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Metastasis from primary tumors remains a major problem for tumor
therapy. In the search for markers of metastasis and more effective
therapies, the tumor metabolome is relevant because of its impor-
tance to the malignant phenotype and metastatic capacity of tumor
cells. Altered choline metabolism is a hallmark of cancer. More
specifically, a decreasedglycerophosphocholine (GPC) tophosphocho-
line (PC) ratio was reported in breast, ovarian, and prostate cancers.
Improved strategies to exploit this altered choline metabolism are
therefore required. However, the critical enzyme cleaving GPC to
produce choline, the initial step in the pathway controlling theGPC/PC
ratio, remainedunknown. In the presentwork,wehave identified the
enzyme, here named EDI3 (endometrial differential 3). Purified
recombinant EDI3 protein cleaves GPC to form glycerol-3-phosphate
and choline. Silencing EDI3 in MCF-7 cells decreased this enzymatic
activity, increased the intracellularGPC/PC ratio, anddecreaseddown-
stream lipid metabolites. Downregulating EDI3 activity inhibited cell
migration via disruption of the PKCα signaling pathway, with stable
overexpression of EDI3 showing the opposite effect. EDI3 was origi-
nally identified in our screening study comparing mRNA levels in me-
tastasizing and nonmetastasizing endometrial carcinomas. Both
Kaplan–Meier and multivariate analyses revealed a negative associa-
tion between high EDI3 expression and relapse-free survival time in
both endometrial (P < 0.001) and ovarian (P = 0.029) cancers. Overall,
we have identified EDI3, a key enzyme controlling GPC and choline
metabolism. Because inhibition of EDI3 activity corrects the GPC/PC
ratio and decreases the migration capacity of tumor cells, it rep-
resents a possible target for therapeutic intervention.
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It is widely accepted that choline metabolism represents a criti-
cal aspect of the tumor metabolome (1–4). As cells undergo

malignant transformation, there is an overall increase in total
choline metabolites and phosphocholine (PC). The elevation of
PC and total choline is increasingly used in tumor diagnostics
with detection by 1H or 31P magnetic resonance spectroscopy (5–
9). In breast and ovarian carcinomas, elevated PC are accom-
panied by a decrease in glycerophosphocholine (GPC), resulting
in a decreased GPC/PC ratio compared with normal tissue (1, 4).
The increased PC levels have previously been reported to occur
through several mechanisms; however, the decreased GPC has
not yet been adequately explained.
Choline kinase (CK) is the enzyme responsible for the phos-

phorylation of available intracellular choline to PC, and is active
in malignant cells and tumors of lung, colon, breast, cervix, and

ovary (4, 7, 10–12). Targeting CK with inhibitors resulted in
antimitogenic and antiproliferative effects (13). It has also been
reported that an increased rate of choline transport may be re-
sponsible for the increased PC levels (10, 14, 15). However,
gene-expression analysis of members of the three choline
transporter families in ovarian cancer cells showed no differen-
tial levels for the high-affinity transporter families compared with
normal cells (7). A further source of choline is through an in-
crease in phospholipase D (PLD) activity (16, 17). PLD is a
phospholipase that hydrolyses phosphatidylcholine (PtdCho) to
phosphatidic acid (PA) and choline. Increased PLD expression
and activity was reported in the metastatic breast cancer cell line,
MDA-MB-231, and inhibition of activity in these cells rendered
them more sensitive to apoptotic insult (17).
At present, the only reported mechanism that involves GPC is

the report of increased phospholipase A2 (PLA2) activity (18).
PLA2 is a membrane associated phospholipase, which hydrolyses
the sn-2 fatty acyl ester bond of phosphoglycerides, converting
PtdC to 1-acylglycerophosphocholine, a precursor to GPC. Mem-
brane PLA2 enzyme levels were significantly higher in breast cancer
patients with distant metastases compared with patients without
metastases (19).
In this study we provide a direct mechanism for the decreased

GPC levels observed in various cancer cells and tissues. In-
creased expression and activity of endometrial differential 3
(EDI3), the enzyme responsible for the cleavage of GPC, does
not only provide a source of choline for the Kennedy pathway,
resulting in increased PC, but also directly explains the decreased
GPC levels reported in transformed cells (1, 4). Because GPC is
a key component of choline metabolism, we used both NMR and
mass spectrometry to investigate the role of EDI3 in lipid
metabolism and in particular the GPC/PC ratio. We further
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examined the impact of EDI3 expression on signaling pathways
known to be involved in cellular migration.

