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A B S T R A C T

Cancer-associated fibroblasts (CAFs) play a critical role in cancer progression, metastasis, and therapy resistance.
Molecular events that confer CAF-phenotype to predecessor-cells are not fully understood. We demonstrate here
that the ovarian cancer cell-conditioned medium (OCC-CM) induces CAF-phenotype in MRC5 lung-fibroblasts
and it can be mimicked by LPA. While OCC-CM and LPA stimulated the expression of cellular CAF-markers by 3-
days, they induced aerobic glycolysis, a metabolic marker for CAF, by 6 hrs. OCC-CM/LPA-induced glycolysis in
lung (MRC5) as well as ovarian fibroblasts (NOF151) was inhibited by the LPA-receptor antagonist, Ki16425.
Ovarian cancer patient-derived ascitic fluid-induced aerobic glycolysis in both NFs and Ovarian CAFs and it was
inhibited by Ki16425. Further analysis indicated that LPA upregulated HIF1α-levels and the silencing of HIF1α
attenuated LPA-induced glycolysis in both NOFs and CAFs. These results establish LPA-induced glycolytic-shift
as the earliest, potentially priming event, in NF to CAF-transition. These findings also identify a role for LPA-
LPAR-HIF1α signaling-hub in the maintenance of the glycolytic-phenotype in CAFs. Our results provide evidence
that targeted inhibition of LPA-mediated metabolic reprogramming in CAFs may represent an adjuvant therapy
in ovarian cancer.

1. Introduction

Cancer-associated fibroblasts (CAFs), which form the major con-
stituent of the tumor stroma, play an important role in tumor pro-
gression, metastasis, and therapy resistance [1–6]. CAFs are highly
heterogeneous population of cells with diverse cellular origins [7].
Cancer cells recruit and induce transformation of the tumor resident
endothelial cells, epithelial cells, mesenchymal or hematopoietic stem
cells, smooth muscle-cells, and quiescent normal fibroblasts (NFs) to

CAFs through paracrine signaling mechanisms [1,4–8]. Despite the
progenitor role of multiple cell types in the origin of CAFs, the primary
route for their origin appears to be the activation of the resident fi-
broblasts by cancer cells [9]. Irrespective of the cellular origin, CAFs
collectively provide an optimal growth niche for the accelerated cancer
growth, cancer-angiogenesis, and invasive metastasis through autocrine
as well as paracrine signaling pathways [4,10–12]. With the observa-
tion that the bidirectional communications between cancer cells and
CAFs play a major role in therapy resistance and disease prognosis in
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many cancers, there has been great interest to define the mechanism
through which cancer cells activates the cells in the tumor micro-
environment (TME), especially the quiescent fibroblasts to CAFs, so that
a therapeutic strategy for co-targeting cancer cells and CAFs can be
developed [13–15].

CAFs differ from their normal counterparts by the acquisition of
distinct functional and physicochemical phenotypic changes. These
include the expression of myofibroblast-specific markers FAP and
αSMA, growth factors TGFβ1, TGFβ2, PDGF, PDGFRα, PDGFRβ, βFGF,
and periostin, neo-vascularization marker VEGF, chemokine/cytokines
IL6 and CXCL12, extracellular matrix proteins such as tenascin-C and
neuron glial antigen-2, and structural proteins vimentin, desmin, and
fibroblast specific protein-1 [16–21]. While none of these markers are
unique to CAFs, a combination of these markers has been often used to
identify CAFs. However, a major and key functional feature that dis-
tinguishes CAFs from their normal counterparts is their acquired me-
tabolic reprogramming towards aerobic glycolysis [22,23]. Glycolysis
in CAFs leads to the synthesis and secretion of lactate and pyruvate that
are taken up by the cancer cells to sustain their growing anabolic needs
[23–25]. However, the mechanism by which cancer cells induce the
functional differentiation of NFs into CAFs with glycolytic phenotype is
far from clear [7,8,26]. This is especially true in the case of ovarian
cancers, which is the leading cause of death among gynecological

malignancies [27].
Recently, we have shown that Lysophosphatidic acid (LPA), syn-

thesized by the ovarian cancer, stimulates aerobic glycolysis in cancer
cells by eliciting a pseudohypoxia-adaptive response through a sig-
naling nexus involving Gαi2, Rac1, NOX1, ROS, and HIF1α [28]. Taken
together with the observation that cancer cell derived ROS and the
resultant accumulation of HIF1α trigger glycolytic shift in CAFs
[29,30], we hypothesized that the ovarian cancer cell derived LPA
could induce the functional differentiation of normal fibroblasts (NOFs)
into CAFs through a similar mechanism involving HIF1α. To test, we
investigated the role of LPA present in ovarian cancer cell-conditioned
medium (OCC-CM) as well as ovarian cancer patient-derived ascitic
fluid in inducing functional differentiation of normal lung and ovarian
fibroblasts to CAF-phenotype by monitoring their glycolytic rate in a
metabolic flux analyzer. We also tested whether LPA is involved in
maintaining the glycolytic phenotype of fully differentiated ovarian
CAFs. Our results indicate that LPA stimulates glycolysis in both the
normal and cancer-associated fibroblasts along with the expression of
CAF-specific phenotypic markers. We also demonstrate that the ascitic
fluid-induced glycolytic shift can be inhibited by Ki16425, an LPA-re-
ceptor antagonist, thus establishing LPA-LPAR paracrine signaling in
ovarian cancer context. In addition, we demonstrate that the glycolysis
stimulated by LPA is abrogated by silencing the expression of HIF1α.

