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Abstract Lysophosphatidic acid (LPA) is a lipid
mediator that regulates various processes, including
cell migration and cancer progression. Autotaxin
(ATX) is a lysophospholipase D-type exoenzyme
that produces extracellular LPA. In contrast,
glycerophosphodiesterase (GDE) family members
GDE4 and GDE7 are intracellular lysophospholipases
D that form LPA, depending on Mg2þ and Ca2þ,
respectively. Since no fluorescent substrate for these
GDEs has been reported, in the present study, we
examined whether a fluorescent ATX substrate, FS-3,
could be applied to study GDE activity. We found
that the membrane fractions of human GDE4- and
GDE7-overexpressing human embryonic kidney 293T
cells hydrolyzed FS-3 in a manner almost exclusively
dependent on Mg2þ and Ca2þ, respectively. Using
these assay systems, we found that several ATX in-
hibitors, including α-bromomethylene phosphonate
analog of LPA and 3-carbacyclic phosphatidic acid,
also potently inhibited GDE4 and GDE7 activities. In
contrast, the ATX inhibitor S32826 hardly inhibited
these activities. Furthermore, FS-3 was hydrolyzed in
a Mg2þ-dependent manner by the membrane fraction
of human prostate cancer LNCaP cells that express
GDE4 endogenously but not by those of GDE4-
deficient LNCaP cells. Similar Ca2þ-dependent
GDE7 activity was observed in human breast cancer
MCF-7 cells but not in GDE7-deficient MCF-7 cells.
Finally, our assay system could selectively measure
GDE4 and GDE7 activities in a mixture of the mem-
brane fractions of GDE4- and GDE7-overexpressing
human embryonic kidney 293T cells in the presence
of S32826. These findings allow high-throughput
assays of GDE4 and GDE7 activities, which could
lead to the development of selective inhibitors and
stimulators as well as a better understanding of the
biological roles of these enzymes.
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Lysophosphatidic acid (LPA) is a lipid mediator
found in eukaryotic tissues and plasma (1, 2). LPA reg-
ulates various biological processes, including cell pro-
liferation, platelet aggregation (3), smooth muscle
contraction (4, 5), and malignancy and metastasis of
cancers (6–8) through at least eight types of G protein-
coupled receptors (2). Autotaxin (ATX) is a lysophos-
pholipase D (lyso-PLD)-type exoenzyme that is secreted
into the plasma and functions as a key enzyme that
produces extracellular LPA from lysophosphati-
dylcholine (LPC) (9), and its activity is stimulated by
divalent cations, including Mg2+ and Ca2+ (10). In
humans, ATX is most abundantly expressed in the
hypothalamus, retina, lung, and adipose tissues (11). In
contrast, members of the glycerophosphodiesterase
(GDE) family, GDE4 and GDE7, are intracellular lyso-
PLD-type enzymes that hydrolyze LPC to LPA (12–14).
Moreover, these GDE enzymes produce anti-
inflammatory N-acylethanolamines from N-acylated
lysophospholipids (15). Notably, GDE4 and GDE7
require Mg2+ and Ca2+, respectively, for their enzy-
matic activities (12, 14). In humans, higher expression of
GDE4 is observed in the pancreas, testis, and prostate,
whereas GDE7 is abundant in the kidney, prostate,
ovary, and placenta (14). Although ATX, GDE4, and
GDE7 produce LPA in common, they may play unique
roles because of differences in the site of action, diva-
lent cation dependency, substrate specificity, and tissue
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distribution. The role of each enzyme can be validated
using the corresponding potent and selective inhibitors.

Recently, ATX inhibitors have gained attention
owing to their association with pathological conditions,
such as cancer, liver cirrhosis (16), and idiopathic pul-
monary fibrosis (17). Fluorescent substrates are useful
for high-throughput screening of enzyme inhibitors
because of their simplicity and convenience. For ATX,
compounds, such as FS-3, CPF-4, and TG-mTMP (18–20),
have been reported as fluorescent substrates, and many
inhibitors have been identified (21, 22). In contrast,
GDE4 has been suggested to be involved in retinitis
pigmentosa (23), whereas GDE7 in fatty liver (24), can-
cer recurrence (25), and noise-induced hearing loss (26).
However, no fluorescent substrates of GDE4 or GDE7
have been reported till date, and their enzymatic ac-
tivities have been measured by TLC (12, 14) and quan-
tification of liberated choline (13), which are not
suitable for high-throughput analyses.