Results
EDI3 Predicts Metastasis in Endometrial and Ovarian Cancer. A
screening set of endometrial carcinomas consisting of pairs of
tumor tissue specimens with identical histopathological features
but different metastatic behavior were used to identify differ-
entially expressed genes by differential display analysis. A 270-bp
fragment was found only in the tumors that went on to form
metastasis. Furthermore, higher expression of this gene, named
EDI3, was confirmed in metastasizing carcinomas by quantitative
RT-PCR (qRT-PCR) using an independent cohort (P < 0.001)
(Fig. 1A, using alternative primers in Fig. S1A, and Table S1).
Both Kaplan–Meier and multivariate analyses revealed a nega-
tive association between high EDI3 expression and relapse-free
survival time in endometrial cancer independent of classic
prognostic factors, such as Federation of Gynecology and Ob-
stetrics (FIGO) stage, tumor grade, depth of myometrial in-
vasion, diabetes mellitus, or age (Fig. 1 B and C, and Fig. S1 B
and C). Taken together, these data suggest EDI3 expression
could be a valuable marker for metastatic potential in endome-
trial cancers and, therefore, aid clinical decisions. An association
of EDI3 with worse prognosis was also obtained in a cohort of
patients with ovarian cancer, suggesting a more general role in
cancer pathology (Fig. 1D and Table S2).

EDI3 Is a GPC Phosphodiesterase.Analysis of the 270-bp differential
display sequence confirmed 99% homology to theGPCPD1, GPC
phosphodiesterase (PDE) GDE1 (Saccharomyces cerevisiae)
homolog gene on chromosome 20p13. Glycerophosphocholine
phosphodiesterase GDE1 homolog (Saccharomyces cerevisiae)
(GPCPD1) is included as a member of the mammalian glycer-
ophosphodiesterase (GDE) family (20), specifically GDE5, be-
cause of the presence of a GDE domain at the N terminus. Unlike

other members of the GDE family, GDE5/GPCPD1/EDI3 (EDI3
for simplicity) contains no transmembrane domains, but is instead
localized to the cytoplasm (20, 21). A recent study illustrated
that the preferred substrate for EDI3 is GPC, and that in mice
the enzyme may play an important role in skeletal muscle de-
velopment (21). However, the presence of EDI3 mRNA in all
tissues of bothmouse andhuman (Fig. S1D andE) suggests amore
generalized physiological function.
To specifically investigate the enzymatic action of EDI3, high-

resolution 31P NMR analyses were performed using GPC as
a substrate. Incubating lysates from EDI3 overexpressing NIH
3T3 cells resulted in a time-dependent increase in glycerol-3-
phosphate (G3P) signal (Fig. 2A). Similar results were obtained
with recombinant EDI3 protein (Fig. 2B), confirming that EDI3
hydrolyses GPC to form G3P. The presence of the second
cleavage product, choline, was confirmed using a modified en-
zyme-coupled spectrophotometric assay. A significant increase in
choline production was measured in lysates from NIH 3T3 cells
overexpressing human EDI3 when incubated with GPC (Fig.
2C). Conversely, knocking down EDI3 in MCF-7 and AN3-CA
cells using siRNA (Fig. S2 A–C) significantly decreased choline
formation (Fig. 2D and Fig. S2D). Furthermore, incubating GPC
with increasing concentrations of EDI3 recombinant protein
resulted in a concentration-dependent increase in choline pro-
duction (Fig. 2E). The enzyme kinetics of EDI3 were calculated
as Km 3.87 ± 0.84 × 10−4 M and Vmax 15.8 ± 2 nMS−1.
It is well accepted that GPC can be cleaved to form G3P and

