensitivity to autocrine or exogenous TGF-β. LPA
is a potent stimulator of Akt, however we observed that LPA mediated
transactivation of the TGFBR1 was not dependent on Akt pathways.
This data shows that LPA mediated phosphorylation of Akt is not
driving intracellular TGFBR1 to the cell surface to enhance TGF-β

Fig. 5. LPA stimulates the mRNA expression of GAG chain synthesizing genes.
RNA isolated from treated VMSCs was harvested and the mRNA expression of
(A) XYLT and (B) CHST3 was assessed using qRT-PCR. 18S was used as the
house keeping gene. Results are presented as mean ± SEM from four in-
dependent experiments. Statistical significance was determined by one-way
ANOVA, followed by least significant difference post-hoc analysis. *, p < 0.05
and **, p < 0.01 versus basal.

Fig. 6. The LPAR(s) involved in regulating the mRNA expression of GAG chain
synthesizing genes. VSMCs cells were pre-incubated with AM095 (10 μM)
(LPAR1 inhibitor), H2L5186303 (10 μM) (LPAR2 inhibitor) or TC LPA5 4
(10 μM) (LPAR5 inhibitor) for 30 min before exposure to LPA (10 μM) for 6 h.
Total RNA was harvested and mRNA expression of (A) XYLT and (B) CHST3 was
assessed by qRT-PCR analysis. Results are expressed as mean ± SEM from four
independent experiments. Statistical significance was determined by one-way
ANOVA, followed by least significant difference post-hoc analysis. **, p < 0.01
versus basal; #, p < 0.05 and ##, p < 0.01 versus LPA treated sample.
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responsiveness and the phosphorylation of Smad2. Activation of the
TGFBR1 occurs via proteolytic cleavage of the latent TGF-β by MMPs
[41]; however, us and others [12,28,42] have shown that GPCR
transactivation of the TGFBR1 occurs independently of MMPs. An in-
crease in ROS production promotes TGF-β signalling by oxidation of the
large latent complex and release of TGF-β [40,41,58]. We demonstrate
that LPA stimulates ROS production, whereas we observed that NOX/
ROS dependent pathways are not involved in LPAR transactivation of
the TGFBR1. In VSMCs, thrombin mediated TGFBR1 transactivation is
regulated by Rho/ROCK signalling and downstream cytoskeletal
mediated integrin activation [28,35]. The activated integrin binds to
the RGD domain of the latent TGF-β complex to release TGF-β which
then evokes TGFBR1 to elicit downstream responses [59]. Our data
demonstrates the LPAR transactivation of the TGFBR1 is dependent on
ROCK signalling pathways. This data highlights similarities in the
biochemical mechanisms associated in thrombin and LPA transactiva-
tion of the TGFBR1.

LPA receptors LPAR1, LPAR2 and LPAR5 are the most abundantly

expressed receptors in human VSMCs. However, when measuring the
direct downstream response of the respective GPCR, intracellular cal-
cium, we observed that only LPAR1 and LPAR5 are biologically func-
tional in human VSMCs. LPAR transactivation dependent signalling is
highly specific and we observed that LPAR5 but not LPAR1 can trans-
activate the TGFBR1. In mouse proximal tubule cells [50] and in human
bronchial epithelial cells [30], LPA via LPAR2 induces ROCK/αVβ6
integrin mediated TGFBR1 transactivation. In human airway smooth
muscle cells, LPA induces TGFBR1 transactivation via αVβ5 integrin
[31]. These findings strengthen the status of a common biochemical
mechanism in all GPCR transactivation of the TGFBR1 involving ROCK/
integrin activation. As such, these signalling effectors represent poten-
tial therapeutic targets to inhibit pathophysiological effects of GPCR
transactivation of the TGFBR1.

GAG chain elongation and the mRNA expression of GAG chain
synthesizing genes correlate with atherosclerosis severity in vivo
[20,60]. Traditional cardiovascular agonists such as thrombin [42,61],
PDGF [25] and TGF-β [27,62] stimulate GAG chain elongation, LPA has
a prominent role in promoting atherosclerosis and cardiovascular dis-
ease [2]. Our data demonstrates that in VSMCs, LPA stimulates the
initiation and elongation of GAG chains on proteoglycans evidenced by
an increase in the mRNA expression of XYLT1 and CHST3. LPA medi-
ated transactivation of the TGFBR1 occurred predominantly via the
LPAR5; however, LPA mediated GAG gene expression was partially
regulated by both LPAR1 and LPAR5. This demonstrates that LPAR1 via
transactivation independent pathway can stimulate the expression of
GAG chain synthesizing enzymes. The data together demonstrates that
LPA via transactivation dependent and independent pathways drives
the modification and elongation of GAG chains providing a novel per-
spective of the pathogenic role of LPA in the development of athero-
sclerosis.

5. Conclusions

In VSMCs, LPA via LPAR5 leads to the transactivation of the
TGFBR1. We demonstrated that LPA via transactivation dependent and
independent pathways stimulates the mRNA expression of rate limiting
enzymes associated in GAG chain modification highlighting the con-
tribution of LPA to early pathogenesis of atherosclerosis. We show that
GPCR transactivation of the TGFBR1 occurs via a common biochemical
mechanism involving ROCK/integrin signalling. The identified signal-
ling effectors represent potential therapeutic targets to inhibit patho-
physiological effects of GPCR transactivation of the TGFBR1.
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