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Abstract

Purpose—Sunitinib is currently considered as the standard treatment for advanced renal cell

carcinoma (RCC). We aimed to better understand the mechanisms of sunitinib action in kidney

cancer treatment and in the development of acquired resistance.

Experimental Design—Gene expression profiles of RCC tumor endothelium in sunitinib-

treated and -untreated patients were analyzed and verified by quantitative PCR and

immunohistochemistry. The functional role of the target gene identified was investigated in RCC

cell lines and primary cultures in vitro and in preclinical animal models in vivo.

Results—Altered expression of autotaxin (ATX), an extracellular lysophospholipase D, was

detected in sunitinib-treated tumor vasculature of human RCC and in the tumor endothelial cells

of RCC xenograft models when adapting to sunitinib. ATX and its catalytic product,

lysophosphatidic acid (LPA), regulated the signaling pathways and cell motility of RCC in vitro.

However, no marked in vitro effect of ATX-LPA signaling on endothelial cells was observed.

Functional blockage of LPA receptor 1 (LPA1) using an LPA1 antagonist, Ki16425, or gene

silencing of LPA1 in RCC cells attenuated LPA-mediated intracellular signaling and invasion

responses in vitro. Ki16425 treatment also dampened RCC tumorigenesis in vivo. In addition,

coadministration of Ki16425 with sunitinib prolonged the sensitivity of RCC to sunitinib in
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xenograft models, suggesting that ATX-LPA signaling in part mediates the acquired resistance

against sunitinib in RCC.

Conclusions—Our results reveal that endothelial ATX acts through LPA signaling to promote

renal tumorigenesis and is functionally involved in the acquired resistance of RCC to sunitinib.
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Introduction

The incidence of renal cell carcinoma (RCC) is arising throughout the world. It is estimated

that 58,240 people in the US were diagnosed with kidney cancer in 2010, and 13,040 people

died of the disease [1]. Although surgery may be curative for early-stage RCC, deaths from

kidney cancer have not declined mainly because of recurrence and high mortality associated

with metastatic disease [2]. Until recently, the only effective treatments for metastatic RCC

have been high-dose interleukin-2 (IL-2) and interferon-α (IFN-α). However, the

administration of these cytokines produced consistent responses only in a small percentage

of patients with advanced RCC and had a limited effect on patient survival [3].

With advances in understanding RCC biology, the systemic management of RCC has

improved over the past few years with FDA approval of seven agents targeted against the

aberrant vascular endothelial growth factor (VEGF) or mammalian target of rapamycin

(mTOR) pathways. Unfortunately, the vast majority of tumors eventually become refractory

to these targeted therapies [4]. Sunitinib is a multitargeted tyrosine kinase inhibitor (TKI)

that predominantly targets VEGF and is the first-line therapy for favorable- and

intermediate-risk patients [5]. Resistance to sunitinib develops in most patients that is

characterized by renewed angiogenesis after about one year of treatment, while a minority of

patients have innate resistance and demonstrate no initial response [6]. Such drug resistance

occurs through a variety of poorly understood mechanisms. Therefore, novel agents against

distinct signaling pathways are needed to address the resistance mechanisms and to improve

outcomes in RCC.

Autotaxin (ATX), encoded by the ecto-nucleotide pyrophosphatase/phosphodiesterase 2

(ENPP2) gene, was identified as a tumor motility-stimulating protein [7] and found to play a

role in angiogenesis [8, 9]. ATX is an ecto-enzyme that hydrolyzes lysophosphatidylcholine 

(LPC), which is abundant in the circulation, to lysophosphatidic acid (LPA) [10]. ATX-

deficient mice die at embryonic day 9.5 (E9.5) with profound vascular defects in the yolk

sac and embryo [9]. Furthermore, ATX-deficient embryos exhibit allantois malformation,

neural tube defects, and asymmetric headfolds. The bioactivities of ATX can be primarily

explained by the production of LPA, a bioactive lipid mediator. LPA acts through specific G

protein-coupled receptors (GPCRs) to promote cellular proliferation, migration, and survival

[11]. Cumulative evidence points to a role of LPA in cancer progression [10, 12]. Aberrant

expression of LPA receptors is detected in various human malignancies, including ovarian,

colorectal, prostate, and gastric cancers. More importantly, a causal relationship between

LPA signaling and tumor progression is emerging from studies using mouse models [13–
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17]. In addition to the catalytic activity of ATX that generates LPA, ATX was found to

regulate cellular behaviors through non-enzymatic functions on platelets, lymphocytes, and

oligodendrocytes [18–20]. The role, if any, of the ATX-LPA axis in RCC biology and drug

resistance has not been elucidated. In this study, we aim to address the exact mechanism of

sunitinib action against RCC through targeting the tumor endothelium. We show that ATX

expression is upregulated in the tumor vasculature of human RCC and in the tumor

endothelial cells of mouse models with the acquired resistance phenotype. Endothelial ATX

acts through LPA signaling to promote renal tumorigenesis and is functionally involved in

the acquired resistance of RCC to sunitinib.

