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Abstract: Hypoxia is a common characteristic of advanced solid tumors and a potent driver of
tumor invasion and metastasis. Recent evidence suggests the involvement of autotaxin (ATX) and
lysophosphatidic acid receptors (LPARs) in cancer cell invasion promoted by the hypoxic tumor
microenvironment; however, the transcriptional and/or spatiotemporal control of this process remain
unexplored. Herein, we investigated whether hypoxia promotes cell invasion by affecting the
main enzymes involved in its production (ATX) and degradation (lipid phosphate phosphatases,
LPP1 and LPP3). We report that hypoxia not only modulates the expression levels of lysophosphatidic
acid (LPA) regulatory enzymes but also induces their significant spatial segregation in a variety of
cancers. While LPP3 expression was downregulated by hypoxia, ATX and LPP1 were asymmetrically
redistributed to the leading edge and to the trailing edge, respectively. This was associated with the
opposing roles of ATX and LPPs in cell invasion. The regulated expression and compartmentalization
of these enzymes of opposing function can provide an effective way to control the generation of an
LPA gradient that drives cellular invasion and migration in the hypoxic zones of tumors.

Keywords: hypoxia; autotaxin; ATX; LPA; lipid phosphate phosphatases; LPP1; LPP3; cell
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1. Introduction

Lysophosphatidic acid (LPA) is emerging as a critical oncogenic mediator regulating a variety of
cellular processes implicated in tumorigenesis including cellular proliferation, cell motility, invasion
and metastasis of a broad diversity of cancer cell types [1,2]. These effects of LPA are mediated by
its signaling through specific G protein-coupled receptors (GPCRs), the LPA receptors (LPAR1–6),
which activate a multitude of downstream responses associated with cytoskeletal remodeling, and the
activation of kinases, integrins and matrix metalloproteinases [3–5]. Unsurprisingly, LPARs also
promote the malignant progression of a variety of cancers including pancreatic, colon, liver, breast,
endometrial and ovarian cancers [6–11]. Further highlighting the vital role of LPA signaling as a driver
of tumor progression, overexpression of LPAR1-3 alone increases mammary tumorigenesis, invasion
and metastasis in a mouse mammary tumor virus (MMTV) model [12].

High LPA levels are found in malignant ascites from ovarian and pancreatic cancer patients,
and such increases represent an adverse prognostic factor [6,13,14]. Also, fast migrating melanoma
cells use a self-generated LPA gradient to drive cell invasion [15]. Two groups of enzymes tightly
control LPA levels by inducing its production and degradation.

LPA production is mainly regulated by autotaxin (ATX), a secreted LysoPLD enzyme present
in the cell supernatant of various malignant cell lines such as melanoma, glioblastoma and breast
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cancer [16–18]. ATX expression is upregulated in a wide range of malignancies including breast, lung,
colon, ovarian, stomach, thyroid and brain cancers, correlating with the invasive potential of these
cancer cells [18–21]. ATX localization can also be regulated as it binds to integrins or heparin sulfates
on the cell surface, which may result in localized production of LPA close to LPA receptors [22,23].
Cellular characteristics associated with tumor aggressiveness, including cell proliferation, cell survival,
cell motility, invasion, angiogenesis, resistance to treatment and metastasis, are all augmented by ATX,
and depend on its capacity to produce LPA [24,25].

Opposing these effects of ATX are the major LPA degrading enzymes, lipid phosphate phosphatases
(LPPs). LPPs are transmembrane proteins with extracellular catalytic domains. The LPP isoforms LPP1
and LPP3 are particularly implicated in the rapid degradation of extracellular LPA, resulting in the short
half-life of this lipid mediator [26]. LPP1 knockout mice have an increase in the plasma level of LPA
and a four-fold increase in the half-life of intravenously injected LPA, while extracellular LPA levels are
significantly augmented in LPP3 knockout fibroblasts [27,28]. Interestingly, the expression levels of LPP1
and LPP3 are downregulated in some cancer types such as breast, lung and ovarian cancer [29]. In fact,
low expression of LPP1 specifically is a contributing factor to the high levels of LPA found in ovarian
cancer and the associated increases in proliferation, survival and migration [30,31]. The subcellular
distribution of LPPs may also be regulated as LPP1 and LPP3 localize to distinct lipid raft domains,
which has been proposed to result in spatial regulation of LPA signaling at the cellular level [32].
Therefore, increased production of extracellular LPA by ATX promotes tumorigenesis while reduced
levels of LPA, due to the action of LPPs have a negative effect on tumor progression. Furthermore,
spatial localization of these enzymes may result in specific microenvironments with elevated local
production of LPA. However, the factors involved in shaping the differential expression or localization
of these LPA regulatory components in the tumor microenvironment remain mostly unknown.

An important tumor microenvironment factor driving tumor progression is hypoxia, a condition
of low oxygen concentration, commonly arising in solid tumors due to their rapid proliferation
limiting access to oxygen and nutrients [33,34]. Hypoxic tumors were found to be more aggressive,
invasive and prone to recurrence [35–37]. At the molecular level, hypoxia activates a diverse array
of transcription factors to profoundly affect cellular gene expression, as well as affecting cellular
metabolism, acidification of the tumor microenvironment and trafficking of specific proteins involved
in tumor progression [38–40]. Various studies investigating the cellular mechanisms responsible
for hypoxia-induced cellular invasion found that it is associated with an increased production of
invadopodia, which are degradative structures essential for cancer cell invasion and metastasis [41–44].
Additionally, a direct link between hypoxia and LPA signaling in cell invasion was established by our
findings, indicating that hypoxic cancer cells rely on LPAR1 signaling through the phosphatidylinositol
3-kinase/Protein Kinase B PI3K/Akt pathway for invadopodia production and metastasis [45]. Due to
their major roles in driving tumor progression, the interplay between hypoxia and the LPA axis
warrants further exploration.

Herein, we investigated whether the hypoxic tumor microenvironment stimulates cell invasion
by affecting LPA regulatory enzymes. We found that hypoxia not only significantly diminishes the
expression levels of LPP3 but also induces the spatial segregation of ATX and LPP1 at the plasma
membrane. Such seclusion of ATX apart from LPP1, coupled with reduced LPP3 levels may result in
uncontrolled LPA production at strategic cellular locations to drive cell invasion.

2. Results

2.1. Hypoxia Induces ATX and Represses LPP Expression in Certain Cell Lines

Given that tumor progression is associated with both an increase in the concentration of LPA within
the tumor microenvironment and the extent of hypoxic areas within tumors [6,13,35,46], we sought
to determine the impact of the hypoxic tumor microenvironment on the main enzymes that regulate
LPA levels through its production and metabolism. To address this question, we first investigated the
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hypoxic regulation of the major LPA producing enzyme, ATX in diverse cancer cell lines including
HT1080 fibrosarcoma, U87 glioblastoma, and MDA-MB231 breast cancer. A significant increase in ATX
(ENPP2) mRNA expression was observed following 8 or 16 hours of hypoxic (1% O2) stimulation in
HT1080 cells (Figure 1A). In contrast, U87 or MDA-MB231 cells showed no significant modulation
(Figure 1B,C) despite a significant increase in mRNA expression of CAIX, an intrinsic marker of
hypoxia (Figure 1D–F). These changes in mRNA expression correlated with protein expression for
ATX (Supplementary Materials, Figure S1A).

Figure 1. Effect of hypoxia on expression of autotaxin (ATX) and lipid phosphate phosphatases (LPP).
(A–J) Cells were incubated under normoxic (21% O2) or hypoxic (1% O2) conditions for 4, 8 or 16 hours.
mRNA expression of (A–C) ENPP2 (autotaxin), (D–F) CAIX (carbonic anhydrase IX), (G–I) PLPP1
(LPP1), (J–L) PLPP2 (LPP2) or (M–O) PLPP3 (LPP3) was evaluated by qPCR in (A, D, G, J, M) HT1080,
(B, E, H, K, N) U87, or (C, F, I, L, O) MDA-MB231 cells. RPLP0 was used to normalize the data. N ≥ 3.
Bars represent the mean ± SEM (* p < 0.05, ** p < 0.01).



Cancers 2019, 11, 1403 4 of 19

LPPs also play an important role in controlling LPA levels. Thus, we next investigated whether
hypoxia modulates the expression of LPPs in cancer cell lines. Aside from a transient but significant
inhibition of LPP1 gene expression in U87 cells, no significant modulation of LPP1 or LPP2 was observed
in HT1080, U87 or MDA-MB231 cells (Figure 1G–L). In contrast, hypoxia caused a pronounced decrease
in LPP3 mRNA expression (up to 40%) in all three cell lines tested (Figure 1M–O). Changes in mRNA
expression correlated with protein expression for LPP3 (Supplementary Materials, Figure S1B,C). Thus,
hypoxia increases gene expression of the LPA-producing enzyme ATX while decreasing the expression
of LPA degrading enzymes LPP1 and LPP3 in certain cancer cell lines, two events previously reported
to lead to higher levels of LPA [27,28,47].

To gain insight into the importance of these findings in cancer, ATX gene expression and that of
each of the LPPs were correlated with a set of genes previously found to be regulated by hypoxia in
various cancers and to be predictive of patients likely to benefit from hypoxia-modifying therapy [48,49].
Using TCGA datasets of fibroblastic sarcoma, glioblastoma and triple negative breast cancer patient
cohorts, we observed no significant correlation between gene expression of ATX and that of most of
the eight hypoxia-regulated genes in the fibroblastic sarcoma and glioblastoma cohorts, while there
was an overall negative correlation in breast cancer patients (Figure 2A–C). Of interest, we identified
a striking negative correlation between the expression of most genes of the hypoxia signature and
that of LPP3 in all three cancer patient cohorts, suggesting an association between the hypoxic tumor
microenvironment and low levels of LPP3 gene expression in cancer patients (Figure 2J–L). In contrast,
except for LPP1 in the sarcoma cohort, LPP1 and LPP2 showed inconsistent negative correlations,
with the eight hypoxia-regulated genes in all three cancer patient cohorts (Figure 2D–I). Collectively,
these results indicate that among the main enzymes regulating LPA production and degradation,
only LPP3 is consistently regulated by hypoxia in cancers.