Fig. 1. Ovarian Cancer Cell-conditioned Medium induces CAF-phenotype in MRC5 lung fibroblasts. A. Serum-starved MRC5 fibroblasts cells were stimulated
with OVCAR5-CM (40%) continuously for 5 days and ECAR was determined over time using XFe96 extracellular flux analyzer. ECAR was measured every 8min (Left
Panel). Glucose (10mM), oligomycin (1 μM) and 2-DG (50mM) were added at the indicated time-points. Rate of glycolysis and glycolytic capacity derived from the
ECAR analysis with OVCAR5-CM stimulation are presented as bar charts. Each experiment was repeated at least three times and the results are from a representative
analysis. Error bars indicate SEM (n= 4 to 8 parallel determinations). Percentile change over the basal level is denoted over the bars of the chart. Statistical
significance between OCC-CM treated and untreated cells was determined by Student's t-test (*P < 0.05, **P < 0.005, ***P < 0.0005). B. Serum-starved MRC5
fibroblasts were stimulated with OVCAR5-CM as above continuously for 10 days, the cells were collected at the indicated time points, and RT-qPCR analysis was
carried out for the above CAF markers by following the standard protocol. Fold changes over control values are presented. The experimente was repeated thrice and
the results are from a representative experiment.
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Our studies presented here identify a driving role for LPA-LPAR sig-
naling in inducing aerobic glycolysis and thus a critical priming event
in NOF to CAF differentiation. In addition, we demonstrate that this
signaling loop can be inhibited by LPA-antagonist or HIF1α-siRNA in
both NOFs and CAFs, thereby identifying it as a signaling locus for
targeting both the induction and maintenance of CAF-phenotype.

2. Materials and methods

2.1. Cell lines, reagents, and culture methods

Human lung fibroblast MRC5 and OVCAR5 cells were grown and
maintained in Dulbecco's modified Eagle's medium (DMEM)
(Mediatech, Manassas, VA) whereas immortalized normal ovarian fi-
broblast (NOF151) and ovarian cancer associated fibroblasts (CAF147,
CAF148) were grown and maintained in MCDB:M199 medium sup-
plemented with EGF (10 ng/ml) following the previously published
methods [31]. All the above growth media were supplemented with
10% FBS (Gemini Bio-Products, West Sacramento, CA), penicillin-
streptomycin 5000 U/mL (Mediatech, Manassas, VA) at 37 °C in a 5%
CO2 incubator. These media containing 0.2% BSA (Cat # BP9704-100;
Fisher Scientific, Pittsburg, PA). 18.1 Lysophosphatidic acid (Cat #
250091 1-oleoyl-2-hydroxy-sn-glycero-3-phosphate) was obtained from

Avanti Polar Lipids (Alabaster, AL) and dissolved into 10mM stock
solutions in PBS with 0.1% BSA and stored at −80 °C until use. LPA-
receptor antagonist Ki16425 (Cat # 5056) was procured from Tocris
Bioscience (Minneapolis, MN). The siGENOME non-targeting siRNA
(Cat # D-001206-13-05) and siGENOME SMARTpool HIF1α siRNAs
(Cat # M-004018-05-0005) were obtained from Dharmacon (Lafayette,
CO).

2.2. Collection of ovarian cancer cell-conditioned medium (CM)

Ovarian cancer cell-conditioned-medium was collected following
our previously published methods [32]. Cells growing in growth
medium were replaced with respective serum starvation medium con-
taining 0.2% BSA and 1% Penicillin-Streptomycin. After 48 h, the
medium was collected centrifuged at 600g for 20min to remove cellular
debris and filtered using a 0.22 μM filter and stored in −80 °C for use in
ovarian fibroblasts. In experiments requiring the transfection of siRNAs,
cells were transfected with non-targeting siRNA or with HIF1α -tar-
geting siRNA (100 nM) using a Nucleofector II system from Lonza (Al-
lendale, NJ) using manufacturer's protocol for fibroblasts (Program #
U-023). Cells were collected at 48 h after transfection and used for
further analysis.