FS-3 is a commercially available fluorescent substrate
for ATX, which is characterized by a fluorescence
dequenching motif. Once ATX hydrolyzes FS-3, a flu-
orophore that is quenched by intramolecular fluores-
cence resonance energy transfer to a nonfluorescent
quencher becomes fluorescent, and ATX activity can
be quantified in real time by temporal changes in
fluorescence intensity (18). Since FS-3 is a lysophos-
pholipid analog, we hypothesized that this compound
could also act as a substrate for GDE4 and GDE7.
Therefore, in the present study, we provide a real-time
monitoring method using FS-3, which can selectively
measure the activities of these two intracellular lyso-
PLDs by modifying the divalent cation being used.
Using this assay system, we evaluated LPC analogs and
ATX inhibitors including edelfosine (27), S32826
(28, 29), α-bromomethylene phosphonate analog of
LPA (BrP-LPA) (30, 31), and 3-carbacyclic phosphatidic
acid (3-ccPA) (32) and found GDE4 and GDE7 in-
hibitors for the first time. These findings will lead to
the precise characterization of the enzymes in vitro,
development of stimulators and inhibitors, and better
understanding of the biological roles of GDE4 and
GDE7 as well as their product LPA.
MATERIALS AND METHODS

Materials
FS-3, BrP-LPA (a mixture of two diastereomers), and oleoyl

3-ccPA were purchased from Echelon Biosciences (Salt Lake
City, UT). Edelfosine (2-O-methyl PAF C-18) and S32826 were
procured from Cayman Chemical (Ann Arbor, MI) and
fluorescein from Tokyo Chemical Industry (Tokyo, Japan).
Anti-FLAG M2 Ab (F1804) was purchased from Sigma-
Aldrich (St. Louis, MO), anti-GDE4 Ab (27861-1-AP) from
Proteintech (Rosemont, IL), anti-GDE7 Ab (HPA041148) from
Atlas Antibodies (Stockholm, Sweden), anti-GAPDH Ab
(M171-3) from MBL (Tokyo, Japan), and anti-Myc-Tag Ab
(2276S) from Cell Signaling Technology (Danvers, MA). We
2 J. Lipid Res. (2021) 62 100141
obtained 1-oleoyl-LPC and 1-oleoyl-lysophosphatidylethanol-
amine (LPE) from Avanti Polar Lipids (Alabaster, AL) and
DTT from Cytiva-GE Healthcare (Marlborough, MA). Non-
idet P-40 (NP-40) was procured from Nacalai Tesque (Kyoto,
Japan). 1-[14C]Oleoyl-LPC was enzymatically prepared from
[14C]dioleoylphosphatidylcholine (American Radiolabeled
Chemicals, St. Louis, MO) using Naja mossambica mossambica
phospholipase A2 (Sigma-Aldrich) and purified by TLC.
Cell line
Human embryonic kidney 293T (HEK293T) cells were

maintained in DMEM (FUJIFILM Wako, Osaka, Japan)
supplemented with 10% (v/v) FBS (Biofluids, Fleming Island,
FL) and nonessential amino acids (FUJIFILM Wako). Human
prostate cancer LNCaP cells were maintained in RPMI 1640
medium (FUJIFILM Wako) supplemented with 10% (v/v) FBS
and nonessential amino acids. Human breast cancer
MCF-7 cells were maintained in DMEM supplemented with
15% (v/v) FBS. These cell lines were cultured at 37◦C in a
humidified atmosphere of 5% CO2 and 95% air.
Overexpression of enzymes
pcDNA3.1-hygro plasmid vectors harboring the comple-