Next, we used the SurvExpress online tool to define whether the downregulation of LPP3 gene
in hypoxia is associated with a poor prognosis by assessing two prognostic factors (overall survival
and metastasis-free survival). Results indicate that LPP3 expression can significantly separate low-
and high-overall mortality risk groups in sarcoma, glioblastoma and breast cancer patient cohorts
(Figure 2M–O). Markedly, an increased disparity between low- and high- metastasis-free risk groups
was found in sarcoma and breast cancer patients cohorts, the two groups for which metastasis data
was available (Supplementary Materials, Figure S2A–B). Moreover, low LPP3 gene expression was
significantly associated with high-risk groups for both overall survival and metastasis-free survival
in all three cohorts studied (Supplementary Materials, Figure S2C–G), suggesting that the hypoxic
downregulation of LPP3 is linked to a poor prognosis.

2.2. ATX and LPP1 or LPP3 Exert Opposite Effects on Cell Invasion

We have previously shown that hypoxia, through the LPA-LPAR1 receptor signaling axis, mediated
cell invasion through production of actin/cortactin-rich invadopodial structures [43,45,50], In this study,
we assessed whether the LPA synthesis and degradation enzymes were involved in this event. Results
indicated that ATX knockdown by shRNA abolished invadopodia production induced by hypoxia,
suggesting an important role for ATX in hypoxia-induced invadopodia production (Figure 3A). ATX was
found to have a similar role when cells were allowed to migrate through 3D collagen-containing
gels (Figure 3B–C). The efficiency of ATX gene knockdown was confirmed by qPCR (Supplementary
Materials, Figure S3) and western blotting [50]. Furthermore, under hypoxic conditions, the addition
of the product (LPA) but not the substrate lysophosphatidylcholine (LPC) of ATX restored invadopodia
production in ATX knockdown cells to the same level as in control cells (Figure 3D). This result indicates
that the effects of ATX on hypoxia-induced invadopodia production are likely due to its ability to
produce LPA
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Figure 2. Correlation between ATX and LPP gene expression with a hypoxia gene signature and risk
of mortality in patient cohorts. TCGA RNAseq data was used to measure Spearman r correlation
coefficient of (A–C) ENPP2 (autotaxin), (D–F) PLPP1 (LPP1), (G–I) PLPP2 (LPP2) or (J–L) PLPP3 (LPP3)
RNA expression with hypoxia-induced genes in (A,D,G,J) fibroblastic sarcoma (N = 86), (B,E,H,I)
glioblastoma (N = 166), or (C,F,I,L) basal breast cancer (N = 171) tumor tissue from patient cohorts.
(* p < 0.05, ** p < 0.01, *** p < 0.001). (M–O) Kaplan-Meier plots obtained using the SurvExpress online
software showing overall survival curves of high- and low-prognostic risk groups based on PLPP3
expression in sarcoma (M), glioblastoma (N) and breast (O) cancer patients cohorts. Log-rank test
p-values are presented.
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Figure 3. Role of ATX and LPPs in cancer cell invasion. (A) Cells transfected with non-targeting
control (Ctr) or one of two ATX-targeted shRNA constructs (sh1 or sh2) were cultured for 10 h on
fluorescently-labeled gelatin. The percentage of cells forming extracellular matrix (ECM)-degrading
invadopodia is shown for cells cultured in normoxia (21% O2) or hypoxia (1% O2) N = 3. (B–C) Cells
transfected with non-targeting (Ctr) or ATX-targeted shRNA were incubated on type I collagen in 3D
invasion assays in normoxia (21% O2) or hypoxia (1% O2) for 24 h. (B) The relative intensity of cell
staining according to depth of invasion is shown. (C) The maximal depth of invasion is shown for
each condition. (D) Cells transfected with non-targeting control (Ctr) or ATX-targeted shRNA were
incubated in normoxia (21% O2), hypoxia (1% O2), hypoxia with LPC 10 µM (1% O2 + LPC), or hypoxia
with LPA 10 µM (1% O2 + LPA). The percentage of cells forming ECM-degrading invadopodia is
shown, N = 3. (E,F) HT1080 cells incubated in normoxia (21% O2) or hypoxia (1% O2), or HT1080
cells transduced with non-targeting control (Ctr) or one of two LPP1-, LPP2-, or LPP3-targeted shRNA
constructs incubated in normoxia (21% O2) were cultured for 10 h on fluorescently-labeled gelatin.
(E) The percentage of cells forming ECM-degrading invadopodia and (F) representative images of
matrix degradation are shown. N = 3. Bars represent the mean± SEM (* p < 0.05, ** p < 0.01, *** p < 0.001).
Scale bars, 50 µm.

Because LPP3, and to a lesser extent LPP1 expression levels are downregulated in hypoxic cells, we
sought to determine whether reducing their cellular expression can recapitulate the effect of hypoxia on
invadopodia production. For these experiments, we compared the effects of hypoxic stimulation (1%
O2) to that of shRNA targeting each of the three LPPs. Results showed that LPP1 or LPP3 knockdown
induced a significant increase in the percentage of cells forming invadopodia, comparable to the
increase induced by hypoxia (Figure 3E). In contrast, knockdown of LPP2 had no effect on invadopodia
production (Figure 3E), which is consistent with the lack of inhibition of LPP2 gene expression in
hypoxia (Figure 1J). Immunofluorescence images showed an increase in matrix degradation in cells
knockdown for LPP1 or LPP3 compared with control cells or cells knockdown for LPP2 (Figure 3F).
Knockdown of LPPs gene expression by targeted shRNA was confirmed by qPCR (Supplementary
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Materials, Figure S3). These results indicate that LPP1 and LPP3 play a negative role in invadopodia
production, most likely through their known ability to degrade LPA [26].

2.3. Hypoxia Induces Spatial Segregation of ATX and LPPs

Despite the essential role of ATX in hypoxia-induced invadopodia production, ATX expression
levels were not affected in most cell lines tested except a somewhat late 8–16 h, hypoxic induction in
HT0180 cells (Figure 1A–C). However, hypoxia is also known to mediate effects by altering the trafficking
and subcellular localization of various proteins [38]. Therefore, we sought to determine whether
hypoxia might modulate the subcellular localization of ATX. First, HT1080 cells were permeabilized
and stained for ATX and actin. Strong ATX staining at the leading edge of cells was observed in hypoxia
compared to a more diffuse staining under normoxic conditions (Figure 4A). Because secreted ATX
can be recruited to the cell-surface [22], we also performed ATX staining in non-permeabilized cells.
Co-staining of the cells with the lipophilic marker DiD and ATX showed localized ATX staining at the
cell surface (Figure 4B), as further seen in the associated z-axis images. In hypoxic cells, a prominent
cell-surface staining was detected at the leading edge compared to a more diffuse staining under
normoxic conditions (Figure 4B). Similar results were observed in hypoxic MDA-MB231 and U87 cells
(Supplementary Materials, Figure S4). These findings indicate that the subcellular localization of ATX
is altered in hypoxic cells resulting in a marked redistribution of the enzyme to the leading edge.

Figure 4. ATX localization in hypoxic cancer cells. (A–B) Representative immunofluorescence images
of HT1080 cells cultured on non-fluorescent gelatin for 4 h in normoxia (21% O2) or hypoxia (1% O2)
are shown. (A) Representative images of cells permeabilized and stained for ATX (green) or F-actin
(red). Nuclei were stained with DAPI (blue). Magnification 60×, scale bars, 5 µm. (B) Representative
images showing ATX (green) and the lipophilic carbocyanine DiD (red) staining in non-permeabilized
cells. Nuclei were stained with DAPI (blue). Magnification 60×, scale bars, 5 µm.
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The spatial segregation of proteins with opposing functions was found to be essential to control
cell signaling outputs [48]. Given the changes in ATX localization in hypoxia, we asked whether this
condition also affected the localization of LPPs, particularly in relation to ATX localization. Double
immunofluorescence staining of LPP1 and ATX in non-permeabilized HT1080, MDA-MB231 or U87
cells showed overlapping staining in normoxic cells, while hypoxic cells displayed staining for each
protein in distinct cellular localizations. In hypoxia, ATX was detected at the leading edge, while LPP1
staining was located at the trailing edge with no apparent overlap with ATX in the different cell lines
(Figure 5A, Supplementary Materials, Figure S5A).

Figure 5. Localization of both ATX and LPPs in hypoxic cancer cells. (A–C) Representative
immunofluorescence images of HT1080 cells cultured on non-fluorescent gelatin for 4 h in normoxia
(21% O2) or hypoxia (1% O2) are shown. Cells were stained for (A) LPP1, (B) LPP2, or (C) LPP3 (green)
and ATX (red). Nuclei were stained with DAPI (blue). Magnification 60×, scale bars, 5 µm.
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In order to quantify these observations, we calculated the percentage of co-localization of these
enzymes under normoxic versus hypoxic conditions. Results show that the co-localization of ATX and
LPP1 is significantly reduced under hypoxic conditions in the three cell lines tested (Figure 6A–C).
We performed the same double immunofluorescence staining with LPP2 and LPP3 and observed no
apparent change in localization, corresponding with a lack of significant modulation in the percentage
of co-localization with ATX in HT1080, MDA-MB231 or U87 cells (Figure 5B–C, Supplementary
Materials, Figure S5B–C, Figure 6D–I). These intriguing results suggest a significant spatial segregation
of ATX versus LPP1 in hypoxic cancer cells, which, coupled with the observed reduction in LPP3
expression could result in excessive LPA production towards the leading edge of hypoxic cancer cells.