choline; however, the gene coding the enzyme responsible for this
reaction remained unclassified (E.C.3.1.4.2). Our results dem-
onstrate that EDI3 is the enzyme responsible for cleavage of GPC
in mammalian cells, providing two key molecules important for
various phospholipid signaling pathways, such as choline for the
first step in the Kennedy pathway. GDE2 [glycerophosphodiester
phosphodiesterase domain containing 5 (GDPD5)] is the only
other enzyme family member reported to metabolize GPC (22).

Fig. 1. EDI3 expression is associated with worse
prognosis in endometrial and ovarian cancer. (A)
Higher mRNA expression of EDI3 in metastasiz-
ing compared with nonmetastasizing primary
endometrial carcinomas. The top of the box
represents the 75th percentile, the bottom rep-
resents the 25th percentile, and the middle line
represents the 50th percentile. The whiskers (the
lines that extend out the top and bottom of the
box) represent the highest and lowest values
that are not outliers or extreme values. The cir-
cles represent the outliers (values that are be-
tween 1.5 and 3 times the interquartile range),
and the asterisk represents an extreme value
(one that is more than 3 times the interquartile
range). (B) High EDI3 expression is associated
with shorter time to relapse in endometrial
cancer. (C) EDI3 is prognostic in multivariate
analysis independent from established clinical
factors. The Cox analysis of endometrial cancer
was adjusted to FIGO stage (I and II vs. III and IV),
grading (G1, G2 vs. G3), depth of invasion (0–2
mm vs. >3 mm), age (younger versus older than
70 y), and diabetes mellitus. The latter factors
were not included as significant into the Cox
model. Ovarian cancer was adjusted to age
(older vs. younger than 55 y), residual tumor
after surgery (present vs. not present), tumor
stage (FIGO III and IV vs. I and II), grade (G1 vs.
G2, G3), and histological type (serous vs. non-
serous). Of the latter factors only residual tumor
was accepted as significant by the model. (D)
High EDI3 expression is associated with shorter
survival in epithelial ovarian cancer.
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Recently Cao et al. reported that GDE2 may be the enzyme re-
sponsible for the GPC cleavage and altered choline metabolism
observed in breast cancer tumors (23). However, their conclusion
was that the expression of GDE2 was not enough to explain the
altered GPC levels observed (23). In our cell lines, knocking down
EDI3 did not alter GDE2 mRNA levels (Fig. S2E), suggesting
that GDE2 did not compensate for, or contribute to, the phe-
notype observed through the silencing of EDI3. Accordingly,
cleavage of GPC occurs primarily by EDI3 and may result in in-
creased PC and malignant transformation (Fig. 3A).

EDI3 Expression Alters Choline Metabolism. We investigated the
endogenous levels of both GPC and PC using high-resolution 1H
NMR in MCF-7 cells with decreased EDI3 expression. Cells
treated with scrambled siRNA showed the characteristic low
GPC/PC ratio (GPC/PC = 0.2), as previously reported in breast
cancer cell lines (1). Knockdown of EDI3 increased GPC levels
and decreased PC levels to give an increased ratio of 0.6, im-
plying a switch toward an untransformed phenotype (Fig. 3B and
Fig. S3) (1–4). EDI3’s influence on GPC and PC levels was also
confirmed in MDA-MB-231 and AN3-CA cells (Figs. S2F and S3
A and B). GPC levels were more profoundly affected than PC
levels after EDI3 knockdown (in all cell lines), confirming that
EDI3’s direct action is on GPC.
To analyze if EDI3-mediated alterations in GPC and PC levels

influence downstream lipid metabolites, we quantified PtdCho,
PA, and lysophosphatidic acid (LPA) using mass spectrometry.
Although no significant alterations were observed for PtdCho,
both PA and LPA levels significantly decreased in EDI3 siRNA

cells relative to control cells (Fig. 3C), suggesting disruptions to
metabolic pathways downstream of EDI3. Previous studies have
shown that the activity of CK, which generates PC from choline,
is increased in cancer cells (4, 7, 10–12). EDI3 acts upstream of
CK, adding further evidence that disruption of this metabolic
pathway can play a significant role in tumor progression.