mentary DNA (cDNA) of human GDE4 or GDE7 with a
C-terminal FLAG tag were constructed as described previ-
ously (14). The pCAGGS vector harboring the cDNA of rat
ATX with a C-terminal Myc tag (33) was gifted by Dr Junken
Aoki (University of Tokyo, Tokyo, Japan). HEK293T cells
were cultured to 70% confluence in a poly-L-lysine-coated
dish of 100 mm. The cells were then transfected with 16 μg of
the plasmid using 40 μl of Lipofectamine 2000 (Thermo
Fisher Scientific, Waltham, MA). Control cells were also pre-
pared using an insert-free vector. At 48 h after transfection,
the cells were harvested by scraping for GDE4 and GDE7, and
the conditioned medium was collected for ATX.
Genome editing
Specific guide RNA sequences were selected for human

genes of GDE4 (GDPD1) and GDE7 (GDPD3) using CRISPOR
(34) and cloned into the LentiGuide-Puro vector (gift from
Dr Feng Zhang; Addgene; plasmid, no. 52963). The resultant
LentiGuide-GDPD1-Puro and LentiGuide-GDPD3-Puro plas-
mids as well as lenti-Cas9-Blast (gift from Dr Feng Zhang;
Addgene; plasmid, no. 52962) were used to prepare the
lentivirus as described previously (35). Briefly, HEK293T cells
were cotransfected with pMD2.G and psPAX2 (gifts from Dr
Didier Trono [Addgene plasmids, no. 12259 and no. 12260,
respectively]) together with each plasmid using Lipofect-
amine 2000, and lentivirus-containing conditioned media
were collected. LNCaP and MCF-7 cells were transduced us-
ing the conditioned media containing lenti-Cas9-Blast lenti-
virus in the presence of 10 μg/ml hexadimethrine bromide
(Nacalai Tesque) and subjected to selection using 10 μg/ml
blasticidin S (FUJIFILM Wako). Cas9-expressing LNCaP and
MCF-7 cells were subsequently transduced using the condi-
tioned media containing LentiGuide-GDPD1-Puro and Len-
tiGuide-GDPD3-Puro lentivirus, respectively, and positive
clones were selected using 2 μg/ml puromycin (FUJIFILM
Wako). The clonal cell lines were isolated using the limiting
dilution method. Genomic DNA from each clone was
amplified and sequenced using an ABI 3130 DNA sequencer
(Thermo Fisher Scientific-Applied Biosystems) for
verification. The following primer pairs were used: GDPD1,



5′-GACAAACGCTCAGTCCAGGA-3′ (forward) and 5′-AAT
CCCTCTCCTTCCCTCCC-3′ (reverse); and GDPD3, 5′-GAGC
TTCTGTGGGAGTACGG-3′ (forward) and 5′-AGCTCTC-
CAGATCCTGTGGG-3′ (reverse).
Preparation of membrane fractions
The cells were sonicated three times for 3 s each in 50 mM

Tris-HCl (pH 7.4) using an ultrasonic disruptor UD-201 (Tomy
Digital Biology, Tokyo, Japan). The cell homogenates were
then centrifuged at 105,000 g for 1 h at 4◦C with Optima MAX-
TL (Beckman Coulter, Brea, CA). The resultant pellets were
suspended in 20 mM Tris-HCl (pH 7.4) and used as the
membrane fractions. Protein concentration was determined
using the Protein Assay BCA Kit (Nacalai Tesque) with BSA as
a standard.
Immunoblot analysis
Immunoblot analysis was performed as described previ-

ously (36).
Fluorescence-based enzyme assay
For GDE4 and GDE7 assays, the membrane fractions (1, 5,

or 6 μg of protein) were incubated with 5 μM FS-3 for 3 h at
37◦C in 60 μl of 50 mM Tris-HCl buffer (pH 7.4) in the pres-
ence of MgCl2 or CaCl2 (2 mM), or in their absence, unless
otherwise stated. The fluorescence intensities were quantified
at λex = 490 nm and λem = 520 nm using a 96-well black plate
and a microplate reader (Varioskan Flash; Thermo Fisher
Scientific) every 10 min during the reaction (Fig. 1B) or before
and after the reaction (other figures). After subtraction of the
no protein control value, the amount of fluorescein released
was calculated using a calibration curve, and FS-3-degrading
activities were obtained. The IC50 values were determined
using four-parameter logistic curves. The Z-factor (Z) was
calculated using the formula Z = 1–3(σGDE + σmock)/(μGDE −
μmock), where σ and μ are the SD and means, respectively (37).
Km values for FS-3 were determined by Lineweaver-Burk plots
using varying substrate concentrations (1–50 μM). ATX assays
were similarly performed with conditioned medium (6 μl),
except that the reaction mixture contained 50 mM Tris-HCl
buffer (pH 8.0), 1 mM MgCl2, 1 mM CaCl2, 140 mM NaCl,
5 mM KCl, 1 mg/ml fatty acid-free BSA, and 1 mM LPC.
Radioactivity-based enzyme assay
The membrane fractions were incubated with varying

