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The cellular localization of autotaxin impacts on its
biological functions in human thyroid carcinoma cells
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Abstract. Autotaxin (ATX/NPP2) shows a nucleotide
pyrophosphatase/phosphodiesterase and lysophospholipase D
(IysoPLD) activity and is a member of a family of structurally-
related mammalian ecto-nucleotide pyrophosphate/phospho-
diesterases (E-NPP1-3). ATX is unique among E-NPP as it is
secreted and not membrane-bound as are NPP1 and -3. The
ATX gene activity is significantly higher in undifferentiated
anaplastic (UTC) as compared to follicular (FTC) and
papillary thyroid carcinomas (PTC) or goiter tissues. ATX
also enhances the motility of thyroid tumor cells. We bio-
engineered stable transfectants of the human thyroid carcinoma
cell line FTC-238 expressing either bioactively-secreted
(sATX) or membrane-anchored ATX (mATX) to identify the
biological functions of ATX which critically depend on the
E-NPP member being secreted and provide insight into the
effects of high local ATX concentrations and cellular
responses. An increased cell motility was exclusively observed
with FTC-238 sATX transfectants, whereas membrane-
anchored ATX appeared to impair motility. We identified IL-
163 as an upstream suppressor of ATX expression in FTC-238,
ATX-mediated motility in FTC-238 and stable transfectants,
with IL-18 having the strongest motility-suppressive effect
on FTC-238 sATX clones. SATX and mATX strongly
increased the anchorage-independent colony formation of
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FTC-238 but the size and number of colonies formed in the
soft agar were significantly smaller in FTC-238 mATX
versus the FTC-238 sATX clones. The cancer-testis antigen
BAGE was identified as a novel target gene of ATX in FTC-
238. Transcript levels for BAGE were 6-fold higher in FTC-
238 mATX versus sATX clones. Increased BAGE transcript
levels were also detected in tissues of patients with UTC
versus FTC, PTC or goiter tissues. In summary, enhanced
tumor cell motility and tumorigenic capacity critically
depended on sATX in thyroid carcinoma cells. Irrespective
of its compartmentalization, the cancer-testis antigen BAGE
was identified as a novel target gene of ATX in FTC-238 and
a potential new tissue marker in UTC tissues, which we had
previously shown to express high levels of ATX.

Introduction

Autotaxin (ATX/NPP2) is a 125 kDa glycoprotein and was
originally isolated from the conditioned medium of human
melanoma A2058 cells (1). The sequence analysis of ATX
showed significant homology with a family of cell surface
type I phosphodiesterases. ATX has been classified as a
member of the ecto-nucleotide pyrophosphate/phospho-
diesterase family (E-NPP) (2,3). ATX was found to possess a
lysophospholipase D (lyso-PLD) activity which results in the
hydrolysis of lysophosphatidyl choline (LPC) to the
lysophosphatidic acid (LPA) (4,5). ATX has the capacity to
hydrolyse several other glycerophospholipids to produce
LPA, including lysophosphatidylserine, lysophosphatidyle-
thanolamine and lysophosphatidylinositol (6). Three
structurally-related mammalian E-NPPs have been studied in
more detail: NPP1 (PC-1), NPP2 (ATX and PD-Ia) and NPP3
(gp130RB 136 PD-13 and B10). The E-NPP members show a
40-50% identity in their 800 residue extracellular domains.
While ATX/NPP2 is a secreted protein, NPP1 and -3 are
anchored in the cell membrane by a transmembrane domain
followed by a short N-terminal intracellular domain of ~20
residues (7,8). The secretion of ATX involves the cleavage of
a 27 amino acid signal sequence by signal peptidase and
further proteolytic maturation by pro-protein convertases.
ATX stimulates random and directed motility in a variety
of tumor cell lines, including those from breast, renal and
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Table I. Sequence of primers used for cloning, standard primer construction and PCR amplification.