Fig. 2. LPA induces CAF-phenotype in MRC5 lung fibroblasts. A. MRC5 fibroblasts were serum starved overnight and stimulated for 6 h with 2, 5, or 10 μM LPA.
ECAR was determined every 8min. ECAR profile over time (Left Panel), glycolytic rate and glycolytic capacity (Right Panel) from a representative analysis is
presented. Mean and SEM (n= 10 to 12 parallel determinations) is shown. Percentile change over the basal level is denoted over the bars of the chart. Statistical
significance was determined by Student's t-test (*P < 0.05, **P < 0.005, ***P < 0.0005). B. MRC5 cells were pre-treated with different dose of LPA inhibitor
Ki16425 (10, 20 and 50 μM) 1 h prior to 10 μM LPA treatment for 6h. Change in ECAR was analyzed using XFe96 analyzer and glycolysis and glycolytic capacity data
from a representative analysis is presented. Mean and SEM (n=3 to 4). Percentile change over the basal level is denoted over the bars of the chart. Statistical
significance was determined by Student's t-test (*P < 0.05, **P < 0.005, ***P < 0.0005). C. MRC5 fibroblasts were stimulated with LPA continuously for 7 days,
the cells were collected at the indicated time points, and quantitative RT-qPCR analysis was carried out for the indicated CAF markers. Fold changes over control
values are presented above the respective bar diagram. The graph above is a representative experiment from three different repeats.
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2.3. Ovarian cancer patient-derived ascitic fluid

Patient-derived ascitic fluid was processed from the ascites samples
of patients at the Stephenson Cancer Center, University of Oklahoma
Health Science Center, Oklahoma City, Oklahoma. The study was ap-
proved by the OUHSC Office of Human Research Participant Protection
(HRPP) Institutional Review Board and samples were collected with the
informed consent from the patients. Ascitic fluid samples were collected
following previously published methods [33]. Cell-free ascitic fluid was
prepared as follows: 50ml of Ascites from patients were centrifuged at
600g for 5min in room temperature. The supernatant was carefully
transferred and used for further analysis.

2.4. Determination of LPA concentration

The concentration of LPA in OCC-CM and ovarian cancer patient-
derived ascitic fluid were quantified by ELISA using a commercially
available LPA assay kit (Echelon Biosciences, Salt Lake City, UT; Cat #:
K-2800S) following manufacturer's protocol. The assay plates were read
at the wavelength of 450 nm and the concentrations of LPA in culture
medium and ascitic fluid samples were quantified from a standard
curve, constructed with the known concentration of LPA.

2.5. Seahorse XFe96 extracellular flux analysis

The extracellular acidification rate (ECAR) was determined in
Seahorse XFe96 Extracellular Flux analyzer (Agilent, Billerica, MA)
using the XF Glycolysis Stress Kit, following the manufacturer's

Fig. 3. LPA induces CAF-phenotype in NOFs. A & B. NOF151 cells were serum starved overnight and stimulated for 6 h with 2, 5, or 10 μM LPA (Panel A) or 48 h
(Panel B). ECAR was determined every 8min. ECAR profile over time (Left Panel), glycolytic rate and glycolytic capacity (Right Panel) from a representative analysis
is presented. Mean and SEM (n= 9 to 12 parallel determinations) is shown. Percentile change over the basal level is denoted over the bars of the chart. Statistical
significance was determined by Student's t-test (*P < 0.05, **P < 0.005, ***P < 0.0005). C. NOF151 cells were pre-treated with 10 μM of LPA inhibitor Ki16425
1 h prior to stimulation with LPA for 6 h. Change in ECAR was analyzed using XFe96 analyzer and glycolysis and glycolytic capacity data from a representative
analysis is presented. Percentile inhibition over the control level is denoted over the bars of the chart. Mean and SEM (n= 6 to 9 parallel determinations). D.
NOF151 cells were stimulated with 10 μM LPA for the indicated time point and cells were collected and immunoblot analysis was carried out for the CAF marker
αSMA. The blot was stripped and probed for GAPDH to be used as loading control. Protein bands were quantified and fold changes over the control value (0-day) is
presented below the αSMA-bands.
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instructions and our previously published methods [28]. Initial analyses
were carried out with cell numbers ranging from 1×104 cells/well to
6× 104 cells/well with 1×104 cells increments and observed that
there were no cell number dependent changes in the experimental re-
sults. Results using 2× 104 cells/well are presented. The data was
analyzed and exported using the Seahorse Wave software (Agilent,
Billerica, MA) to the GraphPad Prism (La Jolla, CA) to obtain the graphs
and bar charts and also carry out statistical analyses.

2.6. Immunoblot analysis

Immunoblot analysis was carried out according to our previously
published methods [32] and developed with a Kodak Image Station
4000MM. The bands were quantified using ImageJ software (http://
rsb.info.nih.gov/ij/). Antibodies to αSMA (Cat # ab7817) were ob-
tained from Abcam (Cambridge MA). HIF1α antibody (Cat # 610959)
was procured from BD Transduction labs (San Jose, CA). Antibodies to
GAPDH (Cat # CB1001) and β-Actin (Cat # 8457L) were procured from
Calbiochem (Burlington, MA) and Cell Signaling Technologies (Dan-
vers, MA) respectively.