concentrations (100–1,000 μM for GDE4 assay and 10–100 μM
for GDE7 assay) of 1-[14C]oleoyl-LPC (10,000–20,000 cpm, dis-
solved in 5 μl of ethanol) at 37◦C for 30 min in 100 μl of 50 mM
Tris-HCl (pH 7.4) containing 2 mM of either MgCl2 (for GDE4
assay) or 2 mM CaCl2 (for GDE7 assay) and 100 μM of the
phosphatase inhibitor sodium orthovanadate to protect the
produced 1-[14C]oleoyl-LPA from degradation (12). The re-
actions were terminated by the addition of 0.32 ml of a
mixture of chloroform/methanol/1 M citric acid (8:4:1, by
volume) with 5 mM butylated hydroxyanisole as an antioxi-
dant. After centrifugation, 100 μl of the lower organic phase
was spotted on a silica gel-coated aluminum TLC sheet (height
of 10 cm; Merck, Darmstadt, Germany), and the TLC plate was
developed at 4◦C for 20 min with a mixture of chloroform/
methanol/90% formic acid/water (60:30:7:3, by volume) (14).
The radioactivity of the substrate and product on the plate
was quantified using an image analyzer (Typhoon 9400;
Cytiva-GE Healthcare), and the enzyme activity was then
calculated as described previously (38).

Statistical analysis
All data are expressed as the mean ± SD. Statistical analyses

were performed by one-way ANOVA followed by Dunnett or
Tukey test or two-way ANOVA with GraphPad Prism (version
8.43; GraphPad Software, San Diego, CA). Statistical signifi-
cance was set at P < 0.05.

RESULTS

FS-3-degrading enzyme activity of recombinant
GDE4 and GDE7

To examine whether FS-3 is a substrate of GDE4 and
GDE7, we prepared HEK293T cells transiently over-
expressing (O/E) the FLAG-tagged human enzymes
and used their membrane fractions as enzyme sources
(12, 14). Immunoblot analyses with anti-FLAG antibody
confirmed the expression of each recombinant enzyme
(Fig. 1A). While the predicted molecular masses from
the amino acid sequences are 37.3 kDa for FLAG-
tagged GDE4 and 37.7 kDa for FLAG-tagged GDE7
including potential signal peptides, their main bands
appeared around 35.1 and 33.6 kDa, respectively. When
the membrane fractions were allowed to react with FS-
3, fluorescence intensities increased almost linearly for
more than 3 h with robustness (Z-factor = 0.53 and 0.76
for GDE4 and GDE7, respectively) and accuracy (coef-
ficient of variation = 13.7% and 7.6% for GDE4 and
GDE7, respectively) (Fig. 1B). In contrast, the membrane
fractions of the control cells showed negligible increase
in fluorescence intensity. These reactions by GDE4 and
GDE7 were performed with 2 mM of Mg2+ and Ca2+,
respectively, which are required for the activity of the
respective enzymes. Consistent with this divalent cation
dependency, the activity of GDE4 was much lower with
Ca2+ and that of GDE7 was undetectable with Mg2+