EDI3 Positively Regulates Cell Migration in Vitro via PKCα Signaling.
Transformation of a normal cell to a tumor cell is hallmarked by
several phenotypic and genetic changes, as reviewed and revised
by Hanahan and Weinberg (24). Analysis using the classic
scratch assay showed that decreasing EDI3 caused a clear delay
in wound closure in both MCF-7 and AN3-CA cells (Fig. 4A and
Fig. S4A). Accordingly, overexpressing EDI3 in MCF-7 cells
(Fig. S4B) increased the rate at which cells closed the gap (Fig.
4B). The observed effects on the scratch assay are a result of al-
tered migration, not proliferation, as changing EDI3 expression
did not cause a significant effect on the S phase of the cell cycle,
nor was there any change in proliferating cell nuclear antigen
expression after altering EDI3 expression (Fig. S4 C–E). The
influence of EDI3 on migration was further confirmed using the
highly metastatic MDA-MB-231 breast cancer cell line in the
migration-specific Transwell chamber assay (Fig. 4C). Direct
analysis of MDA-MB-231 cells by time-lapse microscopy also
confirmed reduced migration after EDI3 knockdown (Movie S1).
To address whether the effect of EDI3 on migration depends

on its PDE activity, we screened for chemical inhibitors of EDI3
using the enzyme-coupled spectrophotometric assay (Fig. S5A).
Dipyridamole, a PDE5 inhibitor (25), significantly blocked EDI3

Fig. 2. EDI3 is a GPC PDE. (A) Protein lysates from
NIH 3T3 vector control cells (n-GFP) or cells stably
overexpressing EDI3 (n-EDI3) were incubated with
GPC for 15, 30, or 45 min. Samples were then ana-
lyzed using 31P-NMR to determine the presence of
GPC (0.6 ppm) and G3P (4.5 ppm). Both samples
show a small peak at 2.4 ppm, representing in-
organic phosphate (Pi), which slowly increases with
incubation time (GPC/Pi ratio = 0.138 ± 0.116). In
the n-EDI3 cell lysate, the ratio of G3P to GPC dra-
matically increased over time: 0.969, 11.83, and
17.63 at 15, 30, and 45 min, respectively. (B) Re-
combinant EDI3 protein was incubated with GPC for
15 min, and the samples were then analyzed using
31P-NMR. A clear shift from the substrate GPC peak
at 0.6 ppm to the product G3P at 4.5 ppm is ob-
served. (C) Enzyme-coupled spectrophotometric as-
say showing choline production from GPC upon
incubation of NIH 3T3 vector control cell lysate (n-
GFP) or cell lysate from stably overexpressing EDI3
cells (n-EDI3). (D) Enzyme-coupled spectrophoto-
metric assay showing choline release from GPC
upon incubation of MCF-7 cell lysates treated with
scrambled siRNA (si-NEG) or EDI3 siRNA (si-EDI3). (E)
Enzyme-coupled spectrophotometric assay showing
recombinant EDI3 releases choline from GPC in a
concentration dependent manner. Values in graphs
C–E represent mean ± SD from three independent
experiments. Student t test was used for all statis-
tical analysis.
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activity, but a second PDE5 inhibitor, Sildenafil (25), showed no
effect. Tested under identical conditions in the scratch assay,
only Dipyridamole was able to decrease the migration of MCF-7
cells, providing additional evidence that the cleavage of GPC by
EDI3 is essential for migration (Fig. S5B).
The precise rationale for the high levels of PC in cancer is still