Figure 6. Quantification of the co-localization of ATX and LPPs under hypoxic conditions. Quantification
of the percentage of (A–C) LPP1, (D–F) LPP2, or (G–I) LPP3 co-localized with ATX in (A,D,G) HT1080,
(B,E,H) MDA-MB231 or (C,F,I) U87 cells cultured on non-fluorescent gelatin for 4 h in normoxia (21%
O2) or hypoxia (1% O2). Bars represent the mean ± SEM (*** p < 0.001, ns = non-significant).

Given that LPAR1 was previously shown to mediate the hypoxic effect on HT1080 cell invasion [45],
we next investigated LPAR1 distribution in these cells as well as their potential co-localization with
ATX. Results show that LPAR1 are uniformly distributed in cells incubated under normoxic or hypoxic
conditions (Figure 7A). Co-localization of LPAR1 with ATX indicates no significant changes in the
percentage of co-localization under hypoxic conditions (Figure 7B). Collectively, the results suggest
that while ATX and LPP1 are found polarized in opposite directions, LPAR1 is not segregated with
either ATX or LPP1.
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Figure 7. Localization of LPAR1 in hypoxic cancer cells. HT1080 cells were cultured on non-fluorescent
gelatin for 4h in normoxia (21% O2) or hypoxia (1% O2). (A) Representative immunofluorescence
images of cells stained for LPAR1 (green) and ATX (red). Nuclei were stained with DAPI (blue).
Magnification 60×, scale bars, 5 µm. (B) Quantification of the percentage of LPAR1 colocalized with
ATX in HT1080 cells. Bars represent the mean ± SEM.

2.4. β1 and β3 Integrins Are Implicated in Cell-Surface ATX Localization

Secreted ATX binds to β1 or β3 integrins, localizing ATX to the surface of platelets or cells such
as lymphocytes and breast cancer cells [22,51,52]. In addition, β1 and β3 integrins are dynamically
relocalized to the leading edge of polarized migrating cells [53], suggesting their participation in the
recruitment of ATX to this cell area under hypoxia. Results of indirect immunofluorescence indicate
strong co-localization of β1 and β3 integrins with ATX at the leading edge of hypoxic HT1080 cells,
indicating that ATX could likely be bound to integrins at this location (Figure 8A). To determine
whether ATX requires binding to integrins for localization at the cell surface, cells were pre-incubated
with integrin function blocking antibodies. Results show a significant reduction in the percentage of
cells with high ATX staining in cells incubated with β1 (60% reduction), β3 (48% reduction), or β1
and β3 (77% reduction) function blocking antibodies, while the percent of cells with low levels of ATX
staining showed non-significant changes (Figure 8B). These results indicate that β1 and β3 integrins
contribute significantly to the relocalization of ATX to the leading edge of hypoxic cells.
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Figure 8. Evaluation of integrin contribution to the subcellular localization of ATX in hypoxic cancer
cells. (A) Representative immunofluorescence images of HT1080 cells cultured on non-fluorescent
gelatin for 4 h in hypoxia (1% O2) are shown. Cells were stained for ATX (red) and β1 and β3 integrins
(green). Nuclei were stained with DAPI (blue). Mask overlay shows co-localization of ATX and
integrins (white). Magnification 60×, scale bars, 5 µm. (B) HT1080 cells were plated on non-fluorescent
gelatin and incubated with control (ctr) IgG, β1, β3 or β1 and β3 integrin blocking antibodies for 30 min
followed by 3 h incubation under hypoxia (1% O2). Cells were then stained for ATX (green) and nuclei
were stained with DAPI (blue). The percentage of cells with ATX staining (high/low) is shown. N = 3.
Bars represent the mean ± SEM (* p < 0.05, ** p < 0.01).
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3. Discussion

In this study, we uncovered hypoxia as a differential modulator of ATX and LPPs expression
levels and as a regulator of their spatial distribution on the plasma membrane. While LPP3 expression
was down regulated by hypoxia, ATX and LPP1 were asymmetrically redistributed to the leading
edge and to the trailing edge, respectively. In agreement with their opposing roles in producing and
degrading LPA, ATX and LPPs were found to promote or inhibit invadopodia production, respectively.
Such seclusion of ATX apart from LPP1 coupled with reduced LPP3 levels, may result in higher LPA
levels and uncontrolled LPA production at specific subcellular regions to drive cell invasion.

Increased levels of LPA have been found in malignant effusions from breast, lung, kidney,
lymphoma, ovarian and pancreatic cancer patients compared to control groups [6,13,46]. Ascitic fluids
from ovarian cancer patients are hypoxic and conditions of hypoxia have been shown to increase LPA
levels in non-malignant pathologies [54–56], leading to the possibility that hypoxia could be partly
responsible for the observed increases in LPA levels in cancers. Here we provide evidence that even
though hypoxia enhances the expression of the LPA producing enzyme, ATX in fibrosarcoma HT1080
cells, this effect is cell-specific as no regulation was observed in glioblastoma or breast cancer cells.
Moreover, TCGA data analysis of breast cancer, glioblastoma and sarcoma indicate a lack of consistent
relationship between the expression of ATX and hypoxia-regulated genes. These findings suggest
that ATX regulation at the gene level is not a general way by which hypoxia regulates LPA levels in
cancers, and reinforce the possibility that enhanced autocrine ATX production in cancer cells is mostly
attributed to copy number amplifications or increased translation [2].

Besides ATX, LPA levels can also be affected by the amount of LPA degrading enzymes. Despite
the downregulation of LPP1 and LPP3 in many tumor cells, little is known about the way LPPs are
regulated [57]. While LPP1 was inconsistently down regulated, hypoxia significantly decreased LPP3
mRNA levels in all cell lines tested. The analysis of public data involving patient cohorts confirmed
the association between low LPP3 levels and hypoxia in sarcoma, glioblastoma and breast tumors.
Furthermore, low levels of LPP3 were found to correlate with increased risk of mortality and metastasis.
We have therefore identified hypoxia as an important negative regulator of LPP3 expression that could
contribute to the high levels of LPA found in the tumor microenvironment and poor prognosis [6,13,46].

Our results uncovered ATX as an essential mediator of hypoxia-induced invadopodia production
and cell migration in a 3D matrix, as ATX knockdown completely blocked these events. Furthermore,
LPA, but not the ATX substrate LPC, was able to rescue ATX shRNA-mediated knockdown of
invadopodia in hypoxic conditions, indicating that the effects of ATX are most likely due to its
production of LPA and downstream signaling through LPARs. This is consistent with previous
results indicating that LPA production and LPAR signaling were responsible for the effects of ATX on
invadopodia in normoxic conditions [50]. In contrast, knockdown of the LPA-degrading enzymes,
LPP1 and LPP3, resulted in an increase in invadopodia production, an effect mimicking hypoxic
stimulation. The identification of the suppressive role of LPPs in invadopodia production and their
downregulation by hypoxia makes them relevant targets to block the LPA signaling axis in invading
cancer cells. Increasing low LPP1/LPP3 expression through gene overexpression has been shown
to limit tumor progression [2] and interestingly, tetracyclines can increase the expression of LPP1,
LPP2 and LPP3 through stabilization of the protein [58]. It was thereby proposed that tetracyclines or
other potential inducers of LPP gene, or protein, expression, or stabilization could be used to inhibit
LPA signaling [2]. Clearly, more information on the mechanism by which LPPs are downregulated by
hypoxia could provide novel targets for the control of LPP expression levels.

An intriguing result of this study was the remarkably high level of ATX staining observed at the
leading edge of hypoxic cancer cells and the associated spatial segregation of the LPA-producing, ATX,
and LPA-degrading, LPP1, enzymes. This effect was isoform-specific as co-localization of ATX and
LPP2 or LPP3 was not regulated by hypoxia. LPA signaling is affected by the amount of LPA available
to interact with receptors, meaning that increased localized production of LPA near LPA receptors
could enhance LPAR signaling [2]. Since we have shown that LPAR1 was the predominant LPA
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receptor responsive to hypoxia for cell invasion, one obvious question was to determine whether this
receptor was also relocalized to the leading edge. Our findings that LPAR1 was uniformly distributed
throughout the cell in both normoxia and hypoxia is consistent with other studies showing that
chemoattractant receptors were uniformly distributed on the cell surface, while signaling was restricted
to the leading edge [59]. Such absence of LPAR1 relocalization further suggests that it is indeed the
compartmentalization of ATX/LPP1 under hypoxia that promotes cell migration through uncontrolled
LPA production towards the leading edge that activates LPA receptors in this spatially restricted
cell area.

It is now recognized that migrating cells must acquire spatial and functional asymmetry between
the leading edge and rear of the cell, and one approach to such compartmentalization utilizes lipid
rafts [60,61]. Interestingly, LPP1 and LPP3 have been found to localize to distinct lipid raft domains,
with an enrichment of LPP3 in caveolin-1-positive lipid rafts and LPP1 in GM1-positive lipid rafts [32].
While lipid rafts are found redistributed at the leading edge in many cell types [53,60], a study in T
lymphocytes found asymmetric redistribution of GM1 positive rafts to the uropod and GM3 positive
rafts to the leading edge during cell migration [62]. These findings point to the possibility that selective
lipid raft relocalization would lead to LPP1 redistribution to the trailing edge of hypoxic cells and
explain why LPP1 but not LPP3 was segregated from ATX in hypoxic cells.

Recently, β1 and β3 integrins were implicated in recruiting ATX to the leading edge of cancer cells
promoting persistent directional migration [63]. In concordance with these studies, we found integrins
to be implicated in ATX localization to the cell surface of hypoxic cancer cells. Such recruitment of
integrin-bound ATX to the leading edge of hypoxic cells might be facilitated by the fact that hypoxia
affects integrin recycling as it stimulated Rab11-dependent recycling of integrin α6β4 to the plasma
membrane [64]. This effect of hypoxia was associated with increased invasion and migration by
maintaining integrins at the leading edge of cells [65].