Materials and Methods

Isolation of endothelial cells from fresh tissues

Isolation of endothelial cells from tissues was modified from a previously published

protocol [21]. Briefly, the tissues were mechanically disrupted and digested using

collagenase (Sigma-Aldrich), dispase (Sigma-Aldrich) and DNAse (Sigma-Aldrich),

followed by filtration with 100-μm cell strainers (BD Biosciences) to create a single-cell

suspension. Subsequently, human and mouse endothelial cells were selected from the single-

cell suspension of human specimens and xenograft tumors, respectively, using anti-CD31-

coated magnetic beads (Invitrogen).

Immunohistochemistry

Immunohistochemical analyses were performed on formalin-fixed, paraffin-embedded tissue

sections using VECTASTAIN Universal Elite ABC Kit (Vector Labs). High pH Antigen

Unmasking Solution (Vector Labs) was used to heat tissue sections for antigen retrieval and

the Avidin/Biotin Blocking Kit (Vector Labs) was utilized to avoid non-specific background

before the 1st antibody hybridization. Primary antibodies against von Willebrand Factor

(MAB3442, Millipore) and ATX (ab77104, Abcam) were used to assess protein expression

on human specimens. The endothelial ATX in normal kidney vasculature and RCC tumor

vessels was evaluated semiquantitatively by measuring the mean digital density of

immunohistochemically labeled ATX with the Pro Plus 4.5.1 image analysis program

(Media Cybernetic, MD). Data from at least three vWF-positive, lumen-containing vessels

of RCC tumors and their corresponding normal counterparts from four patients were

assessed and averaged to give mean ATX expression. Cancer proliferation of xenograft

tumors in vivo was calculated as the ratio of the number of nuclei immunostained for Ki67

using a mouse monoclonal antibody (M7240, Dako) to the total number of nuclei per field

and expressed as the percentage of Ki67-positive nuclei. For determining the microvascular

density, a rat anti-mouse CD34 antibody (ab8158, Abcam) was used to stain the vascular

structures of xenograft tumors. Three areas with the greatest amount of neovascularization

from each tumor section were selected and the microvessels in these areas were counted

under 10× objective lens. Any brown-stained endothelial cell or endothelial cell cluster that

could be clearly separated from the adjacent structures, with or without a vessel lumen, was

considered as a single, countable microvessel. The numbers of microvessels in the three

areas were averaged to give mean microvascular density.
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Impedance-based cellular assay

Real-time impedance assays were performed with the xCELLigence system (Roche).

Briefly, 50 μl of selective medium (RPMI-1640 for RCC; M199 for HUVEC) was added to

wells of E-Plates (Roche) to obtain background readings, and then 150 μl of cell suspension

with 10,000 cells was added. The E-Plate containing the cells was placed on the device

station (in the 37°C CO2 incubator). In each tested well, viable adherent cells attached to the

surface of the sensor electrodes will lead to an increase in impedance that is read by the

instrument. Impedance was recorded every 5 minutes, and the relative change in impedance

is given in a unitless parameter termed cell index [CI = (Zi − Z0)/15 Ω; Zi – impedance at a

given time point of the experiment; Z0 – impedance at the start of the experiment

(background value)]. The value of CI is directly proportional to the number and size

(morphology) of attached cells. The cells were allowed to attach and spread to reach a stable

baseline before treatments were applied.

Migration assay

Migration assays were performed in a modified Boyden chamber using 24-well

polycarbonate filters (Corning Inc., NY) with 8 μm pores. The filters were coated with 50

μg/ml of collagen type 1 (BD Biosciences, CA) in 0.2 N acetic acid overnight and air dried.

The bottom wells were filled with conditioned media containing approximately 1 ug/ml

ATX, T210A, or ATX plus 200 ng/ml of pertussis toxin (PTX) (Sigma-Aldrich). RCC

primary culture cells and HUVECs were suspended in RPMI1640 and M199, respectively.

20,000 cells in 100 μl of medium were added to each well in the upper chamber. To test the

inhibitory activity of PTX on cell migration, cells were pre-incubated with 200 ng/ml of

PTX for 10 minutes before adding to the upper chambers. The assembled chemotaxis

chambers were incubated for 4 hours at 37°C in a 5% CO2 humidified incubator and then

non-migrated cells on the upper surface of the filter were mechanically removed. The cells

that migrate to the lower surface of the filter were fixed and stained with 0.1% toluidine blue

(Sigma-Aldrich) in 30% methanol. Cell migration was performed in quadruplicate and

quantified under light microscopy by counting cells in three randomly chosen high-power

fields.