not well understood (26). Choline metabolism not only provides
membrane phospholipids essential for neoplastic cells, but is
essential for the production and activation of a number of lipid
second messengers and downstream signaling proteins (27, 28).
Both LPA and PA (Fig. 3A) are known to activate the MAPK
and PI3K signaling pathways (29–31), and inhibition of CK in
cells was shown to significantly decrease both pAKT and pERK
levels (26). However, EDI3 knockdown in MCF-7 cells showed
no effect on either pathway (Fig. S6A). Choline metabolism is
also known to activate the PKC signaling pathway (32). EDI3
siRNA in MCF-7 and AN3-CA cells decreased both RNA and
protein levels of PKCα, with the opposite observed in MCF-7
cells overexpressing EDI3 (Fig. 4D and Fig. S6B). EDI3 had no
effect on phosphorylation status or total levels of other PKC

family members (Fig. S6C), nor on other proteins known to be
involved in migration, including p38, c-jun, and SAPK/JNK (Fig.
S6D). Activation or inhibition of PKCα with 12-O-tetradeca-
noylphorbol-13-acetate (TPA) or Gö6976, respectively, caused
increased or decreased wound closure in control cells (Fig. 4A).
In cells with EDI3 siRNA, TPA was able to rescue wound closure,
whereas Gö6976 further increased the time taken to close the gap
(Fig.4A). Furthermore, knocking down PKCα in the EDI3 over-
expressing MCF-7 cells countered the increased rate of wound
closure observed with EDI3 overexpression to that observed in
the control cells (Fig. S6E). Taken together, the results show that
EDI3 impacts cellular migration via PKCα signaling.

Discussion
Aberrant choline metabolism is a common feature in cancer (1–
4). Accordingly, the enzymes involved may play an important
role in cancer progression. It has been well reported that ma-
lignant cells have increased PC levels, with several types of
cancer reporting a switched GPC/PC ratio (1–4). Currently, only
limited data are available on the enzymatic action of the protein
encoded by the EDI3 gene (21). In this study we show that EDI3
encodes a GPC PDE, which cleaves GPC to produce choline and
G3P, thus providing choline for the Kennedy pathway and G3P
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G3P Cho
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Cho

PtdCho

LPA

PA

Downstream
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Fig. 3. EDI3 activity alters the choline metabolism pathway. (A) Simplified
overview of choline metabolism outlining the Kennedy pathway and the
formation of lipid second messengers, PA and LPA, which can activate
downstream signaling proteins. Cho, choline; CDP-Cho, cytidine diphosp-
hate-choline. Enzyme key: 1-EDI3, 2-choline kinase, 3-G3P acyltransferase, 4-
LPA acyltransferase, 5-phospholipase D. (B) MCF-7 cells transfected with EDI3
siRNA (si-EDI3) caused an increase in the GPC/PC ratio, compared with
scrambled siRNA (si-NEG), as demonstrated by 1H NMR spectroscopy. Bar
graphs are mean ± SEM values of the relative concentration of GPC and PC.
(C) Difference in cellular concentrations of PtdCho, PA, and LPA in MCF-7
cells transfected with EDI3 siRNA compared with those transfected with
scrambled siRNA, measured using mass spectrometry. The differences for
LPA (P = 0.0056) and PA (P = 0.0009) were significant, whereas for PtdCho
only a nonsignificant trend was observed (P = 0.101).