Cell invasion is a complex process that includes the formation of anterior protrusions at
the leading edge and localized extracellular matrix (ECM) degradation mediated by invadopodia.
Interestingly, β1 and β3 integrins are also required for the formation of mature degradation-competent
invadopodia [66,67]. Therefore, the interaction of ATX with β1 and β3 integrins in hypoxia may recruit
ATX to cell protrusions at the leading edge or sites of invadopodia formation where the enzyme can
deliver LPA locally to receptors. These receptors can subsequently drive processes, which promote
cytoskeletal rearrangements at the leading edge of migrating cells or at sites of invadopodia production
that include PI3K activation [68–71]. This suggests that inhibition of the ATX-integrin interaction could
be a selective approach to prevent localized LPA signaling that drives cell invasion in hypoxic cancer
cells. In this regard, generation of a blocking peptide for this interaction could be envisioned since
the crystal structure of ATX as well as the specific amino acids involved in ATX-integrin association
have been determined [51]. Such a strategy has the potential to generate fewer side effects than global
ATX inhibition.

4. Materials and Methods

4.1. Reagents

1-oleoyl-sn-glycerol-3-phosphate 18:1 (LPA) sodium salt and 1-oleoyl-sn-glycero-3-phosphocholine
18:1 (LPC) were from Sigma-Aldrich (St. Louis, MO, USA). Plasmid ATX cDNA construct was a kind
gift from Dr. Tim Clair (Center for Cancer Research, NCI, NIH, Bethesda, MD, USA). shRNA against
ATX or non-targeted (ctr) shRNA was from SABiosciences (Frederick, MD, USA). Mission lentiviral
shRNA targeting LPP1 (TRCN0000010720 and TRCN0000002579), LPP2 (TRCN0000002583 and
TRCN0000002584), LPP3 (TRCN0000358710 and TRCN0000358709), or a scramble sequence, were from
Sigma-Aldrich. ATX (Mouse), LPP1, LPP2 and LPP3 antibodies were from Abcam (Cambridge, UK).
ATX (Rabbit) antibody was from Cayman Chemical (Ann Arbor, MI, USA), β1 integrin antibody
(P4C10) was from Millipore Sigma (Etobicoke, ON, Canada), β3 integrin antibody was from Bio-Rad
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(Hercules, CA, USA) and LPAR1 antibody was from Novus Biologicals (Littletone, CO, USA). Tubulin
antibody was from Sigma-Aldrich. Texas Red phalloidin, DAPI (4’,6-diamidino-2-phenylindole),
the lipophilic tracer DiD, and all secondary fluorophore-coupled antibodies were from Invitrogen
(Molecular Probes, Eugene, OR, USA). HRP-coupled secondary antibodies were from Cell Signaling
technology (Danvers, MA, USA). Fibrillar collagen type I was from R&D Systems (Minneapolis, MN,
USA).

4.2. TCGA RNAseq Data Analysis

Gene expression from publicly available TCGA Illumina HiSeq RNA-Seq (RSEM normalized)
datasets was obtained through the TCGA Data Portal (http://cancergenome.nih.gov). The sarcoma
cohort of 265 patients (SARC-TCGA, provisional) was filtered for fibroblastic sarcomas (N = 86;
undifferentiated pleomorphic sarcomas, synovial sarcomas, myxosarcomas and desmoid/aggressive
fibromatosis). The glioblastoma cohort (Glioblastoma Multiforme, TCGA Pan-Cancer Atlas study) was
composed of 166 patients; and the basal breast cancer cohort (N = 171) was obtained by filtering the
basal cancer subtype from the breast invasive carcinoma TCGA cohort of 1082 samples [72]. Pairwise
Spearman correlation coefficients (r) were calculated between genes of the LPA producing/degrading
pathway (ENPP2, PLPP1, PLPP2 and PLPP3) and the hypoxia signature genes (PDK1, PGAM1, LDHA,
NDRG1, CDKN3, TUBB6, MIF and MRPS17) [73] for each cancer patient cohort. Affymetrix gene
expression results and associated overall survival and metastasis-free survival data from sarcoma
(GSE21050, [74]), glioblastoma (GSE13041, [75]) and breast ([76]) cancer patient cohorts were used to
evaluate the correlation between PLPP3 gene expression and the determination of high- and low-risk
patients using the publicly available online software SurvExpress (http://bioinformatica.mty.itesm.mx:
8080/Biomatec/SurvivaXvalidator.jsp) [77].

4.3. Cell Culture and Transfection

HT1080 human fibrosarcoma, MDA-MB231 human breast cancer and U87 human glioblastoma
cells were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). Cells were
cultured in minimal essential medium (MEM) (Wisent, St-Bruno, QC, Canada) supplemented with
10% FBS (Gibco BRL, Burlington, ON, Canada) and 40 µg/mL of gentamicin (Wisent Inc, St-Bruno,
QC, Canada) in a humidified 95% air/5% CO2 incubator at 37 ◦C. For hypoxic stimulations, cells were
cultured in an INVIVO2 400 hypoxic chamber (Ruskinn, Sanford, ME, USA) at 1% O2 and 5% CO2.
For experiments involving stable transfections, with ATX, pcDNA3.1 or shRNA against ATX or
non-targeted sequence, cells were seeded at a density of 1 × 105 cells per well in a 6-well culture
plate one day before transfection. Transfections were performed with the Fugene reagent (Roche
Diagnostics, Mannheim, Germany), according to the manufacturer’s protocol. Stable transfectants
were obtained by antibiotic selection, G418 (600 µg/mL; Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) for ATX and pcDNA3.1 transfections and Puromycin (2 µg/mL; Invivogen, San Diego, CA, USA)
for all shRNA transfections. For lentiviral transductions, with LPP1, LPP2, LPP3 or scramble shRNA,
cells were seeded at a density of 3 × 105 cells per 10 cm2 Petri dish and infected with 1 mL of viral
stock in 2 mL of optiMEM supplemented with 2 µL Polybrene (10 mg/mL; EMD Millipore, Etobicoke,
ON, Canada). Viral particles were generated by transient transfection of 293T cells using a ViraPower
lentiviral expression system (Invitrogen Thermo Fisher Scientific, Burlington, ON, Canada).

4.4. Real Time RT-PCR

Total RNA was isolated using the TRIzol (Invitrogen, Carlsbad, CA, USA) protocol as previously
described [50] and 1 µg of RNA was reverse transcribed to complementary DNA (cDNA) using a
QuantiTect reverse transcription kit (Qiagen, Mississauga, ON, Canada). cDNA was then analyzed by
real time PCR using a hot start SYBR Green qPCR master mix (BiMake, Houston, TX, USA). The following
primer pairs were selected for: ATX: (forward) 5’-TGAAACAGCACCTTCCCAAA-3’, (reverse) 5’-C
CAAAGGTTTCCTTGCAACA-3’; LPP1: (forward) 5’-GTCGAGGGAATGCAGAAAGA-3’, (reverse)

http://cancergenome.nih.gov
http://bioinformatica.mty.itesm.mx:8080/Biomatec/SurvivaXvalidator.jsp
http://bioinformatica.mty.itesm.mx:8080/Biomatec/SurvivaXvalidator.jsp
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5’-CCTTCATCCTGGCTTGAAGATA-3’; LPP2: (foward) 5’-CCTACCGTCCAGAT ACCATCA-3’,
(reverse) 5’-GTTGAAGTCCGAGCGAGAATAG-3’; LPP3: (forward) 5’-CAAATCAGAAGGAGC
CAGAGAA-3’, (reverse) 5’-CAGCAAGAGCAACTCCTACAA-3’; CAIX: (forward) 5’-CCTCAAGAAC
CCCAGAATAATGC-3’, (reverse) 5’-CCTCCATAGCGCCAATGACT-3’; and housekeeping gene RPLP0:
(forward) 5’-GATTACACCTTCCCACTTGC-3’, (reverse) 5’-CCAAAT CCCATATCCTCGTCCG-3’.

Quantitative Real-Time PCR was performed on a Rotor-Gene 3000 (Corbett Research, Kirkland, QC,
Canada). The cycling program was as follows: initial denaturation at 95 ◦C for 15 min, 35 amplification
cycles with annealing T of 59 ◦C for 30 s and final extension at 72 ◦C for 30 s. Results were calculated
as 2∆∆CT.

4.5. Western Blotting

Cells were lysed in RIPA buffer and immunoblotting was performed as previously described [50].
Membranes were probed overnight with primary antibodies. The secondary antibody was a peroxidase-
conjugated anti-rabbit or anti-mouse antibody, depending on the source of primary antibody used.
Immunoblots were revealed using the LuminataTM Western HRP Chemiluminescence substrate
(Millipore, Etobicoke, ON, Canada).

4.6. Invadopodia Assay

Coverslips were prepared as previously described [50], using Oregon-Green488-conjugated gelatin
(Invitrogen, Burlington, ON, Canada). Forty thousand cells were seeded on each coverslip and allowed
to adhere. Following various incubation times as described within the figure legends, cells were fixed
with 2% paraformaldehyde for 10 min at room temperature. Nuclei were stained with DAPI and
F-actin was stained using Texas-Red-conjugated phalloidin. Cells were visualized and imaged by
fluorescence microscopy using an Axioskop 2 phase-contrast/epifluorescence microscope (Carl Zeiss,
Inc., Thornwood, NY, USA). Cells forming ECM-degrading invadopodia were identified based on
cells with at least one F-actin-enriched area of matrix degradation (characterized by loss of green
fluorescence). Three fields of 100 cells (magnification 40×) were counted per coverslip to quantify the
percentage of cells forming ECM-degrading invadopodia.