(Fig. 1C). The higher activity of GDE7 than that of
GDE4 may reflect the difference in protein expression
levels revealed by immunoblot analyses. Using varying
substrate concentrations, we determined the Km values
of GDE4 and GDE7 for FS-3 as 18.5 and 22.2 μM,
respectively (Fig. 1D). These values were lower than
those for 1-[14C]oleoyl-LPC, which were 748 μM (for
GDE4) and 55.1 μM (for GDE7) (Fig. 1E). We next
examined the effects of DTT, a sulfhydryl-reducing
agent reported to stimulate GDE4 and GDE1, another
member of the GDE family (12). However, this com-
pound had only a slight effect on the FS-3-degrading
activity of GDE4 and GDE7 (Fig. 1F). Since the
nonionic detergent NP-40 is known to enhance the
activity of several lipid-hydrolyzing enzymes, including
N-acylethanolamine acid amidase (39, 40), we also
examined the effects of this detergent. The results
revealed that NP-40 enhanced the FS-3-degrading ac-
tivity of GDE7 with a maximal effect at 0.1% (w/v)
(5.4-fold stimulation) (Fig. 1G). In contrast, NP-40 almost
Fluorescence-based assay for GDE4 and GDE7 3
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Fig. 1. FS-3-degrading enzyme activity of recombinant GDE4 and GDE7. A: HEK293T cells were transfected with the insert-free
vector (mock) or the expression vector harboring cDNA for human GDE4 or GDE7. The membrane fractions (20 μg of protein)
were analyzed by immunoblotting with anti-FLAG antibody. Anti-GAPDH antibody was used as a loading control. B, C, F, and G: The
membrane fractions from the GDE4- (left graphs) or GDE7-overexpressing (right graphs) cells and control cells (mock) were
incubated with 5 μM FS-3. The amounts of protein in the membrane fractions were 5 μg (left graphs) and 1 μg (right graphs). In B,
fluorescence intensity was measured every 10 min, and the relative intensities are shown (mean ± SD, n = 4). In C, F, and G,
FS-3-degrading activity was calculated by the fluorescence intensities at 0 and 180 min and expressed per 1 mg of proteins (mean ±
SD, n = 3 or 4). The reaction mixtures contained 2 mM of either MgCl2 (left graphs) or CaCl2 (right graphs) in B and D–G, and
divalent cation dependency was examined in the presence of 2 mM of MgCl2 and CaCl2 as well as in their absence (–) in C. Km values
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and NP-40 at indicated concentrations are shown in F and G, respectively. Two-way ANOVA (B) or one-way ANOVA with post hoc
Dunnett test (C, F, and G) was conducted. *P < 0.05, **P < 0.01, and ***P < 0.001 (B, vs. mock; C, F, and G, vs. vehicle).
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completely inhibited the activity of GDE4 at 0.01%
(w/v). These results showed that Mg2+- and
Ca2+-dependent hydrolyses of FS-3 are suitable for
measuring the activities of recombinant GDE4 and
GDE7, respectively.

Inhibitors and stimulators of GDE4 and GDE7
Using these assay systems, we evaluated LPC analogs

and ATX inhibitors as potential inhibitors of GDE4 and
GDE7. The results are summarized in Table 1. First, we
examined LPC and LPE, endogenous substrates of
these enzymes (12–14). GDE4 and GDE7 as well as ATX
were inhibited by LPC in dose-dependent manners with
IC50 values of 292 μM, 851 nM, and 3.1 μM, respectively
(Fig. 2A and supplemental Fig. S1). LPE also dose-
dependently inhibited GDE4 and GDE7 with IC50

values of 86.0 μM and 930 nM, respectively (Fig. 2B). We
next used the LPC analog edelfosine, which is an in-
hibitor of phosphatidylinositol phospholipase C (27).
Edelfosine dose-dependently inhibited GDE4 with an
IC50 value of 17.6 μM, whereas this compound enhanced
the activity of GDE7 with a maximal effect at 20 μM
(3.2-fold stimulation) (Fig. 2C). We then evaluated the
ATX inhibitors S32826 (28, 29), BrP-LPA (30, 31), and
3-ccPA (32). Among these three compounds, S32826 did
not affect the activity of GDE4 or GDE7 (Fig. 2D). The
other two compounds, BrP-LPA and 3-ccPA, inhibited
GDE4 and GDE7 in a dose-dependent manner,
although the inhibition of GDE4 by 3-ccPA was weaker
(Fig. 2E, F). The IC50 values of BrP-LPA were 91.5 and
123 nM for GDE4 and GDE7, respectively, and those of
3-ccPA were 3.14 μM and 27.0 nM for GDE4 and GDE7,
respectively. Thus, several compounds were found to
inhibit GDE4 and GDE7 for the first time.