2.7. Quantitative real time PCR analysis

Total RNA was extracted from fibroblasts using Qiagen RNeasy Plus
kit (Qiagen, Valencia, CA) by following the manufacturer's instructions.
cDNA synthesis was carried out using iScript cDNA synthesis kit (Bio-
Rad, Carlsbad, CA). Real-time quantitative PCR (RT-qPCR) was carried
out using the cDNA from the above step using SsoAdvanced SYBR green
PCR kit (Bio-Rad, Carlsbad, CA) in a Bio-Rad CFX96 Real time PCR
Detection System. Primers used in the RT-qPCR analyses were provided
in the supplementary data (Table S1). The data were normalized to the
values obtained with the house-keeping genes GAPDH and GusB. Re-
sults were expressed as fold change over the control values.

2.8. Statistical analysis

All statistical analysis was performed using GraphPad Prism (La
Jolla, CA) by two-tailed student's t-test with Welch's correction.

Fig. 4. LPA induces glycolysis in differentiated ovarian CAFs. A & B. Ovarian Cancer associated fibroblasts CAF147 (Panel A) and CAF148 (Panel B) cells were
serum starved overnight and stimulated with 2, 5, and 10 μM LPA for 6 h. Extracellular flux analysis was carried out. ECAR profile over time (Left Panel), glycolytic
rate and glycolytic capacity (Right Panel) from a representative analysis is presented. Mean and SEM (n= 11 to 12 parallel determinations) is shown. Percentile
change over the basal level is denoted over the bars of the chart. C & D. CAF147 and CAF148 cells were pre-treated with Ki16425 (20 and 50 μM) for 1 h and then
10 μM LPA was added to the medium. After 6 h of LPA-stimulation, ECAR analysis was carried out. Data presented are ECAR changes over time (Left panels) and
glycolysis and glycolytic capacity (Right Panels). Percentile inhibition over the control level is denoted over the bars of the chart. Mean and SEM (n=3 to 6 parallel
determinations). Statistical significance was determined by Student's t-test (*P < 0.05, **P < 0.005, ***P < 0.0005).
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3. Results

3.1. Conditioned medium from ovarian cancer cells induce CAF-associated
phenotypic changes in MRC5 lung fibroblasts

Cancer cell induced metabolic reprogramming in NFs towards
aerobic glycolysis is one of the key features associated with CAF-phe-
notype [34]. While Soluble factors from cancer cells have been shown
to induce glycolysis in CAFs [35], the role of ovarian cancer cell-derived
paracrine factors in modulating the CAF-phenotype is largely unknown.
To investigate this, conditioned medium collected from ovarian cancer
cells OVCAR5 (OVCAR5-CM) was used on MRC5 lung fibroblast model
system to monitor the changes in the glycolytic phenotype using an
XFe96 analyzer. Briefly, MRC5 cells were treated with OVCAR5-con-
ditioned medium or normal growing (non-conditioned) medium con-
tinuously for 5 days. OVCAR5-CM induced glycolysis and glycolytic
rate were determined by monitoring the extracellular acidification rate
(ECAR) in MRC5 cells. Results from this study showed that OVCAR5-
CM was able to induce an increase ECAR in MRC5 fibroblasts compared
to the no condition medium control (Fig. 1A). An increase in glycolysis
and glycolytic capacity was observed in MRC5 fibroblasts treated with
OVCAR5-CM compared to the non-conditioned medium control
(Fig. 1A). These findings indicate that the paracrine factors from the
ovarian cancer cells can induce a glycolytic phenotype in the

neighboring fibroblasts.
Previous studies have also shown that paracrine factors from cancer

cells could transform the normal resting fibroblasts to activated cancer
associated fibroblasts. Both in vitro studies using conditioned medium
from hepatic cancer cells and in vivo xenograft studies in both hepa-
tocellular and melanoma tumors reveal a critical role for cancer cell-
derived paracrine factors in the differentiation of NFs to CAFs [35,36]
as indicated by the increased expression of FAP, αSMA, growth factor
markers like TGFβ1, TGFβ2, PDGF, and bFGF, neo-vascularization
markers like VEGF, and chemokine/cytokines like IL6, CXCL12 that are
highly associated with transformed CAFs [16–21,37,38]. To determine
if paracrine factors from ovarian cancer cells could induce CAF trans-
formation, MRC5 cells were stimulated with conditioned medium from
OVCAR5 cells continuously for 10 days. Cells collected at various time
points were analyzed for the expression of putative CAF-markers by RT-
qPCR analysis. Result from such analysis indicated that OVCAR5-CM
induces an increase in the expression of multiple CAF markers such as
ACTA2 (αSMA), FAP, TGFβ1, TGFβ2, VEGFA, VEGFB, CXCL12, and IL6
as early as Day 3 (Fig. 1B), thus demonstrating the ability of OVCAR5-
CM to induce CAF-associated phenotypic changes in MRC5 fibroblasts.