4.7. 3D Invasion Assay

Collagen type I 3D matrix was prepared as follows: Aliquots (50 µL) of agarose-containing 10%
FBS were deposited in a 96 well culture plate. Aliquots (50 µL) of fibrillar collagen type I (R&D Systems,
Minneapolis, MN, USA) were prepared following manufacturer’s instructions and layered on top
of the agarose. Cells (2 × 104/100 µL in serum-free MEM) were deposited on top of the collagen gel
and incubated for 24 h. The cells were then labeled with CellTraceTM calcein green AM (Invitrogen,
Burlington, ON, Canada) 1 h prior to the end of incubation. Cells were washed with PBS and fixed
with 3% glutaraldehyde for 30 min followed by confocal microscopy analysis using a FV1000 Olympus
confocal microscope. Collagen matrix pellets were scanned along the Z-axis. Cells that had invaded
the collagen were imaged and quantitated at each 5 µm layer within the gel.

4.8. Immunofluorescence

Forty thousand cells were seeded on non-fluorescent gelatin-coated coverslips and allowed to
adhere for 30 min. Following stimulations, as indicated in figure legends, cells were fixed with 2%
paraformaldehyde in PBS for 10 min at room temperature. Where indicated, cells were permeabilized
with 0.05% saponine (Sigma-Aldrich, St. Louis, MO, USA) in PBS for 20 min and blocked with 2%
BSA in PBS for 30 min. Then, cells were incubated with the appropriate primary antibodies for 2 h,
and secondary antibodies for 1h or fluorescent phalloidin for 45 min, as indicated within the Figure
legends. Images were taken with a FV1000 scanning confocal microscope (Olympus, Tokyo, Japan)
coupled to an inverted microscope using a 63× oil immersion objective. For quantification of ATX/LPP
or ATX/LPAR1 co-localization, cells were incubated with ATX and LPP1, LPP2, LPP3, or LPAR1
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antibodies. The percentage of co-localization was calculated as previously described from serial optical
sections of the whole cell [78].

4.9. Integrin Blocking Assay

Forty thousand cells were seeded on non-fluorescent gelatin-coated coverslips and allowed to
adhere for 30 min. Cells were then incubated with β1 β3, or β1 + β3 integrin blocking antibodies, or
control IgG mouse for 30 min prior to 3 h incubation in hypoxia (1% O2). Cells were then fixed with 2%
paraformaldehyde in PBS for 10 min at room temperature and blocked with 2% BSA in PBS for 30 min.
Then, cells were incubated with ATX antibody (Rb) for 2 h, and secondary antibody for 1h followed by
DAPI for 5 min. Cells were visualized by fluorescence microscopy using a Zeiss Axioskop fluorescence
microscope. Cells with strong or moderate green fluorescent ATX staining were counted. Cells that
display an absence of ATX staining were counted as negative. Three fields of 100 cells (magnification
40×) were counted per coverslip to quantify the percentage of cells with ATX staining.

4.10. Statistical Analysis

The GraphPad software was used for statistical analysis. Unless otherwise indicated, paired or
unpaired Student’s t-test were used to assess statistical significance, which was set at a p value <0.05.

5. Conclusions

The role of hypoxia in cell invasion appears to require the tight control of LPA bioactivity in extent
and subcellular space, events that would likely be crucial for directional ECM degradation and cell
movement. Additional work will continue to elucidate how hypoxia modulates and segregates these
important LPA regulatory enzymes to provide additional cues for the design of therapies targeting
these important aspects of tumor progression.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/9/1403/s1,
Figure S1: Influence of hypoxia on ATX, LPP1, and LPP3 protein expression, Figure S2: Correlation between LPP3
gene expression and prognostic factors, Figure S3: Validation of ATX- and LPPs-targeted shRNAs by qPCR, Figure
S4: ATX localization in hypoxic U87 and MDA-MB231 cell lines, Figure S5: Localization of both ATX and LPPs in
hypoxic U87 and MDA-MB231 cell lines.

Author Contributions: K.H. and C.M.D. conceived and designed the project and wrote the manuscript. K.H.
performed the majority of the experiments and interpretation of the data. K.B.G. and C.S. planned and performed
the analysis of TCGA data. C.M.D. supervised the study. All authors reviewed the manuscript and gave approval
to the final version of the manuscript.

Funding: This work was supported by the Canadian Institutes of Health Research (CIHR) Grant MOP-126173 (to
CMD). CMD and CS are members of the Fonds de la Recherche en Santé du Québec (FRQS)-funded Centre de
Recherche Clinique du Centre Hospitalier Universitaire de Sherbrooke(CRCHUS). KH is the recipient of a student
scholarship from CIHR and KBG from the FRQS.

Acknowledgments: We also thank Léonid Volkov for expert assistance with confocal microscopy and Martine
Charbonneau for excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ray, U.; Roy, S.S. Aberrant lipid metabolism in cancer cells—The role of oncolipid-activated signaling. FEBS J.
2018, 285, 432–443. [CrossRef]

2. Benesch, M.G.K.; MacIntyre, I.T.K.; McMullen, T.P.W.; Brindley, D.N. Coming of Age for Autotaxin
and Lysophosphatidate Signaling: Clinical Applications for Preventing, Detecting and Targeting
Tumor-Promoting Inflammation. Cancers 2018, 10, 73. [CrossRef]

3. Blaho, V.A.; Chun, J. “Crystal” Clear? Lysophospholipid Receptor Structure Insights and Controversies.
Trends Pharmacol. Sci. 2018, 39, 953–966. [CrossRef] [PubMed]

4. Yung, Y.C.; Stoddard, N.C.; Chun, J. LPA receptor signaling: Pharmacology, physiology, and pathophysiology.
J. Lipid Res. 2014, 55, 1192–1214. [CrossRef]

http://www.mdpi.com/2072-6694/11/9/1403/s1
http://dx.doi.org/10.1111/febs.14281
http://dx.doi.org/10.3390/cancers10030073
http://dx.doi.org/10.1016/j.tips.2018.08.006
http://www.ncbi.nlm.nih.gov/pubmed/30343728
http://dx.doi.org/10.1194/jlr.R046458


Cancers 2019, 11, 1403 16 of 19

5. Kato, K.; Fukui, R.; Okabe, K.; Tanabe, E.; Kitayoshi, M.; Fukushima, N.; Tsujiuchi, T. Constitutively active
lysophosphatidic acid receptor-1 enhances the induction of matrix metalloproteinase-2. Biochem. Biophys.
Res. Commun. 2012, 417, 790–793. [CrossRef]

6. Yamada, T.; Sato, K.; Komachi, M.; Malchinkhuu, E.; Tobo, M.; Kimura, T.; Kuwabara, A.; Yanagita, Y.;
Ikeya, T.; Tanahashi, Y.; et al. Lysophosphatidic acid (LPA) in malignant ascites stimulates motility of human
pancreatic cancer cells through LPA1. J. Biol. Chem. 2004, 279, 6595–6605. [CrossRef]

7. Shida, D.; Kitayama, J.; Yamaguchi, H.; Okaji, Y.; Tsuno, N.H.; Watanabe, T.; Takuwa, Y.; Nagawa, H.
Lysophosphatidic acid (LPA) enhances the metastatic potential of human colon carcinoma DLD1 cells
through LPA1. Cancer Res. 2003, 63, 1706–1711.

8. Park, S.Y.; Jeong, K.J.; Panupinthu, N.; Yu, S.; Lee, J.; Han, J.W.; Kim, J.M.; Lee, J.-S.; Kang, J.; Park, C.G.; et al.
Lysophosphatidic acid augments human hepatocellular carcinoma cell invasion through LPA1 receptor and
MMP-9 expression. Oncogene 2011, 30, 1351–1359. [CrossRef] [PubMed]

9. David, M.; Ribeiro, J.; Descotes, F.; Serre, C.-M.; Barbier, M.; Murone, M.; Clézardin, P.; Peyruchaud, O.
Targeting lysophosphatidic acid receptor type 1 with Debio 0719 inhibits spontaneous metastasis
dissemination of breast cancer cells independently of cell proliferation and angiogenesis. Int. J. Oncol. 2012,
40, 1133–1141. [CrossRef]

10. Hope, J.M.; Wang, F.-Q.; Whyte, J.S.; Ariztia, E.V.; Abdalla, W.; Long, K.; Fishman, D.A. LPA receptor
2 mediates LPA-induced endometrial cancer invasion. Gynecol. Oncol. 2009, 112, 215–223. [CrossRef]
[PubMed]

11. So, J.; Wang, F.; Navari, J.; Schreher, J.; Fishman, D.A. LPA-induced epithelial ovarian cancer (EOC) in vitro
invasion and migration are mediated by VEGF receptor-2 (VEGF-R2). Gynecol. Oncol. 2005, 97, 870–878.
[CrossRef] [PubMed]

12. Liu, S.; Umezu-Goto, M.; Murph, M.; Lu, Y.; Liu, W.; Zhang, F.; Yu, S.; Stephens, L.C.; Cui, X.; Murrow, G.;
et al. Expression of autotaxin and lysophosphatidic acid receptors increases mammary tumorigenesis,
invasion, and metastases. Cancer Cell 2009, 15, 539–550. [CrossRef] [PubMed]

13. Westermann, A.M.; Havik, E.; Postma, F.R.; Beijnen, J.H.; Dalesio, O.; Moolenaar, W.H.; Rodenhuis, S.
Malignant effusions contain lysophosphatidic acid (LPA)-like activity. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol.
1998, 9, 437–442. [CrossRef] [PubMed]

14. Xu, Y.; Shen, Z.; Wiper, D.W.; Wu, M.; Morton, R.E.; Elson, P.; Kennedy, A.W.; Belinson, J.; Markman, M.;
Casey, G. Lysophosphatidic acid as a potential biomarker for ovarian and other gynecologic cancers. JAMA
1998, 280, 719–723. [CrossRef] [PubMed]