FS-3-degrading enzyme activity of endogenous
GDE4 and GDE7

Next, we examined whether FS-3 could be hydro-
lyzed by endogenous enzymes. For this purpose, we
established GDE4- and GDE7-KO cell lines, and the
enzyme activities in the membrane fractions were
compared between WT and KO cells. For GDE4, the
GDPD1 gene was genome-edited in human prostate
cancer LNCaP cells, which are reported to highly ex-
press GDE4 mRNA (41), and we obtained a mutant
clone with homozygous 1-bp insertion (Fig. 3A). For
TABLE 1. Summary of stimu

Compound GDE4

LPC Inhibition (IC50 = 292 μM) Inhibition (I
LPE Inhibition (IC50 = 86.0 μM) Inhibition (I
NP-40 Inhibition (IC50 < 0.01%) Stimulation
Edelfosine Inhibition (IC50 = 17.6 μM) Stimulation
S32826 Ineffective Ineffective
BrP-LPA Inhibition (IC50 = 91.5 nMa) Inhibition (I
3-ccPA Inhibition (IC50 = 3.14 μM) Inhibition (I

aValues for a mixture of two diastereomers.
bValues for two diastereomers.
GDE7, the GDPD3 gene was edited in human breast
cancer MCF-7 cells, which express GDE7 mRNA
abundantly (41). This cell line is reported to be hyper-
triploid or hypotetraploid (42), and we obtained a
GDE7-KO clone with mutations in all alleles (5-bp
deletion, 8-bp deletion, and 76-bp deletion with 5-bp
insertion). When the membrane fractions were
analyzed by immunoblot analyses using anti-GDE4 and
anti-GDE7 antibodies, each of the endogenous enzymes
in WT cells was observed as a protein band with a
slightly lower molecular weight than the main band
obtained from the corresponding O/E cells, reflecting
the size of the FLAG tag and spacer (1.2 kDa) (Fig. 3B).
The bands were abolished in KO cells, confirming the
absence of each enzyme. We then examined the FS-3-
degrading activities using these cells. As expected,
Mg2+-dependent activity was observed in WT LNCaP
cells, and this activity was abolished in the GDE4-KO
cells (Fig. 3C). The activity with Ca2+ was lower than
that with Mg2+ in the WT cells. Consistent with the re-
sults obtained with GDE7-O/E cells (Fig. 1F), NP-40 at
0.1% (w/v) increased the FS-3-degrading activity of the
membrane fraction from WT MCF-7 cells by 3.3-fold
(Fig. 3D). In the presence of 0.1% (w/v) NP-40,
Ca2+-dependent activity was observed in WT
MCF-7 cells, which was decreased to 32% in the GDE7-
KO cells (Fig. 3E). The activities with Mg2+ were much
lower than those with Ca2+. These results showed that
FS-3 provides a useful system to measure the enzyme
activities of endogenous GDE4 and GDE7, as well as
their recombinant enzymes.

Selective measurement of GDE4 and GDE7 activity
in the presence of both enzymes

In the assays described in Figs. 1–3, either GDE4 or
GDE7 dominantly existed in the reaction mixture. We
next examined whether our assay system can sepa-
rately measure the activities of GDE4 and GDE7 when
sufficient amounts of both enzymes are present. To this
end, we mixed the membrane fractions of the
GDE4-O/E and GDE7-O/E HEK293T cells and applied
them to the FS-3 assay system as an enzyme source.
Although intracellular membrane fractions were used,
we added the ATX inhibitor S32826 to inhibit extra-
cellular ATX activity. We found that S32826 dose-
dependently inhibited the FS-3-degrading activities of
lators and inhibitors tested

GDE7 ATX

C50 = 851 nM) Inhibition (IC50 = 3.1 μM)
C50 = 930 nM) No data
(5.4-fold at 0.1%) No data
(3.2-fold at 20 μM) No data

Inhibition (IC50 = 198 nM)
C50 = 123 nMa) Inhibition (IC50 = 22 and 165 nMb) (31)
C50 = 27.0 nM) Inhibition (IC50 = 294 nM) (32)