Invasion assay

Type 1 collagen matrices (BD Biosciences, CA) were prepared at 2.5 mg/ml with 20 μM

LPC, 1 μM LPA, or 50 μM S1P (Avanti Polar Lipids, AL) as described (Bayless 2003

BBRC). Gels (25 μl) were added to half-area (A/2) 96-well plates (Costar) and allowed to

equilibrate for 45 minutes at 37 °C with 5% CO2. Cells were suspended at a density of

30,000 cells per 50 μl in media (MEM for RCC; M199 for HUVEC) and allowed to attach

for 30 minutes before adding growth media (50 μl/well) containing a 1:250 dilution of RSII

(Transferrin, oleic acid, BSA, and insulin) (Sigma-Aldrich), 50 μg/ml ascorbic acid (Sigma-

Aldrich), and 40 ng/ml VEGF and bFGF (R&D Systems). RCC and HUVEC were allowed

to invade for 48 and 24 hours, respectively. For imaging and quantifying the average

numbers of invading cells, conditioned media were removed, and invasion cultures were

fixed in 4% paraformaldehyde (Electron Microscopy Sciences) in PBS for 10 minutes and

stained with 0.1% toluidine blue. For visualization of invasion responses, photographs of
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invading cells were taken from the side view using an Olympus CKX41 microscope

equipped with a Q color 3 Olympus camera. For quantification of invading cells, eyepieces

mounted with a vertical reticle displaying a 10×10 grid, covering an area of 6.25, 1, and 0.25

mm2 at 4×, 10×, and 20×, respectively, were used for quantifying average numbers of

invading cells per standardized field. For each data set, four separate fields from each

treatment were recorded and averaged.

Animal studies

All animal procedures were approved by the MDACC Institutional Animal Care and Use

Committee. Sunitinib-resistant xenograft models were established as previously described

[22]. Briefly, 6-week-old female BALB/c nude mice were given s.c. injections of 5 ×106

786-O or UMRC3 in the right flank. Tumor size was measured twice per week using a

digital caliper. Treatment began when the average tumor volume reached 100 to 200 mm3.

For Ki16425 (Selleckchem) treatment, Ki16425 was first prepared in DMSO at a

concentration of 100 mg/ml and then diluted in PBS at final concentration of 5 mg/ml. Mice

were treated with the vehicle control (PBS) and Ki16425 (20 mg/kg in PBS) daily by s.c.

injections. Sunitinib (40 mg/kg in water) was administered once daily by oral gavage as

previously described [22]. For combination group, xenografts were treated with reduced

dosages of Ki16425 (10 mg/kg in PBS) daily by s.c. injections while reduced dosages of

sunitinib (20 mg/kg in water) were delivered everyday by oral gavage. Serum samples were

collected after the course of each treatment groups. Tumors were removed, cleaned from

adjacent tissues, fixed in 4% paraformaldehyde, and embedded in paraffin for sections.

Cytokine analysis

Concentrations of bFGF, IL-8, GROα, and MCP-1 in sera and conditioned media were

determined by using the Bio-Plex Pro assays (Bio-Rad Laboratories) according to the

manufacturer’s instructions.

Statistical Analysis

Student’s t-test analyses were carried out on the raw or normalized data by using the SPSS

software (Version 10·0). Data of multiple observations were presented as the mean ± S.D. or

as representative results, unless otherwise stated. p < 0.05 was considered statistically

significant.

Other materials and methods are in supplementary information for this article at Clinical

Cancer Research Online (http://clincancerres.aacrjournals.org/)

Results

Altered ATX expression in sunitinib-treated endothelial cells of RCC tumor vessels

In order to search endothelial markers that potentially regulate the angiogenesis and

progression of RCC, we undertook a microarray screen, in which the gene expression

profiles of endothelial cells isolated from RCC tumors in sunitinib-treated and -untreated

patients were analyzed. The expression levels of a panel of known endothelial markers were

examined to verify the endothelial isolation (Supplemental Figure 1A). A cohort of
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endothelial genes was differentially expressed between sunitinib-treated and -untreated RCC

endothelium, one of which is autotaxin (ATX/ENPP2), an ecto-enzyme with

lysophospholipase D activity (Supplemental Figure 1B). While sunitinib acts on RCC tumor

progression and angiogenesis, endothelial ATX expression is downregulated, suggesting a

potential role for ATX in RCC tumorigenesis and response to anti-angiogenic treatment. To

verify the finding from microarray screening, we isolated endothelial cells from an

additional set of 13 human RCC specimens and their corresponding normal kidney tissues

using anti-CD31-coated magnetic beads, and utilized RT-PCR and quantitative PCR to

assess the expression of ENPP2 mRNA (Figure 1A & Supplemental Table 1). Using

quantitative PCR, all the samples examined showed higher levels of ENPP2 mRNA in

endothelial cells from RCC than from the corresponding normal kidneys except those

treated with sunitinib (Supplemental Table 1). However, ENPP2 expression was very low or

undetectable in bead-unbound cells from either tumor or normal tissues (data not shown).

ATX is known as a secreted protein and the level of serum ATX has been reported to be

elevated in many pathological conditions [23, 24]. We observed that the levels of serum

ATX in RCC patients were higher than those in healthy subjects (Figure 1B). In addition,

immunohistochemical analysis revealed that ATX protein was highly expressed in tumor

vessels but not in normal kidney vasculature (Figure 1C and D). These results indicate that

ATX is expressed in endothelial cells of tumor vessels but not in tumor cells or in

endothelial cells of normal renal capillaries. This endothelial ATX expression in RCC is

downregulated with sunitinib treatment.