3.2. LPA induces CAF-phenotypic changes in MRC5 lung fibroblasts

Studies from several laboratories have shown that ovarian cancer

Fig. 5. Ascitic fluid stimulates glycolysis in NFs via LPA-LPAR signaling. A. MRC5 fibroblasts were serum starved overnight and stimulated with 5% ovarian
cancer patient-derived ascitic fluid for 6 h. One hour prior to stimulation with ascites fluid, these cells were treated with Ki16425 (20 and 50 μM) or vehicle control.
Extracellular flux analysis was carried out using XFe96 analyzer. ECAR profile over time (Left Panel), glycolytic rate and glycolytic capacity (Right Panel) from a
representative analysis is presented. Mean and SEM (n=3 to 11 parallel determinations) is shown. Percentile change over the basal level is denoted over the bars of
the chart. B. NOF151 cells were stimulated with 5% ascitic fluid samples from 7 different ovarian cancer patients for 6 h. ECAR was analyzed using XFe96 analyzer
and glycolysis and glycolytic capacity data from a representative analysis is presented. Percentile stimulation over the control level is denoted over the bars of the
chart. Mean and SEM (n= 4 to 7 parallel determinations). C. NOF151 cells were pre-treated with Ki16425 (20 and 50 μM) or vehicle control for 1 h prior to
stimulation with 5% ascitic fluid ASC050316. ECAR analysis was carried out using XFe96 analyzer and ECAR change over time (Left Panel) glycolysis and glycolytic
capacity (Right Panel) is presented. Percentile inhibition over the control level is denoted over the bars of the chart. Mean and SEM (n= 3 to 4 parallel determi-
nations). Statistical significance was determined by Student's t-test (*P < 0.05, **P < 0.005, ***P < 0.0005).
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cells synthesize and secrete LPA into the ascites and the LPA in the
ascites can act as a potent mitogenic and motogenic factor in ovarian
cancer [39,40]. Our recent studies using high grade serous ovarian
carcinoma (HGSOC) cell lines as well as patient-derived ovarian cancer
cells have shown that LPA induces a pseudohypoxic oxidative stress and
elicits pseudohypoxia-adaptive responses including EMT and metabolic
reprogramming towards glycolytic shift in ovarian cancer cells.
Therefore, we posited that the LPA secreted by ovarian cancer cells in
OCC-CM similarly promotes aerobic glycolysis in fibroblasts. First, we
ascertained that LPA is actually present in the CM derived from the
ovarian cancer cells. CM from four different HGSOC cell lines and two
non-HGSOC cell lines were analyzed for the presence of LPA by ELISA.
Results indicated the presence of LPA in CM derived from these cells
ranging from 200 nM to 1 μM concentration (Table S2).

Reasoning that the LPA, thus derived, could stimulate glycolysis in
the fibroblasts through the activation of membrane-bound LPA-re-
ceptors (LPARs), we investigated whether exogenous LPA could induce
CAF-associate phenotypic changes in MRC5 fibroblasts. To test, we
stimulated MRC5-fibroblasts, with different concentration of LPA for
6 h and glycolysis was measured using XFe96 analyzer. Results from
this analysis show that LPA induced an increase in glycolysis and gly-
colytic capacity in a dose dependent manner (Fig. 2A). We could also

demonstrate that the pretreatment of these cells with an increasing
concentration of Ki16425, an LPA-receptor antagonist, attenuated LPA-
stimulated glycolytic response in these cells (Fig. 2B). These findings
further establish the role of LPA and LPARs of the fibroblasts in trig-
gering glycolysis of the fibroblasts. We interrogated further whether
LPA could induce the differentiation of MRC5 fibroblasts to a CAF-
phenotype, similar to the effect seen with OVCAR5-CM. MRC5 cells
were stimulated with 10 μM LPA for 10 days and the cells were ana-
lyzed at different time points for the presence of CAF phenotypic
markers by RT-qPCR analysis. Results indicate that LPA stimulated the
expression of the CAF-markers CXCL12, FAP, TGFβ2, VEGFA, VEGFB,
and HIF1α by Day 7 (Fig. 2C). However, LPA did not induce the ex-
pression of other CAF markers such as ACTB2, IL6 and TGFβ1 (Fig. 2C).
These results suggest that LPA stimulates both functional and molecular
CAF-phenotypic changes in MRC5 fibroblasts.

3.3. LPA induces CAF-associated phenotypic changes in normal ovarian
fibroblasts (NOFs)

Considering the critical role of LPA in ovarian cancer progression, it
is of interest to assess whether LPA could induce such CAF-specific
phenotypic changes in fibroblasts derived from ovaries. NOF151, an