Fluorescence-based assay for GDE4 and GDE7 5
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Fig. 2. Effects of natural substrates, LPC analogs, and ATX inhibitors on FS-3-degrading enzyme activity of GDE4 and GDE7. The
membrane fractions from the GDE4- (left graphs) or GDE7-expressing (right graphs) HEK293T cells were incubated with 5 μM FS-3
in the presence of 2 mM MgCl2 (for GDE4) or 2 mM CaCl2 (for GDE7). The amounts of protein in the membrane fractions were 5 μg
(left graphs) and 1 μg (right graphs). The effects of LPC (5% ethanol final concentration, A), LPE (5% ethanol, B), edelfosine (C),
S32826 (0.1–0.2% DMSO, D), BrP-LPA (0.1–0.2% DMSO, E), and 3-ccPA (10% methanol, F) were examined at the indicated concen-
trations, and FS-3-degrading activity is shown (mean ± SD, n = 3 or 4). One-way ANOVA with post hoc Dunnett test was conducted.
*P < 0.05, **P < 0.01, and ***P < 0.001 (vs. vehicle).
rat ATX with an IC50 value of 198 nM (Fig. 4A) but had
little effect on GDE4 or GDE7 activity (Fig. 2D). At
5 μM, ATX activity was almost completely inhibited.
Thus, we compared FS-3-degrading activities in the
presence of 5 μM S32826 among the membrane frac-
tions of the GDE4-O/E and GDE7-O/E cells as well as
their mixture. When the assays were performed in the
presence of Mg2+ without Ca2+ or NP-40, the FS-3-
degrading activity was solely dependent on the pres-
ence of the membrane fraction of GDE4-O/E cells
(Fig. 4B). Conversely, when the reaction mixture con-
tained Ca2+ and NP-40 without Mg2+, the activity was
completely dependent on the presence of the mem-
brane fraction of GDE7-O/E cells. Under both condi-
tions, the membrane fraction of the control cells
exhibited negligible activity. Collectively, our assay
system allowed us to selectively measure the activities
of GDE4 and GDE7, even in the presence of both
enzymes.
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DISCUSSION

To the best of our knowledge, to date, no fluorescent
substrate has been reported to measure the enzyme
activity of GDE4 and GDE7. In the present study, we
established a simple and convenient assay system for
determining GDE4 and GDE7 activity using the fluo-
rescent substrate FS-3 and the ATX inhibitor S32826.
The Km values of FS-3 for GDE4 and GDE7 were 18.5
and 22.2 μM, respectively, which were lower than those
of the natural substrate LPC (748 μM for GDE4 and
55.1 μM for GDE7), indicating the high affinity of FS-3
with these enzymes. The activities were inhibited by
LPC and LPE, the natural substrates of these two en-
zymes, by the competition. Interestingly, FS-3 hydrolysis
by GDE7 was potently inhibited by LPC with an IC50

value of 851 nM, which was corresponding to a Ki value
of 695 nM. Since this potent inhibition cannot be
explained by simple competition between both
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substrates, there may exist other mechanisms possibly
including a detergent-like effect, product inhibition,
allosteric inhibition, and an indirect effect on substrate
presentation, which should be examined in future
studies. This assay system exhibited a favorable Z-fac-
tor, high reproducibility, and better signal-background
ratio, which suggests its robustness for high-
throughput screening. Although FS-3 is characterized
by a low background because of fluorescence reso-
nance energy transfer, it is possible to be degraded by
other enzymes in membrane fractions. However, FS-3
involved negligible background disturbance, even
when the unpurified membrane fractions were used;
this highlights the high specificity and sensitivity of this
system. Previously, many ATX inhibitors have been
identified by high-throughput screening using FS-3 (21,
22). Therefore, our assay system using FS-3 could
possibly be used for exploring potent and selective
inhibitors of GDE4 and GDE7 as well as their stimula-
tors in the future. However, it will be necessary to
confirm whether the hit compounds exhibit similar
inhibitory/stimulatory activities against natural sub-
strates in some secondary screening.