15. Susanto, O.; Koh, Y.W.H.; Morrice, N.; Tumanov, S.; Thomason, P.A.; Nielson, M.; Tweedy, L.;
Muinonen-Martin, A.J.; Kamphorst, J.J.; Mackay, G.M.; et al. LPP3 mediates self-generation of chemotactic
LPA gradients by melanoma cells. J. Cell Sci. 2017, 130, 3455–3466. [CrossRef] [PubMed]

16. Stracke, M.L.; Krutzsch, H.C.; Unsworth, E.J.; Arestad, A.; Cioce, V.; Schiffmann, E.; Liotta, L.A. Identification,
purification, and partial sequence analysis of autotaxin, a novel motility-stimulating protein. J. Biol. Chem.
1992, 267, 2524–2529. [PubMed]

17. Gaetano, C.G.; Samadi, N.; Tomsig, J.L.; Macdonald, T.L.; Lynch, K.R.; Brindley, D.N. Inhibition of autotaxin
production or activity blocks lysophosphatidylcholine-induced migration of human breast cancer and
melanoma cells. Mol. Carcinog. 2009, 48, 801–809. [CrossRef]

18. Kishi, Y.; Okudaira, S.; Tanaka, M.; Hama, K.; Shida, D.; Kitayama, J.; Yamori, T.; Aoki, J.; Fujimaki, T.; Arai, H.
Autotaxin is overexpressed in glioblastoma multiforme and contributes to cell motility of glioblastoma
by converting lysophosphatidylcholine to lysophosphatidic acid. J. Biol. Chem. 2006, 281, 17492–17500.
[CrossRef]

19. Kehlen, A.; Englert, N.; Seifert, A.; Klonisch, T.; Dralle, H.; Langner, J.; Hoang-Vu, C. Expression, regulation
and function of autotaxin in thyroid carcinomas. Int. J. Cancer 2004, 109, 833–838. [CrossRef]

20. Yang, Y.; Mou, L.; Liu, N.; Tsao, M.S. Autotaxin expression in non-small-cell lung cancer. Am. J. Respir. Cell
Mol. Biol. 1999, 21, 216–222. [CrossRef]

21. Yang, S.Y.; Lee, J.; Park, C.G.; Kim, S.; Hong, S.; Chung, H.C.; Min, S.K.; Han, J.W.; Lee, H.W.; Lee, H.Y.
Expression of autotaxin (NPP-2) is closely linked to invasiveness of breast cancer cells. Clin. Exp. Metastasis
2002, 19, 603–608. [CrossRef]

http://dx.doi.org/10.1016/j.bbrc.2011.12.036
http://dx.doi.org/10.1074/jbc.M308133200
http://dx.doi.org/10.1038/onc.2010.517
http://www.ncbi.nlm.nih.gov/pubmed/21102517
http://dx.doi.org/10.3892/ijo.2011.1309
http://dx.doi.org/10.1016/j.ygyno.2008.09.019
http://www.ncbi.nlm.nih.gov/pubmed/19019417
http://dx.doi.org/10.1016/j.ygyno.2005.03.004
http://www.ncbi.nlm.nih.gov/pubmed/15919106
http://dx.doi.org/10.1016/j.ccr.2009.03.027
http://www.ncbi.nlm.nih.gov/pubmed/19477432
http://dx.doi.org/10.1023/A:1008217129273
http://www.ncbi.nlm.nih.gov/pubmed/9636836
http://dx.doi.org/10.1001/jama.280.8.719
http://www.ncbi.nlm.nih.gov/pubmed/9728644
http://dx.doi.org/10.1242/jcs.207514
http://www.ncbi.nlm.nih.gov/pubmed/28871044
http://www.ncbi.nlm.nih.gov/pubmed/1733949
http://dx.doi.org/10.1002/mc.20524
http://dx.doi.org/10.1074/jbc.M601803200
http://dx.doi.org/10.1002/ijc.20022
http://dx.doi.org/10.1165/ajrcmb.21.2.3667
http://dx.doi.org/10.1023/A:1020950420196


Cancers 2019, 11, 1403 17 of 19

22. Fulkerson, Z.; Wu, T.; Sunkara, M.; Kooi, C.V.; Morris, A.J.; Smyth, S.S. Binding of autotaxin to integrins
localizes lysophosphatidic acid production to platelets and mammalian cells. J. Biol. Chem. 2011, 286,
34654–34663. [CrossRef] [PubMed]

23. Houben, A.J.S.; van Wijk, X.M.R.; van Meeteren, L.A.; van Zeijl, L.; van de Westerlo, E.M.A.; Hausmann, J.;
Fish, A.; Perrakis, A.; van Kuppevelt, T.H.; Moolenaar, W.H. The polybasic insertion in autotaxin α confers
specific binding to heparin and cell surface heparan sulfate proteoglycans. J. Biol. Chem. 2013, 288, 510–519.
[CrossRef] [PubMed]

24. Umezu-Goto, M.; Kishi, Y.; Taira, A.; Hama, K.; Dohmae, N.; Takio, K.; Yamori, T.; Mills, G.B.; Inoue, K.;
Aoki, J.; et al. Autotaxin has lysophospholipase D activity leading to tumor cell growth and motility by
lysophosphatidic acid production. J. Cell Biol. 2002, 158, 227–233. [CrossRef] [PubMed]

25. Leblanc, R.; Peyruchaud, O. New insights into the autotaxin/LPA axis in cancer development and metastasis.
Exp. Cell Res. 2015, 333, 183–189. [CrossRef] [PubMed]

26. Brindley, D.N. Lipid phosphate phosphatases and related proteins: Signaling functions in development, cell
division, and cancer. J. Cell. Biochem. 2004, 92, 900–912. [CrossRef] [PubMed]

27. Tomsig, J.L.; Snyder, A.H.; Berdyshev, E.V.; Skobeleva, A.; Mataya, C.; Natarajan, V.; Brindley, D.N.;
Lynch, K.R. Lipid phosphate phosphohydrolase type 1 (LPP1) degrades extracellular lysophosphatidic acid
in vivo. Biochem. J. 2009, 419, 611–618. [CrossRef] [PubMed]

28. Escalante-Alcalde, D.; Hernandez, L.; Le Stunff, H.; Maeda, R.; Lee, H.S.; Cheng, G., Jr.; Sciorra, V.A.; Daar, I.;
Spiegel, S.; Morris, A.J.; et al. The lipid phosphatase LPP3 regulates extra-embryonic vasculogenesis and
axis patterning. Development 2003, 130, 4623–4637. [CrossRef]

29. Tang, X.; Benesch, M.G.K.; Brindley, D.N. Lipid phosphate phosphatases and their roles in mammalian
physiology and pathology. J. Lipid Res. 2015, 56, 2048–2060. [CrossRef] [PubMed]

30. Tanyi, J.L.; Hasegawa, Y.; Lapushin, R.; Morris, A.J.; Wolf, J.K.; Berchuck, A.; Lu, K.; Smith, D.I.; Kalli, K.;
Hartmann, L.C.; et al. Role of decreased levels of lipid phosphate phosphatase-1 in accumulation of
lysophosphatidic acid in ovarian cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2003, 9, 3534–3545.

31. Tang, X.; Benesch, M.G.K.; Dewald, J.; Zhao, Y.Y.; Patwardhan, N.; Santos, W.L.; Curtis, J.M.; McMullen, T.P.W.;
Brindley, D.N. Lipid phosphate phosphatase-1 expression in cancer cells attenuates tumor growth and
metastasis in mice. J. Lipid Res. 2014, 55, 2389–2400. [CrossRef] [PubMed]

32. Kai, M.; Sakane, F.; Jia, Y.-J.; Imai, S.-I.; Yasuda, S.; Kanoh, H. Lipid phosphate phosphatases 1 and 3 are
localized in distinct lipid rafts. J. Biochem. 2006, 140, 677–686. [CrossRef] [PubMed]

33. Muz, B.; de la Puente, P.; Azab, F.; Azab, A.K. The role of hypoxia in cancer progression, angiogenesis,
metastasis, and resistance to therapy. Hypoxia (Auckl) 2015, 3, 83–92. [CrossRef] [PubMed]

34. Semenza, G.L. Hypoxia, clonal selection, and the role of HIF-1 in tumor progression. Crit. Rev. Biochem.
Mol. Biol. 2000, 35, 71–103. [CrossRef] [PubMed]

35. Hockel, M.; Schlenger, K.; Aral, B.; Mitze, M.; Schaffer, U.; Vaupel, P. Association between tumor hypoxia and
malignant progression in advanced cancer of the uterine cervix. Cancer Res. 1996, 56, 4509–4515. [PubMed]

36. Cairns, R.A.; Hill, R.P. Acute hypoxia enhances spontaneous lymph node metastasis in an orthotopic murine
model of human cervical carcinoma. Cancer Res. 2004, 64, 2054–2061. [CrossRef] [PubMed]

37. Cairns, R.A.; Kalliomaki, T.; Hill, R.P. Acute (cyclic) hypoxia enhances spontaneous metastasis of KHT
murine tumors. Cancer Res. 2001, 61, 8903–8908.