Gene No. Sequence 5'-3'

ATX 1 GATTTAGGTGACACTATAGAATACGTTGCAAGGAAACCTTTGGA
2 AACTTCCTCTGGCATGGTTG
3 GTTGCAAGGAAACCTTTGGA
4 ATATTTCTCGAGATGGCAAGGAGGAGCTCGTT
5 ATATTTGGATCCAATCTCGCTCTCATATGTATGCAGGT

BAGE 1 GATTTAGGTGACACTATAGAATAGAGGCTGGAGCCTGTAACAC
2 GAGGCTGGAGCCTGTAACAC
3 ACAGGGGACTCCTCCTTCAT

thyroid carcinoma, melanoma and neuroblastoma (1,9-12).
ATX augments the tumorigenic capacity and metastatic
potential of ras-transformed cells and appears to act as an
angiogenic factor (13,14). We recently quantified the ATX
mRNA expression in thyroid carcinoma cell lines and in
tissues of patients with thyroid carcinomas. The ATX gene
activity was significantly higher in UTC cell lines and tumor
tissues as compared to FTC cell lines, FTC tissues or goiter
tissues used as a control. FTC-133 stable transfectants over-
expressing a soluble ATX showed a higher lysoPLD activity,
enhanced proliferation and an increased migratory activity.
ATX also showed a paracrine stimulatory effect on the
motility of other thyroid carcinoma cell lines (9). When
expressed in FTC-133 or COS-1 cells, ATX was mainly found
in the supernatant, whereas NPP1 was abundant in cell lysates
(9,15).

In the present study, we identified functions of ATX which
critically depend on the E-NPP member being secreted. To
address this question, we generated stable transfectants of the
human thyroid carcinoma cell line FTC-238 expressing either
bioactively-secreted (SATX) or membrane-anchored ATX
(mATX). The cancer-testis antigen BAGE was identified as a
novel target gene of ATX in FTC-238 and, as with ATX,
BAGE was found to be up-regulated in human UTC tissues.

Materials and methods

Thyroid tissues and the FTC-238 cell line. A total of 40 thyroid
tissues, including 10 follicular (FTC), 10 papillary (PTC) and
10 undifferentiated thyroid carcinomas (UTC) and 10 goiter
tissues were obtained from patients undergoing clinically-
indicated surgery and stored at -80°C until use. This study was
approved by the local university ethics committee and all
patients gave their written consent prior to surgery. Each
tumor was scored according to the pTNM classification (16).
The human thyroid cancer cell line FTC-238 (17) was
cultured in RPMI-1640 medium and 10% fetal calf serum
(FCS) was added at 37°C in a CO, incubator. To analyze the
effect of the localization of ATX within human thyroid carci-
noma cells on cellular functions, we transfected FTC-238
cells with the pEGFP-C3/ATX construct or the pD38tm/ATX
vector which contains the intracellular and transmembrane
domains (aa 1-62) of mouse CD38. Stable transfectants with
the pEGFP-C3/ATX construct (FTC-238 sATX) secreted

ATX as a soluble form in the cell culture supernatant. FTC-
238 transfected with the pD38tm/ATX vector (FTC-238
mATX), produced membrane-anchored ATX. FTC-238
transfected with the pEGFP construct (FTC-238 GFP) or
pD38tm vector (FTC-238 pD38tm) which served as mock
controls.

RNA isolation and cDNA synthesis. RNA isolation and reverse
transcription have recently been described (9). Briefly, a first
strand cDNA synthesis was performed according to the
manufacturer's instructions using 500 ng total RNA, 50 pmol
of random primer (Roche, Mannheim, Germany), and 0.5 pl
(200 U/ul) Superscript™ II-RT (Invitrogen, Karlsruhe,
Germany). For quantitative RT-PCR (Q-RT-PCR), six
dilutions of standard and total RNA, respectively, were
converted into cDNA in separate tubes.

The construction of RNA standards. The RNA standards
were constructed as previously described (18). Briefly, for
the construction of standard RNA, composite primers were
synthesized for ATX and BAGE (Table I). The forward
primer 1 contained a 5'-SP6 RNA polymerase binding site
(Table I, underlined) followed by the specific sequence of the
appropriate gene to be amplified. The PCR product obtained
with primers 1 and 2 was gel-purified (QIA quick gel
extraction kit, Qiagen, Hilden, Germany) followed by in vitro
transcription from the SP6 promoter (Roche). The RNA copy
was quantified at 260 nm and used as the standard in the
quantitative RT-PCR reaction.