Distinct effects of secreted ATX on RCC primary cultures and endothelial cells

ATX is known as a potent stimulator of cell invasion and tumor progression. In addition to

its lysophospholipase D activity that generates LPA, ATX was found to interact with

specific cell-surface receptors to regulate cell responses in platelets and lymphocytes as well

as to facilitate the adhesive state and cellular remodeling in oligodendrocytes [18–20]. To

examine the effects of ATX on RCC cells and endothelial cells, conditioned media of

HEK293 cells overexpressing ATX, T210A (a catalytically inactive mutant of ATX), and

GFP (as a control) were prepared for various assays. We found that partially-purified

conditioned media containing ATX activated Akt and ERK in RCC primary cells, but not in

HUVECs (Figure 2A). Moreover, conditioned media with ATX mutant, T210A, failed to

induce Akt and ERK activation in RCC cells or HUVECs. We further conducted an

impedance-based assay that covers a wide range of applications in live cell experiments,

including monitoring the activation of endogenous receptors, morphological change, cell

adhesion, and cell proliferation [25, 26]. We observed a significant change in electrical

impedance following exposure of RCC primary cells to conditioned media containing ATX

(Figure 2B) as an indication of alternations in cell adhesion or morphology likely due to

regulated reorganization of the cytoskeleton [25]. This alternation was not seen in HUVECs.

In addition, RCC cells exhibited an enhancement of migratory response to conditioned

media with ATX, whereas HUVECs did not (Figure 2C). This increase in RCC mobility was

abolished in the presence of pertussis toxin (PTX), suggesting that the ATX-induced RCC

motility is mediated by GPCRs. Furthermore, neither RCC nor HUVECs migrated to

conditioned media containing T210A when compared with the control media (GFP). Similar

results were obtained by using additional lines of RCC primary cultures and human dermal
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microvascular endothelial cells (HDMECs) (data not shown). These results indicate that

ATX regulates the intracellular signaling and cell motility of RCC through its enzymatic

activity. Surprisingly, no marked in vitro effect of ATX on endothelial cells was observed.

RCC, but not endothelial cells, responds to LPA

We next examined the responses of RCC and HUVECS to the substrate and product of

ATX. LPC is abundantly present in plasma and serum (at >100 μM), yet LPA levels in

plasma or freshly-isolated blood are very low [27]. The physiological/pathological

concentrations of LPA will largely depend on the local availability of LPC and the levels of

ATX expressed within nearby tissues. Similar with the effects of ATX on RCC and

HUVECs, LPA significantly activated Akt and ERK and augmented cell proliferation in

RCC, but not in HUVECs (Figure 3A, B and Supplemental Figure 2). ATX substrate, LPC,

had no or slight effect on the activation of Akt and ERK or on cell proliferation in RCC.

Unexpectedly, LPC dramatically triggered Akt and ERK activation but not cell proliferation

in HUVECs, while VEGF served as a positive activator of endothelial proliferation. In

addition, we utilized a three-dimensional culture system to study the effects of LPA on RCC

cell invasion [28]. Various RCC cell lines and primary cultures were placed on the surface

of collagen matrices and allowed to invade in response to LPA. We found that most RCC

lines tested were stimulated by LPA to invade, as few lines (Caki-1, ACHN, and MDA-

RCC-M62) were naturally unable to penetrate into three-dimensional collagen matrices

(Figure 3C). We did not observe robust endothelial invasion induced by either LPA or LPC.

However, another bioactive phospholipid, sphingosine-1-phosphate, efficiently elicited the

invasion response of endothelial cells. These data indicate that LPA is a modulator of

processes that contribute to RCC progression, such as cell proliferation and invasion, but

argue for a direct role for LPA in tumor angiogenesis.

LPA1 mediates LPA-induced cell signaling and invasion in RCC

LPA has been shown to bind and signal through a group of GPCRs [11]. Therefore, we next

characterized which receptors were involved in LPA-induced responses in RCC. To address

this, we have examined the spectrum of LPA receptors (LPARs) expressed on RCC and

determined that RCC cell lines and primary cultures preferentially express LPA1 and LPA2

(Supplemental Table 2). We further tested various LPA receptor antagonists, such as

Ki16425, TDPA and BrP-LPA [29–32], and found that only Ki16425, a selective LPA1 and

LPA3 antagonist, effectively attenuated LPA-induced cell signaling and invasion in 786-O

cells (Figure 4A–C). Similar results were observed in UMRC3 cells (data not shown).

Together, the data from the expression profile of LPARs and the use of LPAR inhibitors

indicate that LPA1 mediates LPA-stimulated responses in RCC. Moreover, we specifically

knocked down the expression of LPA1 in 786-O cells by using recombinant lentiviruses that

express shRNAs against LPA1 and non-target shRNA control to verify the result from the

use of Ki16425. Silencing of LPA1 blocked LPA-induced cell invasion and activation of Akt

and ERK in 786-O cells (Figure 4D–F), supporting the finding that LPA-induced cell

responses in RCC are mediated by LPA1.
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LPA1 regulates RCC tumorigenesis through the production of specific cytokines

LPA signaling regulates RCC proliferation and invasion in vitro (Figure 3). We next

investigated whether the ATX-LPA axis plays a role in RCC tumorigenesis through LPA1.

To assess the role of LPA1 in RCC tumorigenesis, subcutaneous xenograft models using

RCC cell lines (786-O and UMRC3) were generated and treated with Ki16425. Previously,

the potential off-target effect of Ki16425 has been addressed, and the in vivo efficacy of

Ki16425 in blocking the action of the LPA1 receptor subtype has been demonstrated [17].