38. Bourseau-Guilmain, E.; Menard, J.A.; Lindqvist, E.; Indira Chandran, V.; Christianson, H.C.; Cerezo
Magaña, M.; Lidfeldt, J.; Marko-Varga, G.; Welinder, C.; Belting, M. Hypoxia regulates global membrane
protein endocytosis through caveolin-1 in cancer cells. Nat. Commun. 2016, 7, 11371. [CrossRef]

39. Cassavaugh, J.; Lounsbury, K.M. Hypoxia-mediated biological control. J. Cell. Biochem. 2011, 112, 735–744.
[CrossRef]

40. Wang, Y.; Ohh, M. Oxygen-mediated endocytosis in cancer. J. Cell. Mol. Med. 2010, 14, 496–503. [CrossRef]
41. Hanna, S.C.; Krishnan, B.; Bailey, S.T.; Moschos, S.J.; Kuan, P.-F.; Shimamura, T.; Osborne, L.D.; Siegel, M.B.;

Duncan, L.M.; O’Brien, E.T.; et al. HIF1α and HIF2α independently activate SRC to promote melanoma
metastases. J. Clin. Investig. 2013, 123, 2078–2093. [CrossRef] [PubMed]

42. Md Hashim, N.F.; Nicholas, N.S.; Dart, A.E.; Kiriakidis, S.; Paleolog, E.; Wells, C.M. Hypoxia-induced
invadopodia formation: A role for β-PIX. Open Biol. 2013, 3, 120159. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M111.276725
http://www.ncbi.nlm.nih.gov/pubmed/21832043
http://dx.doi.org/10.1074/jbc.M112.358416
http://www.ncbi.nlm.nih.gov/pubmed/23150666
http://dx.doi.org/10.1083/jcb.200204026
http://www.ncbi.nlm.nih.gov/pubmed/12119361
http://dx.doi.org/10.1016/j.yexcr.2014.11.010
http://www.ncbi.nlm.nih.gov/pubmed/25460336
http://dx.doi.org/10.1002/jcb.20126
http://www.ncbi.nlm.nih.gov/pubmed/15258914
http://dx.doi.org/10.1042/BJ20081888
http://www.ncbi.nlm.nih.gov/pubmed/19215222
http://dx.doi.org/10.1242/dev.00635
http://dx.doi.org/10.1194/jlr.R058362
http://www.ncbi.nlm.nih.gov/pubmed/25814022
http://dx.doi.org/10.1194/jlr.M053462
http://www.ncbi.nlm.nih.gov/pubmed/25210149
http://dx.doi.org/10.1093/jb/mvj195
http://www.ncbi.nlm.nih.gov/pubmed/17005594
http://dx.doi.org/10.2147/HP.S93413
http://www.ncbi.nlm.nih.gov/pubmed/27774485
http://dx.doi.org/10.1080/10409230091169186
http://www.ncbi.nlm.nih.gov/pubmed/10821478
http://www.ncbi.nlm.nih.gov/pubmed/8813149
http://dx.doi.org/10.1158/0008-5472.CAN-03-3196
http://www.ncbi.nlm.nih.gov/pubmed/15026343
http://dx.doi.org/10.1038/ncomms11371
http://dx.doi.org/10.1002/jcb.22956
http://dx.doi.org/10.1111/j.1582-4934.2010.01016.x
http://dx.doi.org/10.1172/JCI66715
http://www.ncbi.nlm.nih.gov/pubmed/23563312
http://dx.doi.org/10.1098/rsob.120159
http://www.ncbi.nlm.nih.gov/pubmed/23740575


Cancers 2019, 11, 1403 18 of 19

43. Arsenault, D.; Brochu-Gaudreau, K.; Charbonneau, M.; Dubois, C.M. HDAC6 deacetylase activity is required
for hypoxia-induced invadopodia formation and cell invasion. PLoS ONE 2013, 8, e55529. [CrossRef]
[PubMed]

44. Lucien, F.; Brochu-Gaudreau, K.; Arsenault, D.; Harper, K.; Dubois, C.M. Hypoxia-induced invadopodia
formation involves activation of NHE-1 by the p90 ribosomal S6 kinase (p90RSK). PLoS ONE 2011, 6, e28851.
[CrossRef] [PubMed]

45. Harper, K.; Lavoie, R.R.; Charbonneau, M.; Brochu-Gaudreau, K.; Dubois, C.M. The Hypoxic Tumor
Microenvironment Promotes Invadopodia Formation and Metastasis through LPA1 Receptor and EGFR
Cooperation. Mol. Cancer Res. MCR 2018, 16, 1601–1613. [CrossRef] [PubMed]

46. Xiao, Y.J.; Schwartz, B.; Washington, M.; Kennedy, A.; Webster, K.; Belinson, J.; Xu, Y. Electrospray ionization
mass spectrometry analysis of lysophospholipids in human ascitic fluids: Comparison of the lysophospholipid
contents in malignant vs nonmalignant ascitic fluids. Anal. Biochem. 2001, 290, 302–313. [CrossRef] [PubMed]

47. Yukiura, H.; Kano, K.; Kise, R.; Inoue, A.; Aoki, J. Autotaxin overexpression causes embryonic lethality and
vascular defects. PLoS ONE 2015, 10, e0126734. [CrossRef]

48. Nasa, I.; Kettenbach, A.N. Coordination of Protein Kinase and Phosphoprotein Phosphatase Activities in
Mitosis. Front. Cell Dev. Biol. 2018, 6, 30. [CrossRef]

49. Eustace, A.; Mani, N.; Span, P.N.; Irlam, J.J.; Taylor, J.; Betts, G.N.J.; Denley, H.; Miller, C.J.; Homer, J.J.;
Rojas, A.M.; et al. A 26-gene hypoxia signature predicts benefit from hypoxia-modifying therapy in laryngeal
cancer but not bladder cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2013, 19, 4879–4888. [CrossRef]

50. Harper, K.; Arsenault, D.; Boulay-Jean, S.; Lauzier, A.; Lucien, F.; Dubois, C.M. Autotaxin promotes cancer
invasion via the lysophosphatidic acid receptor 4: Participation of the cyclic AMP/EPAC/Rac1 signaling
pathway in invadopodia formation. Cancer Res. 2010, 70, 4634–4643. [CrossRef]

51. Hausmann, J.; Kamtekar, S.; Christodoulou, E.; Day, J.E.; Wu, T.; Fulkerson, Z.; Albers, H.M.H.G.; van
Meeteren, L.A.; Houben, A.J.S.; van Zeijl, L.; et al. Structural basis of substrate discrimination and integrin
binding by autotaxin. Nat. Struct. Mol. Biol. 2011, 18, 198–204. [CrossRef] [PubMed]

52. Kanda, H.; Newton, R.; Klein, R.; Morita, Y.; Gunn, M.D.; Rosen, S.D. Autotaxin, an ectoenzyme that produces
lysophosphatidic acid, promotes the entry of lymphocytes into secondary lymphoid organs. Nat. Immunol.
2008, 9, 415–423. [CrossRef] [PubMed]

53. Bi, J.; Wang, R.; Zeng, X. Lipid rafts regulate the lamellipodia formation of melanoma A375 cells via actin
cytoskeleton-mediated recruitment of β1 and β3 integrin. Oncol. Lett. 2018, 16, 6540–6546. [CrossRef]
[PubMed]

54. Kim, K.-S.; Sengupta, S.; Berk, M.; Kwak, Y.-G.; Escobar, P.F.; Belinson, J.; Mok, S.C.; Xu, Y. Hypoxia enhances
lysophosphatidic acid responsiveness in ovarian cancer cells and lysophosphatidic acid induces ovarian
tumor metastasis in vivo. Cancer Res. 2006, 66, 7983–7990. [CrossRef] [PubMed]

55. Shlyonsky, V.; Naeije, R.; Mies, F. Possible role of lysophosphatidic acid in rat model of hypoxic pulmonary
vascular remodeling. Pulm. Circ. 2014, 4, 471–481. [CrossRef] [PubMed]

56. Li, Z.-G.; Yu, Z.-C.; Wang, D.-Z.; Ju, W.-P.; Zhan, X.; Wu, Q.-Z.; Wu, X.-J.; Cong, H.-M.; Man, H.-H. Influence
of acetylsalicylate on plasma lysophosphatidic acid level in patients with ischemic cerebral vascular diseases.
Neurol. Res. 2008, 30, 366–369. [CrossRef] [PubMed]

57. Samadi, N.; Bekele, R.; Capatos, D.; Venkatraman, G.; Sariahmetoglu, M.; Brindley, D.N. Regulation
of lysophosphatidate signaling by autotaxin and lipid phosphate phosphatases with respect to tumor
progression, angiogenesis, metastasis and chemo-resistance. Biochimie 2011, 93, 61–70. [CrossRef]

58. Tang, X.; Zhao, Y.Y.; Dewald, J.; Curtis, J.M.; Brindley, D.N. Tetracyclines increase lipid phosphate phosphatase
expression on plasma membranes and turnover of plasma lysophosphatidate. J. Lipid Res. 2016, 57, 597–606.
[CrossRef] [PubMed]

59. Parent, C.A.; Devreotes, P.N. A cell’s sense of direction. Science 1999, 284, 765–770. [CrossRef]
60. Mañes, S.; Mira, E.; Gómez-Moutón, C.; Lacalle, R.A.; Keller, P.; Labrador, J.P.; Martínez-A, C. Membrane raft

microdomains mediate front-rear polarity in migrating cells. EMBO J. 1999, 18, 6211–6220. [CrossRef]
61. Mañes, S.; Mira, E.; Gómez-Moutón, C.; Lacalle, R.A.; Martínez, C. Cells on the move: A dialogue between

polarization and motility. IUBMB Life 2000, 49, 89–96. [PubMed]
62. Gómez-Móuton, C.; Abad, J.L.; Mira, E.; Lacalle, R.A.; Gallardo, E.; Jiménez-Baranda, S.; Illa, I.; Bernad, A.;