Quantitative PCR (Q-RT-PCR) analysis. For quantitation, 1 pl
of the reverse transcriptase reaction mixture was added to a
20 ul reaction mixture of the QuantiTect SYBR-Green PCR
kit (Qiagen) and 0.5 M from primers 2 and 3 (Table I). A
negative control containing the complete MasterMix without
a DNA template was included. Samples of the standard and
sample cDNA, respectively, were run in triplicate on the
Rotor-Gene 2000 (LTF, Wasserburg, Germany). Initial
denaturation at 95°C for 900 sec was followed by 40 cycles
with denaturation at 95°C for 15 sec, annealing at 60°C for
30 sec and extension at 72°C for 20 sec. The fluorescence
intensity of SYBR-Green, specifically incorporated in the
double-stranded DNA amplicon reflecting the amount of
formed PCR product, was read after each extension step at
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Figure 1. (A) Q-RT-PCR analysis of the absolute amounts of the ATX mRNA levels in FTC-238 and FTC-238 GFP, sATX and mATX transfectants (n=4,
“P<0.001). (B) The lysoPLD activity of non-transfected and FTC-238 GFP, sATX and mATX clones (n=4, "P<0.05). The highest ATX gene and lysoPLD

activity were observed in FTC-238 mATX.

72°C. For verification of the PCR, product melting curves
were generated and single amplicons were confirmed by
agarose gel electrophoresis. Absolute RNA amounts were
determined with the Rotor-Gene software version 4.6 in
quantitation mode.

The generation of stable transfectants overexpressing human
ATX. The full-length cDNA of the human ATX was cloned in
the pEGFP-C3 vector (BD Clontech, Heidelberg, Germany)
using the primers ATX4 and -5 (Table I). To express ATX
as a membrane-anchored protein, the extracellular domain
(aa 57-863) of the human ATX, carrying a C-terminal V5
epitope tag, was cloned into the pD38tm vector. FTC-238
(5x10° cells) was transfected with 1.5 ug of either the
pEGFP-C3 empty vector, the pPEGFP-C3/ATX construct, the
pD38tm empty vector, or the pD38tm/ATX construct using
3 ul Lipofectamine 2000 (Invitrogen) according to the
manufacturer's instructions. Selection was initiated 48 h after
transfection by adding 75 pg/ml G418 (Invitrogen). The
selection medium was changed every 4 days and G418-
resistant cell clones were isolated and expanded for further
characterization.

The soft agar assay. Cell transfectants (5x10* cells) were
seeded in RPMI containing 0.6% agar and 20% FCS in a
6-well plate, overlaid and cultured with RPMI and 10%
FCS at 37°C in a CO, incubator for 1 month. The medium was
changed every 2-3 days (19). Colonies were stained with
iodonitrotetrazolium chloride (Sigma) and colony numbers
and sizes per filter were determined by counting four powered
(x20) magnification fields under bright field microscopy
(Axioplan microscope with Axiovision 2.0.1 software).

The lysoPLD enzyme assay. Quantitation of the lysoPLD
activity was previously described (9). Briefly, the concentrated
cell culture supernatant or the cell pellet was incubated for
12 h with 2 mM LPC (Sigma) in 100 mM Tris-HCI at pH 9.0,
5 mM MgCl, and 500 mM NaCl. Released choline was
detected by an enzymatic photometric method using 0.5 U
choline oxidase, 0.02 U peroxidase, 0.05 M aminoantipyrene

and 0.21 M phenol (all from Sigma) in a reaction volume of
100 p1. Absorbance was read at 500 nm after 30 min at 37°C.

The cell motility assay. The cell motility assay was previously
described (9). Briefly, the cellular motility of ATX-
transfected FTC-238 was evaluated in 24-well transwell
chambers (Costar, Bodenheim, Germany), with upper and
lower culture compartments being separated by polycarbonate
filters with a pore size of 8 ym. In autocrine motility assays,
1x10° cells/well were seeded in RPMI containing 0.1% BSA
onto the filters and incubated for 24 h. For stimulation
experiments, cells were serum-starved for 1 day and treated
with recombinant IL-16 (all 10 ng/ml, Strathmann Biotech,
Hamburg, Germany) prior to seeding cells on the filters. After
migration for 24 h, the cells on top of the membrane were
removed, and transfectants that had traversed the membrane
pores and were located at the lower surface were stained with
toluidine-blue. The migrated cells were counted in triplicate
under light microscopy (four power fields/filter).