Fig. 6. Ascitic fluid stimulates glycolysis in ovarian CAFs via LPA-LPAR signaling. A & B. Ovarian cancer associated fibroblasts CAF147 and CAF148 were serum
starved overnight and stimulated for 6 h with 5% ascitic fluid samples. XFe96 analyzer was used to monitor the changes in glycolysis. ECAR profile over time (Left
Panel), glycolytic rate and glycolytic capacity (Right Panel) from a representative analysis is presented. Mean and SEM (n= 3 to 4 parallel determinations) is shown.
Percentile change over the basal level is denoted over the bars of the chart. C & D. CAF147 and CAF148 cells were pre-treated with Ki16425 (20 and 50 μM) or
vehicle control for 1 h prior to stimulation with 5% ascitic fluid ASC050316. ECAR analysis was carried out using XFe96 analyzer and ECAR change over time (Left
Panel) glycolysis and glycolytic capacity (Right Panel) is presented. Percentile inhibition over the control level is denoted over the bars of the chart. Mean and SEM
(n=3 to 4 parallel determinations). Statistical significance was determined by Student's t-test (*P < 0.05, **P < 0.005, ***P < 0.0005).
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immortalized NOF cell line, was stimulated with increasing con-
centrations of LPA for 6 h or 48 h and LPA-induced glycolysis was de-
termined using XFe96 analyzer. The results indicated that LPA induced
aerobic glycolysis in NOF151 fibroblasts in a dose dependent manner at

both the time points (Fig. 3 A & B). LPA-induced stimulation of gly-
colysis was inhibited by the pretreatment of NOF151 fibroblasts with
Ki16425 (Fig. 3C; Fig. S3), indicating the role of LPA-LPAR signaling in
this process. Next, we investigated whether LPA could induce molecular

Fig. 7. LPA-induced glycolysis in NOF and ovarian CAFs involves HIF1α. A. NOF151, CAF147 and CAF148 cells were stimulated with 10 μM of LPA for 6 h. Cells
were collected and processed for RT-qPCR and immunoblot analyses for HIF1α. HIF1α bands were quantified and the fold increase over the control values is denoted
above the HIF1α bands. Results from a typical experiment (n= 3) are presented. B – D. NOF151 (B), CAF147 (C), and CAF148 (D) were transfected with siRNA
targeting HIF1α or control non-targeting siRNA for 48 h, following which they were stimulated with 10 μM of LPA for 6 h. ECAR flux over time, glycolysis and
glycolytic capacity were plotted. Results (Mean and SEM; n= 6 to 22 parallel determinations) from a representative analysis (n=3 independent experiments) are
presented along with statistical significance, determined by Student t-test (*P < 0.05, **P < 0.005, ***P < 0.0005). Percentile decrease over the basal levels of
glycolysis is marked above the bars of the histogram. Silencing efficiency was monitored by RT-qPCR and immunoblot analysis for HIF1α. Fold decrease over the
control value was quantified and presented over the control levels is presented over the HIF1α bands.
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phenotypic changes associated with CAFs in NOFs to CAFs. NOF151
cells were stimulated with 10 μM LPA and the expression of CAF-phe-
notypic markers were monitored over time through immunoblot ana-
lysis. Our results show an increase in the expression of CAF-marker
αSMA by Day 3 following LPA-stimulation (Fig. 3D). Thus, as in the
case of MRC5 fibroblasts (Fig. 2), these results indicate that LPA could
stimulate both functional and molecular phenotypic changes re-
presented by glycolytic shift and the expression of CAF-markers in
NOFs.

3.4. LPA induces glycolysis in differentiated ovarian CAFs

It has been well documented that CAFs show increased aerobic
glycolysis leading to the synthesis of lactate and pyruvate that can be
transferred to cancer cells for their increased anabolic need [23,24].
The mechanisms involved in sustaining the increased glycolysis in fully
differentiated CAFs are largely unknown. In light of the above ob-
servations that LPA-LPAR signaling is involved in inducing glycolysis in
NFs, we investigated the role of similar LPA-LPAR signaling loop in
sustaining or further enhancing glycolysis in fully trans-differentiated
ovarian CAFs. The signaling paradigm involving LPA-LPAR signaling in
promoting glycolysis in CAFs was further interrogated by evaluating the
ability of LPA to induce aerobic glycolysis in ovarian CAFs. To analyze,
previously established CAF cell lines, namely CAF147 and CAF148,
were stimulated with increasing concentrations of LPA and glycolysis in
response to LPA was monitored at the end of 6 h. Results from this
analysis demonstrated the ability of LPA to promote an increase in
glycolysis and the glycolytic capacity in both CAF147 and CAF148 cells
(Fig. 4A and B). Furthermore, this increase in ECAR was abrogated by
the pretreatment of the CAFs with Ki16425, indicating that LPA-LPAR
signaling pathways is involved in sustaining and/or further enhancing
glycolysis in ovarian CAFs (Fig. 4 Cand D).