It was reported that ATX can be inhibited by analogs
of the product LPA (43), suggesting the possibility that
LPA analogs inhibit GDE4 and GDE7 by the same
mechanism. Using our assay system, we investigated the
potential inhibition of GDE4 and GDE7 by two
LPA-analog ATX inhibitors, BrP-LPA and 3-ccPA, as
well as another type of ATX inhibitor, S32826. S32826
had little effect on GDE4 or GDE7 activity, indicating
that it is useful for the inhibition of ATX without
affecting the activity of GDE4 or GDE7. This can be
attributed to the low conservation of amino acid se-
quences (ATX vs. GDE4 = 11.6%, ATX vs. GDE7 =
11.3%). In contrast, BrP-LPA (a mixture of two
Fluorescence-based assay for GDE4 and GDE7 7
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diastereomers) inhibited the enzyme activity of GDE4
and GDE7 with IC50 values of 91.5 and 123 nM, respec-
tively, which were comparable to the previously re-
ported IC50 values against ATX (22 and 165 nM for two
diastereomers) using 1 μM FS-3 (31). Furthermore, 3-
ccPA inhibited GDE4 and GDE7 in the micromolar
and nanomolar ranges, respectively. The IC50 values
were 3.14 μM for GDE4 and 27.0 nM for GDE7, whereas
that for ATX was reported as 294 nM using 2.5 μM of
an ADMAN-LPC substrate (32). Thus, 3-ccPA was found
to be a more potent inhibitor of GDE7 in contrast to
GDE4 and ATX. In addition, we observed that edelfo-
sine, an inhibitor of phosphatidylinositol phospholipase
C with an IC50 value of 9.6 μM (27), inhibited GDE4 with
a similar IC50 value (17.6 μM). From these results, we
propose that our assay system is useful for screening
inhibitors of GDE4 and GDE7 as well as their
stimulators.

Furthermore, we showed that using our assay system,
the enzyme activities of GDE4 and GDE7 could be
evaluated in the presence of both the enzymes, sug-
gesting its application to crude samples, such as extracts
of various cells and tissues. The membrane fraction was
used to remove liberated ATX into the culture me-
dium. We also confirmed that the membrane-bound
ATX in the membrane fraction of ATX-
overexpressing HEK293T cells had only undetectable
FS-3-degrading activity (data not shown). However, we
added S32826 to the reaction mixture to inhibit possible
contaminating ATX activity. Plasma LPA produced by
ATX promotes tumor cell migration. In contrast,
intracellular LPA has also been reported to affect tu-
mor phenotypes (44–46). For example, LPA production
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by acylglycerol kinase amplifies the epidermal growth
factor signaling pathway in prostate cancer cells (44). In
others, the level of intracellular LPA produced by
GDE5 and glycerol-3-phosphate acyltransferase corre-
sponds to tumor cell migration (46). Therefore, it may
be important to determine which LPA-producing
enzyme is more active in tumor tissues for diagnosis
and treatment. Our enzyme assay system can be applied
to gain better insights into the underlying enzymes for
intracellular LPA production that affect the phenotype
of tumor cells.

In conclusion, we established an assay system to
selectively measure GDE4 and GDE7 activity using the
fluorescent substrate FS-3. This assay system will be
useful for the development of selective stimulators and
inhibitors of these enzymes.
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det, J-C., Guglielmi, J., Clézardin, P., and Peyruchaud, O. (2004)
Platelet-derived lysophosphatidic acid supports the progression
of osteolytic bone metastases in breast cancer. J. Clin. Invest. 114,
1714–1725

7. Leblanc, R., and Peyruchaud, O. (2015) New insights into the
autotaxin/LPA axis in cancer development and metastasis. Exp.
Cell Res. 333, 183–189

8. Tang, X., Benesch, M. G. K., and Brindley, D. N. (2020) Role
of the autotaxin-lysophosphatidate axis in the development
of resistance to cancer therapy. Biochim. Biophys. Acta. 1865,
158716

9. Zhang, X., Li, M., Yin, N., and Zhang, J. (2021) The expression
regulation and biological function of autotaxin. Cells. 10, 939

10. Lee, J., Jung, I. D., Nam, S. W., Clair, T., Jeong, E. M., Hong, S. Y.,
Han, J. W., Lee, H. W., Stracke, M. L., and Lee, H. Y. (2001)
Enzymatic activation of autotaxin by divalent cations without
EF-hand loop region involvement. Biochem. Pharmacol. 62,
219–224

11. Giganti, A., Rodriguez, M., Fould, B., Moulharat, N., Cogé, F.,
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