Pharmacological blockade of LPA1 markedly inhibited RCC tumor growth for both lines

(Figure 5A). In addition, the suppression of tumor growth by Ki16425 was associated with

reduced tumor proliferation and angiogenesis as judged by Ki67 nuclear antigen and CD34

staining, respectively (Figure 5B–D). From our in vitro studies, ATX-LPA signaling failed

to elicit substantial effects on endothelial cells directly. We hypothesized that the decrease in

vascularization of Ki16425-treated tumors may be mediated by tumor-derived angiogenic

factors. To test this hypothesis, we searched for LPA-upregulated angiogenic factors in RCC

cells using quantitative PCR and further detected for the changes in secreted angiogenic

factors between the serum from Ki16425-treated and untreated xenograft models. Among

the angiogenic factors examined, LPA upregulated the mRNA expression of interleukin-8

(IL-8), growth-related oncogene α (GROα), macrophage chemoattactant protein-1 (MCP-1),

and colony stimulating factor 2 (CSF2) in RCC (Supplemental Figure 3).

We further examined the serum level of tumor-secreted IL-8, GROα, MCP-1, and basic

fibroblast growth factor (bFGF) in xenograft models treated with and without Ki16425.

Despite the fact that the secretion of each angiogenic factor from RCC tumor cells can be

regulated by a variety of mechanisms in vivo, a significant decrease in secreted human IL-8

and GROα was observed in both Ki16425-treated RCC models as compared with untreated

controls (Figure 5E). Tumor-derived MCP-1 was slightly lower in 786-O xenografts with

LPA1 blockade by Ki16425 but was undetectable in UMRC3 xenografts. In contrast, bFGF

was barely detectable in 786-O xenograft-bearing mice and its level remained unchanged in

the UMRC3 xenograft model. Altogether, these results suggest that LPA1 expressed by

tumor cells mediates LPA action that leads to RCC tumorigenesis.

ATX-LPA axis is functionally associated with the development of acquired resistance to
targeted therapies

Our results showed that LPA signaling promotes RCC tumor growth, invasion, and

angiogenesis, all of which are phenomena that commonly accompany acquired tumor

resistance to anti-angiogenic therapies [33]. We next examined whether the ATX-LPA axis

is involved in acquired resistance of RCC to sunitinib. To explore the potential association

of ATX-LPA signaling with drug resistance in RCC, we have established mouse xenograft

models of RCC with acquired resistance to sunitinib, which mimics the clinical resistance

phenotype (Figure 6A and Supplemental Figure 4) [22]. For our purposes, the treatment of

xenograft tumors can be split into two sequential phases, sensitive and resistant phase. After

treatment, the tumor stopped growing and then began to actively shrink, and the

angiogenesis declined. This period of active shrinkage is the sensitive phase. With time, the

tumor began to regrow, and the neovascularization is reactivated. During this regrowth,
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further treatment with sunitinib is ineffective. This period of active regrowth is referred to as

the resistant phase.

We have isolated endothelial cells from implanted tumors at sensitive and resistant stages

and observed elevated expression of ENPP2 in endothelial cells of resistant tumors

compared with sensitive tumors (Figure 6B). To investigate whether replenished ATX-LPA

signaling contributes to tumor regrowth while the tumors adapt to sunitinib, we cotreated

UMRC3 xenografts with sunitinib and Ki16425. To reduce the potential toxicity, a

combination treatment of half doses of sunitinib and Ki16425 was used to compare with

sunitinib treatment alone. We found that the combination treatment showed more effective

and persistent effects on the inhibition of tumor growth than treatment with individual agent

alone (Figure 6C). More importantly, the addition of Ki16415 to sunitinib treatment,

compared with sunitinib treatment alone, resulted in a trend of decreased tumor cell

proliferation and microvascular density (Figure 6D and E), indicating that functional

blockage of LPA1 prevented the restoration of tumor growth and angiogenesis in RCC

xenografts adapting to sunitinib treatment. We also noted that the serum levels of tumor-

derived IL-8 and GROα were lower in UMRC3 xenografts treated with both sunitinib and

Ki16425 than in animals bearing sunitinib-resistant tumors, while secretion of tumor-derived

bFGF appeared unrelated to tumor growth in vivo (Figure 6F). Intriguingly, IL-8 has been

shown to mediate sunitinib resistance in mouse models of RCC using various cell lines [34].

We found that IL-8 is capable of bypassing sunitinib to induce endothelial sprouting in an in

vitro angiogenesis model (Supplemental Figure 5). Our data suggest that coadministration of

Ki16425 with sunitinib may prevent or delay the development of acquired resistance against

sunitinib in RCC.