Fig. 4. EDI3 positively regulates cell migration via PKCα signaling in vitro.
(A) Representative images of MCF-7 scratch assay for cells transfected with
scrambled (si-NEG) or EDI3 siRNA (si-EDI3), either alone or in the presence of
3 μM Gö6976 or 1 mM TPA. (B) Representative images of MCF-7 scratch assay
for vector control cells (m-VEC) or cells stably overexpressing EDI3 (m-EDI3).
(C) Transwell migration assay using MDA-MB-231 cells transfected with
scrambled (MDAsi-NEG) or EDI3 siRNA (MDAsi-EDI3). (D) mRNA and Western
blot analysis of PKCα in MCF-7 cells. Cells were transfected with scrambled
siRNA (si-NEG) or EDI3 siRNA (si-EDI3) or else stably transfected with vector
control (m-VEC) or a vector overexpressing EDI3 (m-EDI3). Values in graphs C
and D represent mean ± SD from three independent experiments. Student
t test was used for all statistical analysis. Images for A, B, and D were taken
with a 10× objective.
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for downstream metabolic pathways. Our findings further show
that silencing of EDI3 in MCF-7, MDA-MB-231, and AN3-CA
cells, which have a low GPC/PC ratio typical of several tumor cell
lines, caused a switch to a high GPC/PC ratio.
Furthermore, decreased expression of EDI3 in MCF-7 cells

caused a subsequent decrease in lipid metabolites, PA and LPA.
Both molecules can be produced by several pathways, for ex-
ample the acylation of G3P to LPA, which is then converted to
PA by a second acylation step. Alternatively, PA is formed from
the hydrolysis of PtdCho by PLD. Activity and expression of
PLD have been associated with worse prognosis in several can-
cers, and inhibitors against PLD are being designed as thera-
peutic agents (33). Although total PtdCho was not significantly
altered after EDI3 down-regulation, we cannot exclude the
possibility that specific pools of PtdCho were affected, as seen
for shorter chain PtdCho species that did decrease after EDI3
knockdown. Additionally, it was previously shown the fatty acid
composition of PtdCho rather than the PtdCho content itself was
changed in prostate cancer tissue compared with benign prostatic
hyperplasia (34). Both PA and LPA are important signaling
molecules known to be involved in cellular transformation and
several cancer types (30, 31, 35). LPA and PA have both been
reported to activate PKC signaling, which we have shown to be
altered after EDI3 silencing. PKCα has previously been associ-
ated with the proliferation, migration, and invasion of tumor cells
(36–38). The observation that EDI3 silencing decreases migration
through the PKCα signaling pathway may have important impli-
cations for understanding the role of EDI3 in metastasis. Al-
though the relevance of EDI3 for the migration phenotype has
been confirmed, it still has to be analyzed as to which of the
downstream pathways (CK vs. GPAM) is most relevant.
The initial aim of this study was to identify and characterize

genes associated with metastasis in endometrial cancer. We first
examined the differential display of genes in metastasizing and
nonmetastasizing endometrial carcinomas. Cancer of the endo-
metrium is the most common malignancy of the female genital
tract. The majority of endometrial carcinomas (69%) are di-
agnosed early and result in a high 5-y survival rate of more than
80%. However, patients who present with distant metastasis see
this figure decrease to 17% (39). After complete tumor re-
section, survival usually depends on occurrence of metastasis at
sites that include the para-aortic lymph nodes, bone, lung, pelvis,
liver, and vagina (40). Currently, predicting the likelihood of
metastasis in endometrial cancer remains challenging. There-
fore, understanding the process that determines metastatic po-
tential could provide new prognostic tools. The present study
identified the gene EDI3, and showed that high expression is
associated with worse prognosis in both endometrial and ovarian
cancers. The significance of EDI3 in other cancer types remains
to be elucidated.
Taken together, our findings indicate an important role for

EDI3 in lipid metabolism and that aberrant expression may play
a role in malignant transformation. We show that the effect on
migration occurs through the PKCα signaling pathway, most
likely through the activation of downstream metabolites. Al-
though cells are supplied with choline by several pathways, the
EDI3 mechanism is not fully compensated by alternatives and is
therefore a critical enzymatic step. Our identification of EDI3 as
a key factor of tumor cell migration may also provide a promising
target for novel therapeutic strategies.