3.5. Ascitic fluid stimulates glycolysis in NFs and ovarian CAFs via LPA-
LPAR signaling

Our findings that LPA induces CAF-phenotype in NFs become highly
significant in the context of ovarian cancer in which the cancer tissues
are continuously bathed in ascitic fluid that contains high concentra-
tions of LPA [41–44]. Therefore, we investigated whether ascitic fluid
derived from ovarian cancer patients can induce glycolytic shift in
ovarian fibroblasts and if so, whether it is mediated by LPA. First, we

determined the concentration of LPA in the ascitic fluid obtained from
seven ovarian cancer patients. ELISA analysis of the ascites samples
indicated the presence LPA in μM concentrations ranging from 23 μM to
150 μM (Table S3) in agreement with the previous findings [41–44].
Next, we analyzed the ability of ascites to stimulate glycolytic shift in
MRC5 and NOF151 fibroblasts. MRC5 and NOF151 cells were treated
with 5% of the individual ascitic fluid samples for 6 h and at the end of
6 h, the cells were analyzed for glycolytic shift. Results indicated that
the tested ascites samples stimulated the glycolytic flux in both MRC5
and NOF151 cells (Fig. 5 & S1). In fact, all of the tested ascites samples
stimulated such increased glycolysis in NOF151 cell lines (Fig. S1,
Fig. 5B). More importantly, pre-treatment of the MRC5 (Fig. 5A) or
NOF151 (Fig. 5C) cells with Ki16425 attenuated ascites-stimulated
glycolysis. Taken together, these results point to the role of ascites-
contained LPA, presumably secreted by the ovarian cancer cells, in
triggering aerobic glycolysis, thus metabolic CAF-phenotype in NFs.
Next, we explored the possibility that a similar LPA-LPAR signaling
pathways is involved in inducing and possibly maintaining the glyco-
lytic phenotype in fully differentiated ovarian CAFs. To test, ovarian
CAF cell lines, CAF147 and CAF 148 were stimulated with ascites
samples for 6 hrs in the presence and absence of Ki16425 following
which the glycolytic flux was monitored. Results from this analysis
indicated that the ascites fluid could stimulate an increase in ECAR
even in fully differentiated ovarian CAFs (Fig. 6 A & B) and that this
increase was inhibited by pre-treatment with Ki16425 (Fig. 6C and D).

3.6. LPA-induced glycolysis in NOF and ovarian CAFs involve HIF1α

Our recent studies have shown that LPA induces pseudohypoxic
oxidative stress and elicits pseudohypoxia-adaptive responses including
EMT and metabolic reprogramming in ovarian cancer cells [28]. We
have also shown that the adaptive response involves the LPA-LPAR
mediated increase in the expression and/or stabilization of HIF1α [28].
Therefore, we focused on defining whether LPA-LPAR-HIF1α signaling
paradigm is involved in the observed stimulation of glycolysis in
ovarian NOFs and CAFs. To validate such a paradigm, first we tested
whether LPA could stimulate the expression of HIF1α in ovarian NOFs
and CAFs. NOF151 as well as CAF147 and CAF148 were stimulated
with LPA for 6 h. Expression of HIF1α was monitored by RT-qPCR and
immunoblot analyses. Results from this study show that LPA stimulates
the expression of HIF1α in both the NOFs and CAFs (Fig. 7A). Next, we
analyzed whether LPA-induced increase in glycolysis is mediated

Fig. 8. Schematic representation of LPA-
induced transition of normal ovarian fi-
broblasts to cancer associated fibro-
blasts. Ovarian cancer cells (OCCs) syn-
thesize and secrete LPA into the ascites of
the peritoneal cavity. LPA in the ascites
stimulates LPA-receptors (LPAR) in the re-
sident normal fibroblasts (NF) and induces
metabolic reprogramming towards aerobic
glycolysis via HIF1α. This early priming
event is followed by the completion of NF to
cancer associated fibroblast (CAF) conver-
sion involving LPA-mediated induction of
other CAF-specific phenotypic changes such
as the expression of α-smooth muscle actin
(αSMA). OCC-derived LPA is also involved
in the maintenance of the reprogrammed
aerobic glycolysis in CAFs via HIF1α.
Lactate and other oncometabolites gener-
ated through this pathway provide meta-
bolic support to OCC, thus contributing to
the aggressive growth and progression of
ovarian cancer.
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through HIF1α. Expression of HIF1α was silenced using siRNA to HIF1α
in NOF151, CAF147 and CAF148 fibroblasts. Thereafter, the cells were
stimulated with LPA for 6 h and the glycolytic rates were monitored.
Results indicated that the silencing of HIF1α abrogated glycolysis in the
NOF151 (Fig. 7B) as well as CAF147 and CAF148 (Fig. 7C and D)
suggesting the dominant role of HIF1α in LPA-LPAR signaling induced
glycolysis, a major functional phenotype of ovarian CAFs. These results
highlight the pivotal role of HIF1α in LPA-LPAR mediated paracrine
signaling in triggering and presumably maintaining a functional CAF-
phenotype in resident fibroblasts in the TME (see Fig. 8).