Discussion

RCC, a hypervascular neoplasm thought to be highly dependent on aberrant angiogenesis, is

one of the most common non-cutaneous adult malignancies in the United States. Interactions

between RCC and the tumor-associated endothelium may play an important role both in

tumorigenesis and treatment. Sunitinib recently became the standard care for treatment of

advanced renal cancer and is reported to act primarily on the tumor endothelium rather than

on tumor cells [35]. To better understand the mechanisms of sunitinib action against RCC,

we focused on the change in gene expression profile of tumor endothelium instead of the

whole RCC tumor in patients administered with or without sunitinib. A set of endothelial

genes was identified between sunitinib-treated and -untreated RCC endothelium, among

which elevated expression of RGS5 in tumor vasculature of RCC has been previously

reported [36]. In this study, we demonstrated that ATX is differentially expressed in

sunitinib-treated tumor vasculature of human RCC and in the tumor endothelial cells of

mouse models with the acquired resistance to Sunitinib. We further showed that endothelial

ATX acts through LPA signaling to promote renal tumorigenesis and is functionally

involved in the acquired resistance of RCC to sunitinib. Our results implicate the ATX-LPA

signaling axis as an important element not only for RCC pathogenesis, but also for response

to targeted therapy.

Su et al. Page 9

Clin Cancer Res. Author manuscript; available in PMC 2014 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Regulation of ATX expression is controlled by various growth factors, cytokines, and

oncogenes, which appears to differ among cell types [37, 38]. VEGF and bFGF have been

shown to stimulate ATX expression in endothelial cells [8, 39], but the duration of treatment

with two growth factors varies, suggesting that a secondary effect may be involved. VEGF

signaling pathway has long been implicated in RCC angiogenesis and is the primary target

of sunitinib. Moreover, bFGF has been shown to be upregulated in a murine pancreatic

neuroendocrine tumor model with phenotypic resistance to VEGF blockade [40] and can

stimulate angiogenic responses in endothelial cells despite the presence of sunitinib [41]. In

this study, we found that ATX expression is elevated in the tumor vasculature of human

RCC but declined with the treatment of sunitinib. Furthermore, ATX is highly expressed in

the tumor endothelial cells of RCC mouse models while adapting to sunitinib. Determining

the mechanism by which ATX expression is regulated in RCC-associated endothelium will

require further investigation.

Originally proposed to act as a cell motility-stimulating protein [7], most ATX functions are

linked to its ability to produce LPA and consequent activation of LPA receptors [42].

However, it has been intriguingly reported that ATX facilitates morphological change and

adhesive state in oligodendrocytes in a catalytic activity-independent manner [20]. Using a

cell impedance technology that was designed for biophysically monitoring the cell number,

cell morphology, and degree of cell adhesion, we detected an ATX-mediated augmentation

of cell impedance in RCC but did not observe a non-catalytic effect of ATX on either RCC

or endothelial cells. In addition, ATX-induced migration in RCC was suppressed by

pertussis toxin while the catalytically inactive form of ATX failed to stimulate RCC

motility, suggesting that the effect of ATX on RCC is mainly dependent on LPA signaling.

Increasing evidence has pointed out a vital role for ATX and LPA signaling in the

modulation of processes that contribute to cancer progression, such as cell proliferation,

invasion, and angiogenesis [10, 43]. LPA levels are markedly elevated in malignant

effusions, and its receptors are aberrantly expressed in several human cancers. In addition,

overexpression of ATX or individual LPA receptors promotes tumorigenesis and metastasis

in mouse models, whereas silencing of these genes produces the opposite effects. ATX

overexpression has previously been seen in human RCC tissues but not in any of RCC cell

lines [44]. In the present study, we showed that ATX is exclusively expressed in RCC tumor

vessels but neither in tumor cells nor in normal renal capillaries. It has been reported that

ATX expression is elevated in high endothelial venules of lymphoid organs, which

potentiates actin rearrangement, chemotaxis, and entry of lymphocytes into lymph nodes,

spleen, and Peyer’s patches through the production of LPA [19, 45]. Similarly, we found

that ATX, produced by RCC tumor endothelium, acts through LPA signaling to promote

renal tumorigenesis. In addition, pharmacological inhibition of LPA1 with Ki16425 reduced

tumor growth in RCC xenograft models. Inhibition of LPA1 by Ki16425 has been shown to

suppress tumor growth and bone metastasis in breast and ovarian cancer, whereas another

antagonist targeting LPA1 inhibited only metastasis but showed no effect on primary tumor

growth [17, 46]. This disparity indicates that regulation of cancer cell proliferation at the

primary site may be mainly contributed by LPA signaling in some cell lines or cancer types

but only partially in others. Surprisingly, we found that Ki16425 treatment also affected
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tumor vascularity in RCC xenograft models while ATX-LPA signaling had no marked in

vitro effect on endothelial cells. This may be due to LPA-mediated production of angiogenic

cytokines such as IL-8 and GROα by the RCC cells.