Materials and Methods
Clinical Specimens. Patients with histologically proven endometrial cancer
were collected at the Department of Obstetrics and Gynecology at the
University Hospital in Mainz, Germany. Ovarian cancer samples were
obtained from the ovarian cancer tumor bank at the Charite University
Hospital in Berlin. Details are given in SI Materials andMethods and Tables S1
and S2. See Table S3 for a list of the T and P primers used in the study.

Cell Culture.MCF-7, MDA-MB-231, and AN3-CA cells were purchased from the
German Collection of Microorganisms and Cell Cultures and maintained
according to the suppliers’ instructions. The authenticity of cells was con-
firmed by DNA fingerprinting by the German Resource Centre for Biological
Material (DSMZ). MCF-7 cells, stably transfected with pCMV6-AC-GFP or
pCMV6-AN-GFP-EDI3 were purchased from AMS Bio and maintained in
DMEM with 10% (vol/vol) FCS, and 10 μg/mL insulin (Sigma), and 0.6 mg/mL
G418 (Sigma). NIH 3T3 cells stably expressing pBABE-GFP (vector control) or
pBABE-GFP-EDI3 with a V5 tag to overexpress human EDI3 were kindly
provided by E.L. and maintained in DMEM supplemented with 10% (vol/vol)
FCS (PAN Biotech) and 5 mg/mL penicillin/streptomycin (PAN Biotech).

mRNA Expression. Total RNA from cells or C57BL/6 mouse tissue was isolated
using chloroform extraction and ethanol precipitation, or Qiagen’s RNeasy
Mini kit following themanufacturer’s instructions. A human total RNAmaster
panel (Clontech) was used to determine EDI3 expression in human tissue. Two
micrograms total RNA was transcribed into cDNA using the high-capacity
cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative PCR anal-
ysis was performed using Quantitect SYBR Green RT-PCR kit (Qiagen), custom-
designed Quantitect primer assays [EDI3: QT00066598; β-actin: QT01680476;
PKCα: QT00095746; GDPD5 (GDE2): QT00079716; TATA box binding protein:
QT00000721; 18S: QT00199367] and the ABI 7500 Fast Real-Time PCR system
(Applied Biosystems) according to the manufacturer’s (Qiagen) instructions.
Relative quantification was calculated using the 2-ΔΔCt method with β-actin,
TATA box binding protein, or 18S as endogenous controls.

Immunoblotting.Whole-cell lysates were collected as described in SI Materials
and Methods. Primary antibody incubation was performed overnight at 4 °C
with the following antibodies: EDI3 polyclonal antibody (Peptide Specialty
Labs, 1:100 or Sigma Prestige, HPA039556, 1:500); phospho-c-Jun, c-Jun, p38
(Santa Cruz Biotechnology; 1:500); β-actin (Sigma; 1:5,000); all other primary
antibodies were acquired from Cell Signaling, and used at a dilution of
1:1,000. To detect antibody binding, HRP-conjugated secondary antibodies
were used as follows: goat anti-rabbit IgG1 (Cell Signaling; 1:1,000), anti-
mouse IgG (Sigma; 1:10,000). All images were taken on a Vilber Fusion Fx7
imager (Vilber Lourmat) and bands quantified using ImageJ (National
Institutes of Health).

RNA Interference. Three Stealth RNAi siRNA oligos specific for EDI3 and
validated Stealth RNAi for PRKCA (cat. no. PRKCAVHS41564) were purchased
from Invitrogen and experiments performed according to themanufacturer’s
instructions as described in SI Materials and Methods. Stealth RNAi siRNA
Negative Control Med GC (Invitrogen) was used to control for nontargeting
effects of the RNAi process.

EDI3 Activity Assay. Activity was measured using an enzyme-coupled spec-
trophotometric assay, adapted from Invitrogen’s Amplex Red (10-acetyl-3,7-
dihydrophenoxazine) PLD Assay and described in SI Materials and Methods.
Fluorescencewas detected using a SpectraFluor Plusmicroplate reader (Tecan).