Statistical analysis. Data are expressed as mean + SD. All
statistical analyses were performed using a Student's t-test.

Results

Increased cell motility of the human thyroid carcinoma cells
requires the secretion of ATX. By employing the follicular
thyroid carcinoma cell line FTC-238, stable transfectants
generated overexpressing - secreted (FTC-238 sATX) and
membrane-anchored ATX (FTC-238 sATX). Real-time RT-
PCR showed a significantly enhanced expression of sSATX and
mATX mRNA in the clones, whereas the mock control cells
and untransfected FTC-238 showed a very low endogenous
ATX expression (Fig. 1A). FTC-238 sATX and mATX
transfectants produced a bioactive ATX. The supernatant of
FTC-238 sATX clones contained a high lysoPLD activity
indicating the secretion of a functional ATX by these clones
(Fig. 1B). As with FTC-238 and the mock cells, FTC-238
sATX displayed low levels of lysoPLD activity in the cell
lysates suggesting that most of the ATX produced was
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Figure 2. The autocrine effect of ATX on the migration of FTC-238. FTC-238
GFP, FTC-238 sATX and mATX transfectants and untransfected FTC-238
were seeded in a cell density of 1x10° cells/well and were incubated with or
without IL-18 added to the upper compartment of a transwell chamber.
Thyroid carcinoma cells that had traversed the membrane after 24 h were
stained with toluidine blue and counted. The mean + SD of four separate
experiments is shown, “P<0.05.

released into the supernatant by these transfectants. In
contrast, the FTC-238 mATX transfectants showed a high
lysoPLD enzymatic activity in cell lysates but negligible
levels of ATX in the supernatant (Fig. 1B). We employed a
transwell filter assay to determine the motility of FTC-238
transfectants. The motility was significantly enhanced for the
FTC-238 sATX clones as compared to the FTC-238 mATX,
mock and parental FTC-238 (Fig. 2). These data extend our
previous findings in FTC-133 transfectants which overexpress
and secrete the human ATX (9). FTC-238 mATX transfectants
showed the lowest motility of all cells (Fig. 2), despite a high
ATX mRNA expression and lysoPLD activity (Fig. 1). Thus,
the motility-enhancing quality of ATX was a paracrine effect
depending on the nucleotide pyrophosphatase/phospho-
diesterase to be secreted. The addition of IL-18 to the culture
medium caused a significant decrease in tumor cell motility in
all FTC-238 transfectants and parental cells and this motility-
suppressive effect was most pronounced in FTC-238 sATX
transfectants (Fig. 2). This reduction in FTC-238 motility in
the presence of IL-16 coincided with a 35% reduction in the
ATX mRNA expression in FTC-238 (data not shown) and
confirmed our previous result of an IL-18-induced down-
regulation of the ATX gene activity in FTC-133 (9).

ATX increases the tumorigenic capacity of human thyroid
carcinoma cells. We investigated the ability of sATX and
mATX to enhance the oncogenic potential of FTC-238 by
determining the anchorage-independent growth of the FTC-
238 sATX and mATX clones in colony soft agar assays.
Parental and mock control cells generated small-sized
colonies of ~20 ym in diameter (Fig. 3A). FTC-238 mATX
formed colonies of 100-150 gm in diameter (Fig. 3A) and the
number of colonies were ~12-fold more than in the mock
controls (Fig. 3B). FTC-238 sATX transfectants generated
the largest colonies with a diameter of 300-400 ym (Fig. 3A)
and exceeded (3-fold) the number of colonies counted with
FTC-238 mATX (Fig. 3B). Thus, although SATX and mATX
increased the anchorage-independent colony growth of
FTC-238, naturally-occurring secreted ATX, rather than its
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engineered membrane-bound form, appeared to be significantly
more efficient in enhancing the tumorigenic capacity of
FTC-238 (Fig. 3B).