The acquired resistance to anti-angiogenic therapies develops through a variety of poorly

understood mechanisms and appears to be one of the greatest clinical questions in

contemporary RCC translational science. The major difficulty in studying this phenomenon

is the lack of sequential clinical tissues for comparative analyses. Using RCC xenograft

models, we have demonstrated that ATX-LPA signaling is functionally implicated in the

acquired resistance of RCC to sunitinib. Our data implicate LPA as a potent inducer of RCC

proliferation both in vitro and in vivo, which may account for tumor regrowth, a major

clinical observation in RCC patients while refractory to anti-angiogenic treatment. In

addition, it has been noticed in several preclinical cancer models that tumors can adapt to

anti-angiogenic therapies by developing into a more invasive and malignant phenotype [47,

48]. We found that LPA significantly enhances RCC invasiveness. Moreover, tumors may

activate alternative signaling pathways to bypass VEGF blockade for reinitiation and

persistence of tumor angiogenesis during acquired resistance. We demonstrated that LPA

signaling mediates the restoration of tumor vasculature in RCC resistance against sunitinib,

likely through production of tumor-derived specific cytokines such as IL-8. LPA stimulation

has been previously reported to upregulate IL-8 and other cytokines [49]. Of note, IL-8 has

been shown to preserve tumor angiogenesis in xenograft models of colon cancer [50] and to

mediate the resistance of RCC to sunitinib [34]. Together, data from our study and others

suggest that replenished ATX-LPA axis may functionally contribute to RCC tumorigenesis

while escaping from sunitinib treatment.

In conclusion, we have proposed an involvement of ATX-LPA signaling pathway in renal

cancer progression and especially in the acquired resistance of RCC to sunitinib through

targeting the interactions of tumor cells and vasculature. Our findings indicate that

combination therapy with both sunitinib and antagnoists of the ATX-LPA signaling cascade

should be valuable in treatment of RCC and may shed additional light on the understanding

of cancer biology and drug resistance in RCC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of translational relevance

Targeted therapy for renal cell carcinoma (RCC) has made important strides in recent

years. While the advent of antiangiogenic agents as the standard care for patients with

metastatic RCC has resulted in improved survival rates, complete responses and disease

cure are unfortunately rare due to angiogenic escape. A combination therapy of existing

agents with new drugs against distinct signaling pathways which are critical for RCC

biology or active in resistance will be of great clinical importance. This study

demonstrated that endothelial autotaxin acts through lysophosphatidic acid signaling to

promote renal tumorigenesis and is functionally involved in the acquired resistance of

RCC to sunitinib, revealing for the first time that autotaxin-lysophosphatidic acid

signaling axis regulates RCC pathogenesis and response to targeted therapy.

Su et al. Page 15

Clin Cancer Res. Author manuscript; available in PMC 2014 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1.
Elevated ATX expression in endothelial cells (ECs) of tumor vessels, but not in tumor cells

or in ECs of the normal kidney vasculature. A, expression of ATX (ENPP2) mRNA in

endothelial cells of RCC and corresponding normal kidneys. ECs from human RCC

specimens (T) and their normal counterparts (N) were isolated from a single-cell suspension

using anti-CD31-coated magnetic beads. Total RNA was prepared and RT-PCR was

performed for ENPP2, GAPDH, and CD31. B, serum ATX levels of RCC patients (Cancer)

and healthy subjects (Normal) were measured by the enzyme-linked immunosorbent assay

(ELISA). The difference in serum ATX levels between two groups was statistically

significant (by Student’s t-test). C, immunohistochemical staining of RCC and normal

kidney tissues. Human RCC specimens and their normal counterparts were stained using

specific antibodies against autotaxin (ATX) and von Willebrand factor (vWF). A total of six

samples were examined and a photograph of one representative case is shown. The right

panels are magnified images of the areas boxed in the left panels (Magn.). D, densitometric

analyses of endothelial ATX expression in normal and tumor kidney vasculature. The levels

of immunohistochemically labeled ATX in vWF-positive vessels of RCC (Tumor) and their

corresponding normal counterparts (Normal) from each of four patients were measured and

expressed as means ± S.D. in arbitrary units (a.u.).
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Figure 2.
Effects of ATX and its catalytically inactive mutant (T210A) on RCC and endothelial cells.

A, HRC-223 (RCC) and HUVECs were serum-starved for 4 hours and treated with

conditioned media containing ATX or its mutant for 30 minutes. Cell lysates were collected

and analyzed by immunoblotting using the indicated antibodies. B, HRC-223 and HUVECs

were seeded on E-Plates at 10,000 cells per well and continuously monitored for impedance

using The xCELLigence System. Arrowhead indicates the time point at which conditioned

media from HEK293 cells transfected with vectors encoding the indicated proteins were

added. C, HRC-223 and HUVECs were assessed for their chemotactic response to

conditioned media containing ATX, T210A, or ATX plus pertussis toxin (PTX) using a

modified Boyden chamber assay. The assays were performed in triplicate and quantified

under light microscopy by counting three randomly chosen HPFs for each replicate

(Student’s t-test; *, P<0.01).
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Figure 3.
Effects of LPA on cell proliferation, signaling and invasion of RCC and endothelial cells. A,

HRC-223 (RCC) and HUVECs were seeded on E-Plates at 10,000 cells per well and

continuously monitored for cell proliferation using The xCELLigence System. Arrowhead

indicates the time point at which medium only (CTL), 20 μM LPC, 1 μM LPA, or 40 ng/ml

VEGF was added. B, HRC-223 and HUVECs were serum-starved for 4 hours and treated

with 20 μM LPC or 1 μM LPA for the indicated time points. Cell lysates were collected and

analyzed by immunoblotting using the indicated antibodies. C-D, cell lines and primary

cultures of RCC and HUVECs were induced to invade into 3D collagen matrices (2.5

mg/ml) under serum-free conditions in the absence (CTL) or the presence of 20 μM LPC, 1

μM LPA, or 1 μM S1P. After 48 hours, cultures were fixed, stained, quantitated for cell

invasion (C), and photographed (D). Data are presented as mean numbers of invading cells

per standardized field ± S.D. (n=4 fields) (*, no invasion). HUVECs were fixed and

analyzed 24 hours after seeding.
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Figure 4.
LPA1 regulates LPA-induced cell signaling and invasion in RCC. A, 786-O (RCC) cells

were serum-starved overnight and pre-treated with the indicated concentrations of LPA

antagonists for 10 minutes before the incubation with or without 1 μM LPA for 30 minutes.