NMR Spectroscopy. 31P NMR. Either 20 μg recombinant EDI3 protein (AMS Bio)
or 250 μg cytoplasm-enriched protein was incubated at 37 °C with 5 mM GPC
(Sigma) for the times indicated. The reaction was stopped by snap-freezing
in liquid nitrogen and stored at −80 °C until analysis. 31P spectra were
measured at a frequency of 202.49 MHz. Measurements were performed at
7 °C to reduce the amount of sample decomposition during the measure-
ment. Standards predicted the GPC signal at 0.6 ppm and an inorganic
phosphate (Pi) signal at 2.6 ppm.
1H NMR. Cells were washed twice in cold 1× PBS, incubated for 2 min with cold
MeOH, and collected in the MeOH. After centrifugation at 500 × g for 5 min,
most of the MeOH were removed without disturbing the pellet, and the
remaining MeOH left to evaporate overnight. The remaining pellet was
stored at −80 °C until analysis. The subsequent sample preparation and 1H
NMR spectroscopy was carried out according to standard procedures (41),
and detailed methods are provided in SI Materials and Methods.

Lipid Analysis. Seventy-two hours after transfection with scrambled or EDI3
siRNA, cells were washed once and collected in ice-cold 1× PBS by scraping.
The supernatant was removed following a centrifugation step of 1,700 × g,
and the pellet resuspended in 1× PBS. Cells were sonicated three times for
10 s, and protein concentration determined using a BCA protein assay kit
(Thermo Scientific). Next, 300 μg protein was resuspended in 1 mL 1× PBS
and stored at −80 °C until analysis. Lipid analysis in the presence of isotopic
labeled or not naturally occurring lipid species as internal standards was
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performed as described previously (42, 43). Detailed methods are provided
in SI Materials and Methods.

In Vitro Scratch Assay. An ∼400-μm scratch was made using a sterile pipette
tip on a fully confluent cell monolayer either 72 h after transfection with
siRNA oligos or 24 h after plating MCF7 cells stably overexpressing EDI3 (1 ×
106 cells per well of a six-well plate). Cells were washed and either replaced
with normal culture media or media containing one of the following com-
pounds for the duration of the experiment as described in the respective
figure legends: Gö6976 (Calbiochem); TPA (Sigma), Sildenafil (Sigma), and
Dipyridamole (Sigma). Images were taken using a phase contrast Eclipse
T5100 microscope (Nikon) at the indicated times.

In Vitro Migration Assay. Cell motility was assessed using a modified Boyden
chamber assay. In brief, 5 × 104 cells in 250 μL sera-free media were seeded in
an upper chamber of a noncoated Transwell insert (24-well insert; pore size,
8.0 μm; BD Biosciences). Media supplemented with serum was used as the
chemoattractant in the lower chamber. After 24-h incubation, cells in the
upper chamber were removed with a cotton swab and cells which migrated
through the pores were fixed and stained with Giemsa (Merck). Images of
migrated cells were taken with a phase contrast Eclipse T5100 microscope
(Nikon) and number of cells migrated were quantified with ImageJ (National
Institutes of Health).

Statistical Analysis. For clinical data, Kaplan–Meier curves were plotted to
assess overall survival. Different survival curves were compared using the
log-rank test. The proportional hazards model was applied to examine
whether EDI3 was an independent prognostic factor (univariable and mul-
tivariable analyses) (44, 45). The proportional hazards assumption was tested
by Cox–Snell residuals showing a good fit of all Cox analysis presented in the
results section. A difference between two independent groups was tested by
the Mann–Whitney test. Statistical analysis was performed using SPSS 18
software. To analyze the influence of EDI3 knockdown on lipid species, the t
test or Wilcoxon tests (two-sided) were used depending on whether or not
the lipid species showed normal distribution. Student’s paired t test (two-
tailed) was used to compare the difference between two groups where P <
0.05 was considered significant.
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