BAGE is a novel target gene of ATX. Real-time RT-PCR
showed BAGE to be a novel ATX target gene in the stable
FTC-238 transfectants. BAGE is a cancer-testis antigen and a
member of the tumor-associated antigens. Although the
FTC-238 mATX and sATX clones showed an up-regulation
of BAGE, FTC-238 mATX contained markedly higher levels
of BAGE expression (58-fold) as compared to FTC-238
SATX (9-fold) or the mock cells and untransfected FTC-238
which showed a negligible expression of BAGE (Fig. 4). We
had previously demonstrated an enhanced ATX expression in
human UTC tissues (9). To determine whether human
thyroid tissues also displayed an up-regulation in BAGE, the
same tissues of patients with thyroid carcinomas used in our
previous study were quantified for mRNA expression of
BAGE. Median BAGE mRNA levels were highest in the
UTC tissues at 7.1 fg/ug total RNA, but significantly lower
in PTC at 2.1 fg/ug total RNA, FTC at 1.6 fg/ug total RNA
and goiter at 1.5 fg/ug total RNA (Fig. 5). Therefore, we found
that an enhanced expression of SATX and BAGE coincides
in human UTC.

Discussion

In the present study, we generated FTC-238 stable transfectant-
expressing secreted (FTC-238 sATX) human ATX and a bio-
engineered membrane-anchored ATX (FTC-238 mATX) to
address 1) whether the secretion of ATX is a prerequisite for its
growth- and motility-promoting actions, and, ii) to determine
the tumor cell responses to high local ATX concentrations
such as those in mATX. ATX is a unique family member of
ecto-nucleotide pyrophosphate/phosphodiesterase (E-NPP1-3).
Contrary to the type II transmembrane ectoenzymes NPP1
and -3, with a short cytoplasmatic tail and a large catalytic
ectodomain membrane-bound, ATX (NPP2) is not associated
with the plasma membrane but appears to be localized in
cytosolic vesicles (20). ATX is synthesized as a prepro-
enzyme and, upon removal of a 27-residue signal peptide, is
subsequently cleaved by pro-protein convertases prior to
secretion (7,8). The aim of the study was to specify the
biological functions that are specific to the secreted ATX,
whereas other functions may be independent of the cellular
localization of ATX. Notably, we found that the cellular
localization of ATX had a marked impact on the ability of
the E-NPP member to affect the motility of human thyroid
carcinoma cells. As with the FTC-133 sATX clones (9), the
secreted ATX caused significant enhancement in the motility
of FTC-238 sATX clones. In contrast, despite a higher ATX
mRNA expression and an increased lysoPLD activity by the
FTC-238 mATX, these transfectants failed to display
increased motility. The inability of FTC-238 mATX to
increase tumor cell motility was not the result of biologically-
inactive membrane-bound ATX. These clones displayed high
levels of lysoPLD enzymatic activity in the cell lysates but
not in the supernatant indicating a cell-bound mATX and
negligible shedding of membrane-anchored ATX by the
FTC-238 mATX transfectants. Although varied glycosylation
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Figure 4. Results of Q-RT-PCR analysis on the effect of ATX on the BAGE
gene expression in FTC-238, FTC-238 GFP, FTC-238 sATX and mATX
transfectants. Data are given as a fold change of the control (untransfected
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Figure 3. (A) ATX promotes colony formation in soft agar assays. FTC-238
GFP, FTC-238 sATX and mATX transfectants were plated in semi-solid
agar medium and the sizes of formed colonies were determined by phase-
contrast microscopy (upper panel). Images represent the stained colonies in
soft agar plates (lower panel). Images represent the colony growth in soft
agar, shown for the untransfected FTC-238 and and FTC-238 GFP mock
controls with a magnification bar at 10 #m. Note the magnification scale at
500 pgm in the pictures with FTC-238 sATX and mATX transfectants
indicating much larger colonies with FTC-238 when exposed to ATX. (B)
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two independent experiments, "P<0.001.
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1490

patterns of ATX have been shown to affect the ATX function
(7), this possibility is unlikely to explain the differences in
motility elicited by SATX and mATX since the two ATX
constructs contain the same potential glycosylation sites and
were expressed in the same thyroid carcinoma cells.