Cell lysates were collected and analyzed by immunoblotting using the indicated antibodies.

B–C, 786-O cells were induced to invade into 3D collagen matrices (2.5 mg/ml) in the

presence or absence of 1 μM LPA combined with the indicated LPA antagonist. After 48

hours, cultures were fixed, stained, quantitated for cell invasion (B), and photographed (C).

Data are presented as mean numbers of invading cells per standardized field ± S.D. (n=4

fields; Student’s t-test; *, P<0.001 compared with LPA + vehicle). D, 786-O cells were

transduced with lentiviruses expressing the indicated shRNAs for 3 days and treated with or

without 1 μM LPA for 30 minutes. Cell lysates were collected and analyzed by

immunoblotting using the indicated antibodies. E–F, 786-O cells were transduced with

lentiviruses expressing the indicated shRNAs and selected with puromycin prior to seeding

on the surface of collagen matrices. Cultures with or without 1 μM LPA were fixed at 48

hours, stained, quantitated for cell invasion (E), and photographed (F). (Student’s t-test; *,

P<0.001 compared with shCTL + LPA).
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Figure 5.
Effects of Ki16425 on tumor growth and angiogenesis in mouse models of RCC. A,

BALB/c nude mice were given s.c. injections of RCC cells (UMRC3 and 786-O) in the right

flank, randomized into two groups, and administered either PBS (control, CTL) or 20 mg/kg

Ki16425 given subcutaneously once daily. Treatment began when the average tumor volume

reached approximately 100 mm3. Mice were killed on day 48 and day 37 after treatment for

UMRC3 and 786-O, respectively. Tumor volume was assessed and expressed as the mean ±

S.D. (Student’s t-test; *, P<0.05; **, P<0.01). B–D, UMRC3 tumors were collected on the

final day of study, fixed, and embedded in paraffin. Tissue sections were subjected to

immunohistochemical analysis by using monoclonal antibodies against the nuclear Ki67

antigen and CD34 (B). The Ki67 positivity (C) and microvascular density (D) were

calculated from four independent tumor sections per group and expressed as the mean ±

S.D. (Student’s t-test; *, P<0.05; #, P<0.001); scale bars, 50 μm. E, production of specific

cytokines secreted by xenograft tumors in animals treated with and without Ki16425. The

levels of cytokine release in serum of untreated (CTL) and Ki16425-treated (Ki) mice were

measured. Data are presented as mean ± S.D. (Student’s t-test; *, P<0.05). Results are

representative of two independent experiments.
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Figure 6.
Effects of Ki16425 treatment on RCC xenograft models with acquired resistance to

sunitinib. A, establishment of RCC xenograft models with the acquired resistance to

sunitinib. BALB/c nude mice were given s.c. injections of UMRC3 cells in both flanks.

Mice were treated daily with sunitinib (40 mg/kg per day) by oral gavage, and tumor size

was measured twice per week. Tumor growth curve was shown as averaged tumor size. The

treatment began at time point 0. The individual tumor growth was shown in Supplemental

Figure 4. B, endothelial cells from xenograft tumors were isolated using anti-CD31-coated

magnetic beads when tumors reached the sensitive or resistant phase. Total RNA was

prepared and real-time RT-PCR was performed to assess the expression level of ENPP2.

Data are expressed as mean ± S.D. of three replicates and are representative of two separate

experiments. C, UMRC3 xenograft models were generated, randomized into four groups and

given water (Control), sunitinib (SU) (40 mg/kg per day) by oral gavage, Ki16425 (KI) (20

mg/kg per day) subcutaneously, and a combination of sunitinib (20 mg/kg) plus Ki16425

(10 mg/kg). Tumor volume was calculated at the indicated time point and expressed as the

mean ± S.D. (Student’s t-test; #, P<0.001 on day 48 after treatment). D–E, tumors were

fixed and embedded in paraffin after 48 days of treatment. Tissue sections were subjected to

immunohistochemical analysis by using monoclonal antibodies against the nuclear Ki67

antigen and CD34. The Ki67 positivity (D) and microvascular density (E) were calculated
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from four independent tumor sections per group and expressed as the mean ± S.D.

(Student’s t-test; *, P<0.05; **, P<0.01 compared with sunitinib alone). F, secretion of

tumor-derived cytokines in serum from mice of each treatment arm was measured. Data are

presented as mean ± S.D. (Student’s t-test; *, P<0.05; **, P<0.01 compared with sunitinib

alone). Results are representative of two independent experiments.
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