Mañes, S.; Martínez-A, C. Segregation of leading-edge and uropod components into specific lipid rafts
during T cell polarization. Proc. Natl. Acad. Sci. USA 2001, 98, 9642–9647. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0055529
http://www.ncbi.nlm.nih.gov/pubmed/23405166
http://dx.doi.org/10.1371/journal.pone.0028851
http://www.ncbi.nlm.nih.gov/pubmed/22216126
http://dx.doi.org/10.1158/1541-7786.MCR-17-0649
http://www.ncbi.nlm.nih.gov/pubmed/29866927
http://dx.doi.org/10.1006/abio.2001.5000
http://www.ncbi.nlm.nih.gov/pubmed/11237333
http://dx.doi.org/10.1371/journal.pone.0126734
http://dx.doi.org/10.3389/fcell.2018.00030
http://dx.doi.org/10.1158/1078-0432.CCR-13-0542
http://dx.doi.org/10.1158/0008-5472.CAN-09-3813
http://dx.doi.org/10.1038/nsmb.1980
http://www.ncbi.nlm.nih.gov/pubmed/21240271
http://dx.doi.org/10.1038/ni1573
http://www.ncbi.nlm.nih.gov/pubmed/18327261
http://dx.doi.org/10.3892/ol.2018.9466
http://www.ncbi.nlm.nih.gov/pubmed/30405793
http://dx.doi.org/10.1158/0008-5472.CAN-05-4381
http://www.ncbi.nlm.nih.gov/pubmed/16912173
http://dx.doi.org/10.1086/677362
http://www.ncbi.nlm.nih.gov/pubmed/25621161
http://dx.doi.org/10.1179/174313208X300369
http://www.ncbi.nlm.nih.gov/pubmed/18544253
http://dx.doi.org/10.1016/j.biochi.2010.08.002
http://dx.doi.org/10.1194/jlr.M065086
http://www.ncbi.nlm.nih.gov/pubmed/26884614
http://dx.doi.org/10.1126/science.284.5415.765
http://dx.doi.org/10.1093/emboj/18.22.6211
http://www.ncbi.nlm.nih.gov/pubmed/10776589
http://dx.doi.org/10.1073/pnas.171160298
http://www.ncbi.nlm.nih.gov/pubmed/11493690


Cancers 2019, 11, 1403 19 of 19

63. Wu, T.; Kooi, C.V.; Shah, P.; Charnigo, R.; Huang, C.; Smyth, S.S.; Morris, A.J. Integrin-mediated cell surface
recruitment of autotaxin promotes persistent directional cell migration. FASEB J. 2014, 28, 861–870. [CrossRef]
[PubMed]

64. Yoon, S.-O.; Shin, S.; Mercurio, A.M. Hypoxia stimulates carcinoma invasion by stabilizing microtubules and
promoting the Rab11 trafficking of the alpha6beta4 integrin. Cancer Res. 2005, 65, 2761–2769. [CrossRef]
[PubMed]

65. Caswell, P.T.; Spence, H.J.; Parsons, M.; White, D.P.; Clark, K.; Cheng, K.W.; Mills, G.B.; Humphries, M.J.;
Messent, A.J.; Anderson, K.I.; et al. Rab25 associates with alpha5beta1 integrin to promote invasive migration
in 3D microenvironments. Dev. Cell 2007, 13, 496–510. [CrossRef] [PubMed]

66. Beaty, B.T.; Sharma, V.P.; Bravo-Cordero, J.J.; Simpson, M.A.; Eddy, R.J.; Koleske, A.J.; Condeelis, J. β1
integrin regulates Arg to promote invadopodial maturation and matrix degradation. Mol. Biol. Cell 2013, 24,
1661–1675. [CrossRef] [PubMed]

67. Peláez, R.; Morales, X.; Salvo, E.; Garasa, S.; Ortiz de Solórzano, C.; Martínez, A.; Larrayoz, I.M.; Rouzaut, A.
β3 integrin expression is required for invadopodia-mediated ECM degradation in lung carcinoma cells.
PLoS ONE 2017, 12, e0181579. [CrossRef]

68. Hasegawa, Y.; Murph, M.; Yu, S.; Tigyi, G.; Mills, G.B. Lysophosphatidic acid (LPA)-induced
vasodilator-stimulated phosphoprotein mediates lamellipodia formation to initiate motility in PC-3 prostate
cancer cells. Mol. Oncol. 2008, 2, 54–69. [CrossRef] [PubMed]

69. Zhao, J.; He, D.; Berdyshev, E.; Zhong, M.; Salgia, R.; Morris, A.J.; Smyth, S.S.; Natarajan, V.; Zhao, Y.
Autotaxin induces lung epithelial cell migration through lysoPLD activity-dependent and -independent
pathways. Biochem. J. 2011, 439, 45–55. [CrossRef] [PubMed]

70. Yamaguchi, H.; Yoshida, S.; Muroi, E.; Yoshida, N.; Kawamura, M.; Kouchi, Z.; Nakamura, Y.; Sakai, R.;
Fukami, K. Phosphoinositide 3-kinase signaling pathway mediated by p110α regulates invadopodia
formation. J. Cell Biol. 2011, 193, 1275–1288. [CrossRef]

71. Merlot, S.; Firtel, R.A. Leading the way: Directional sensing through phosphatidylinositol 3-kinase and other
signaling pathways. J. Cell Sci. 2003, 116, 3471–3478. [CrossRef] [PubMed]

72. Liu, J.; Lichtenberg, T.; Hoadley, K.A.; Poisson, L.M.; Lazar, A.J.; Cherniack, A.D.; Kovatich, A.J.; Benz, C.C.;
Levine, D.A.; Lee, A.V.; et al. An Integrated TCGA Pan-Cancer Clinical Data Resource to Drive High-Quality
Survival Outcome Analytics. Cell 2018, 173, 400–416.e11. [CrossRef] [PubMed]

73. Buffa, F.M.; Harris, A.L.; West, C.M.; Miller, C.J. Large meta-analysis of multiple cancers reveals a common,
compact and highly prognostic hypoxia metagene. Br. J. Cancer 2010, 102, 428–435. [CrossRef] [PubMed]

74. Chibon, F.; Lagarde, P.; Salas, S.; Pérot, G.; Brouste, V.; Tirode, F.; Lucchesi, C.; de Reynies, A.; Kauffmann, A.;
Bui, B.; et al. Validated prediction of clinical outcome in sarcomas and multiple types of cancer on the basis of
a gene expression signature related to genome complexity. Nat. Med. 2010, 16, 781–787. [CrossRef] [PubMed]

75. Lee, Y.; Scheck, A.C.; Cloughesy, T.F.; Lai, A.; Dong, J.; Farooqi, H.K.; Liau, L.M.; Horvath, S.; Mischel, P.S.;
Nelson, S.F. Gene expression analysis of glioblastomas identifies the major molecular basis for the prognostic
benefit of younger age. BMC Med. Genom. 2008, 1, 52. [CrossRef] [PubMed]

76. Van’t Veer, L.J.; Dai, H.; van de Vijver, M.J.; He, Y.D.; Hart, A.A.M.; Mao, M.; Peterse, H.L.; van der Kooy, K.;
Marton, M.J.; Witteveen, A.T.; et al. Gene expression profiling predicts clinical outcome of breast cancer.
Nature 2002, 415, 530–536. [CrossRef] [PubMed]

77. Aguirre-Gamboa, R.; Gomez-Rueda, H.; Martínez-Ledesma, E.; Martínez-Torteya, A.; Chacolla-Huaringa, R.;
Rodriguez-Barrientos, A.; Tamez-Peña, J.G.; Treviño, V. SurvExpress: An online biomarker validation tool
and database for cancer gene expression data using survival analysis. PLoS ONE 2013, 8, e74250. [CrossRef]
[PubMed]

78. Arsenault, D.; Lucien, F.; Dubois, C.M. Hypoxia enhances cancer cell invasion through relocalization of
the proprotein convertase furin from the trans-Golgi network to the cell surface. J. Cell. Physiol. 2012, 227,
789–800. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1096/fj.13-232868
http://www.ncbi.nlm.nih.gov/pubmed/24277575
http://dx.doi.org/10.1158/0008-5472.CAN-04-4122
http://www.ncbi.nlm.nih.gov/pubmed/15805276
http://dx.doi.org/10.1016/j.devcel.2007.08.012
http://www.ncbi.nlm.nih.gov/pubmed/17925226
http://dx.doi.org/10.1091/mbc.e12-12-0908
http://www.ncbi.nlm.nih.gov/pubmed/23552693
http://dx.doi.org/10.1371/journal.pone.0181579
http://dx.doi.org/10.1016/j.molonc.2008.03.009
http://www.ncbi.nlm.nih.gov/pubmed/19081821
http://dx.doi.org/10.1042/BJ20110274
http://www.ncbi.nlm.nih.gov/pubmed/21696367
http://dx.doi.org/10.1083/jcb.201009126
http://dx.doi.org/10.1242/jcs.00703
http://www.ncbi.nlm.nih.gov/pubmed/12893811
http://dx.doi.org/10.1016/j.cell.2018.02.052
http://www.ncbi.nlm.nih.gov/pubmed/29625055
http://dx.doi.org/10.1038/sj.bjc.6605450
http://www.ncbi.nlm.nih.gov/pubmed/20087356
http://dx.doi.org/10.1038/nm.2174
http://www.ncbi.nlm.nih.gov/pubmed/20581836
http://dx.doi.org/10.1186/1755-8794-1-52
http://www.ncbi.nlm.nih.gov/pubmed/18940004
http://dx.doi.org/10.1038/415530a
http://www.ncbi.nlm.nih.gov/pubmed/11823860
http://dx.doi.org/10.1371/journal.pone.0074250
http://www.ncbi.nlm.nih.gov/pubmed/24066126
http://dx.doi.org/10.1002/jcp.22792
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Hypoxia Induces ATX and Represses LPP Expression in Certain Cell Lines 
	ATX and LPP1 or LPP3 Exert Opposite Effects on Cell Invasion 
	Hypoxia Induces Spatial Segregation of ATX and LPPs 
	1 and 3 Integrins Are Implicated in Cell-Surface ATX Localization 

	Discussion 
	Materials and Methods 
	Reagents 
	TCGA RNAseq Data Analysis 
	Cell Culture and Transfection 
	Real Time RT-PCR 
	Western Blotting 
	Invadopodia Assay 
	3D Invasion Assay 
	Immunofluorescence 
	Integrin Blocking Assay 
	Statistical Analysis 

	Conclusions 
	References