Secreted ATX exerts its ecto-nucleotide pyrophosphate/
phosphodiesterase and lysophospholipase D activity on the
surrounding cells and tissues. We recently demonstrated the
oncogenic potential of ATX as an enhancer of proliferation
and migration of human thyroid carcinoma cells (9). Studies in
athymic nude mice demonstrated that ras-transformed NIH3T3
cells with ATX expression displayed amplified tumorigenic
capacity (13). In the pathogenesis of thyroid carcinomas,
somatic Ras mutations appear to be an early event and are
frequently observed in follicular thyroid carcinomas and cell
lines (21). Thus, the combined effect of the Ras mutation and
ATX overexpression may contribute to an amplified
metastatic potential of thyroid carcinoma cells and suggests an
important role for ATX as a promoter of thyroid carcinogenesis
and metastasis. In line with these findings and irrespective of
its cellular localization, ATX significantly enhanced the
oncogenic transforming potential of FTC-238 as shown by
the increased anchorage-independent growth in soft agar
assays of the two FTC-238 sSATX and mATX transfectants.
However, consistent and distinct differences in the behavior
of FTC-238 sATX and mATX clones were observed.
Secreted ATX appeared to promote increased numbers of
very large colonies displayed with a dense cellular core
surrounded by more loosely arranged cells in the periphery
consistent with migratory cells. In contrast, FTC-238 mATX
created significantly less and very dense colonies with few
peripheral cells, which was in line with the reduced motility
observed with FTC-238 mATX. Thus, SATX was more
efficient than mATX in conferring a higher oncogenic-
transforming potential onto FTC-238.

The pro-inflammatory cytokine IL-16 is an important
regulator of the ATX expression in thyroid cells and we
observed an IL-18 down-regulated endogenous ATX gene
activity in FTC-238 and FTC-133 by 35 and 50%, respectively
(9). In primary thyroid cell cultures, IL-1 was reported to
induce apoptosis by inhibiting adenylate cyclase and ERK1/2
activity (22). Herein we showed that IL-18 also acts as a
powerful inhibitor of cell motility in FTC-238 and this IL-16-
mediated motility-suppressive action was most pronounced
in FTC-238 sATX. The present finding of ATX being a novel
IL-18 target gene may provide the basis for novel therapeutic
strategies involving the cytokine-mediated suppression of
thyroid carcinoma invasiveness and metastasis, particularly
in UTC.

We identified the cancer-testis antigen BAGE as a novel
ATX target gene in the transformed FTC-238 ATX
transfectants. Cancer-testis antigens of the MAGE, BAGE
and GAGE family represent a unique class of tumor antigens
which are expressed in a variety of carcinomas and are silent
in normal tissues, except in testis. The BAGE family contains
15 nearly identical sequences located in the juxta-centromeric
regions of chromosomes 9, 13, 18 and 21. BAGE encodes for
a tumor-associated antigen of as yet unknown function which
is recognized by cytotoxic T lymphocytes in conjunction
with MHC class I molecules of various haplotypes on the
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tumor cell surface. BAGE was shown to be expressed in
thyroid medullary and papillary carcinoma, and papillary
hyperplasia of the thyroid (23,24). The highest BAGE
transcript levels were detected in the FTC-238 mATX
transfectants suggesting that higher local mATX concentrations
and cellular lysoPLD activity can trigger a differential gene
expression in tumor cells. Despite the fact that our cell model
of membrane-anchored ATX is a synthetic product shown
not to exist naturally, this model may provide a unique
insight into the differential cellular responses to high local
ATX concentrations within solid thyroid tumor tissues where
varying local ATX tissue concentrations are expected to
occur. The up-regulation of the BAGE gene expression in
FTC-238 cells as a result of ATX overexpression was also
observed in tissues of patients with UTC. We had previously
detected the highest levels of ATX in UTC versus FTC, PTC
and goiter tissues and identified the ecto-nucleotide
pyrophosphate/phosphodiesterase as a novel tissue marker
for UTC (9).

In conclusion, our thyroid tumor cell models showed the
common and distinct cellular responses elicited by secreted-
and membrane-anchored ATX. The proper processing of ATX
from its membrane-bound proform to the secreted product
was an essential prerequisite for the motility-enhancing
property of ATX. Thus, a distinct and important purpose of
the soluble ATX/NPP2 ecto-nucleotide pyrophosphate/
phosphodiesterase activity appears to be the propagation of
cellular motility/migration, a functional quality lacking in
mATX.
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