4. Discussion

TME plays a major role in the pathogenesis and progression of
several cancers including ovarian cancers [45]. Cancer-associated fi-
broblasts comprise one of the most important cellular components in
the TME [2,46,47]. With the growing evidence that CAFs promote
progression and metastasis of many cancers, defining the mechanism
underlying the differentiation of NFs to a CAFs has become critically
important to develop novel therapy. Although diverse cancer-derived
growth factors and oncometabolites have been shown to be associated
with the trans-differentiation of NFs to CAFs, precise roles of these
molecules are not fully understood [48]. Hypoxia has been known to
induce the trans-differentiation of NFs to CAFs [49]. Here we show that
LPA induces such trans-differentiation even under normoxic condition.
Our recent studies have shown that LPA induces pseudohypoxia-in-
duced oxidative stress in ovarian cancer cells with the resultant ex-
pression of HIF1α via the signaling nexus involving Gαi2, Rac1, NOX2,
and the generation of ROS [28]. This in turn elicits an adaptive HIF1α-
dependent pseudohypoxia adaptive response that includes the in-
creased expression of GLUT1 and HK2 with the subsequent triggering of
glycolytic shift in ovarian cancer cells. Here we show that an analogous
LPA-LPAR -mediated pseudohypoxia with an increased expression of
HIF1α and HIF1α mediated pseudohypoxia-adaptive mechanisms are
involved in transitioning NOFs to CAF-phenotype. However, a notable
difference is that the LPA-LPAR induced pseudohypoxia in ovarian
cancer cells involves an autocrine signaling loop whereas it involves a
paracrine signaling mechanism involving LPA secreted by the ovarian
cancer cells and the membrane-bound LPARs in adjacent fibroblasts.
TME in ovarian cancer is a highly complex niche with the presence of
several growth factors, chemokines, cytokines and angiogenic factors
[50–52]. Several of these factors such as IL6, TGFβ, TGF-β2, PDGF,
VEGF, and CXCL12 have been identified to induce NOFs to CAFs
[17,21,35,38]. Interestingly, LPA is known to stimulate the synthesis
and secretion of several of these cytokines and chemokines in ovarian
cancer cells [39,53]. Thus, it is possible that ovarian cancer cell-derived
LPA triggers the initial signaling events in the resident ovarian NOFs in
the TME to promote CAF-phenotypic changes.

It is of interest to note here that LPA has been shown to stimulate
the expression of αSMA-expression, thus CAF/myofibroblast pheno-
type, in hepatocellular carcinoma associated peritumoral fibroblasts
[36] and human adipose tissue derived mesenchymal stem cells
(hASCs) by 4 days [54,55]. Our results with NFs also show that LPA-
induced αSMA expression can be seen in the fibroblasts by day 3, thus
suggesting a possible universal LPA-mediated mechanism underlying
the transition of mesenchymal stem cells and NFs to CAF-phenotype.
Studies with hASCs have also indicated that LPA induced expression of
αSMA involves both RhoA and TGFβ1 [54,55]. Here we show that these
events are preceded by a glycolytic shift in normal fibroblasts that is
triggered by LPA.

A three-step model has been proposed for the phenotypic differ-
entiation of NOFs to CAFs [8]. The steps envisaged by this model en-
compasses 1) tumor cell mediated NOF-recruitment; 2) induction of
CAF-phenotype; and 3) maintenance of CAF-phonotype. However,
based on the wide heterogeneity in terms of the putative CAF-markers
or signatures, it has also been opined that CAFs represent a “dynamic

state” rather than specific cell type [1]. While both these scenarios are
not mutually exclusive, the acquired CAF-phenotype by fibroblasts in
the TME plays a critical role in cancer progression and metastasis. Our
studies presented here suggest that the induction of NOFs to CAF-
phenotype involves at least two steps. The first step involves the
priming of the NOFs through the stimulation of glycolysis, a key
functional signature, indicative of CAF-phenotype. The second step
involves the maturation of CAF-phenotype with the expression of the
full complement of CAF-markers. In light of the present findings that
LPA induced expression of HIF1α along with the HIF1α-mediated gly-
colytic shift is an early response and HIF1α induces the expression of
RhoA in diverse cell types [56,57] and TGFβ1/Smad signaling, espe-
cially in fibroblasts [58], it is likely that the LPA-LPAR-HIF1α initiate
the CAF-phenotypic programming in ovarian fibroblasts in the TME.
Further studies should define the finer role of these signaling compo-
nents stimulated by LPA in NOF to CAF-transition in the ovarian TME.
The observation that the glycolytic shift in NOFs is inhibited by the
LPAR-antagonists Ki16425 support the view that it is the LPA released
by ovarian cancer cells (either in the CM in vitro or in the ascites in
vivo) that initiates the metabolic changes that determine the NOFs to
CAFs transition as well as the maintenance of the glycolytic phenotype
in matured CAFs (Fig. 8). Furthermore, the findings that LPAR-an-
tagonist can abrogate ascites induced metabolic reprogramming in
NOFs as well as CAFs indicates that LPA-LPAR-HIF1α pathway can be
targeted to inhibit the functional transformation of CAFs. From a
translational point of view, our observations that LPA induces pseu-
dohypoxia and the subsequent adaptive metabolic reprogramming in
both the cancer cell- and peritumoral fibroblast-compartments, qualify
LPA-LPAR-HIF1α signaling nexus as a potential candidate for the de-
velopment of multi-target drug development strategy in ovarian cancer.
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