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We report here that the enzymatic activity of phospholipase D2 (PLD2) is regulated by phosphorylation-
dephosphorylation. Phosphatase treatment of PLD2-overexpressing cells showed a biphasic nature of changes
in activity that indicated the existence of “activator” and “inhibitory” sites. We identified three kinases capable
of phosphorylating PLD2 in vitro—epidermal growth factor receptor (EGFR), JAK3, and Src (with JAK3
reported for the first time in this study)—that phosphorylate an inhibitory, an activator, and an ambivalent
(one that can yield either effect) site, respectively. Mass spectrometry analyses indicated the target of each of
these kinases as Y>*¢ for EGFR, Y*'* for JAK3, and Y>'! for Src. The extent to which each site is activated or
inhibited depends on the cell type considered. In COS-7, cells that show the highest level of PLD2 activity, the
Y*'5 is a prominent site, and JAK3 compensates the negative modulation by EGFR on Y>°°, In MCF-7, cells
that show the lowest level of PLD2 activity, the converse is the case, with Y>°® unable to compensate the positive
modulation by Y*'*. MTLn3, with medium to low levels of lipase activity, show an intermediate pattern of
regulation but closer to MCF-7 than to COS-7 cells. The negative effect of EGFR on the two cancer cell lines
MTLn3 and MCF-7 is further proven by RNA silencing experiments that yield COS-7 showing lower PLD2
activity, and MTLn3 and MCF-7 cells showing an elevated activity. MCF-7 is a cancer cell line derived from
a low-aggressive/invasive form of breast cancer that has relatively low levels of PLD activity. We propose that
PLD2 activity is low in the breast cancer cell line MCF-7 because it is kept downregulated by tyrosyl
phosphorylation of Y>*¢ by EGFR kinase. Thus, phosphorylation of PLD2-Y>*® could be the signal for lowering

the level of PLD2 activity in transformed cells with low invasive capabilities.

Phospholipase D2 (PLD) catalyzes the hydrolysis of phos-
phatidylcholine to generate the lipid second messenger phos-
phatidic acid (PA) and choline. There are two mammalian
isoforms: PLD1 (20) and PLD2 (12, 33). They share a highly
conserved “HKD” domain necessary for catalysis (39). PLD
has been implicated in a variety of physiological cellular func-
tions, such as intracellular protein trafficking, cytoskeletal dy-
namics, membrane remodeling, and cell proliferation in mam-
malian cells and meiotic division and sporulation in yeast (6,
15, 16, 32, 42). PLD regulation in cells falls into two major
signaling categories. One is by the small GTPase proteins Arf
and Rho (3, 5, 11, 43), and the other is by growth factors/
mitogens such as epidermal growth factor (EGF), platelet-
derived growth factor, insulin, and serum that implicate ty-
rosine kinases (2, 12, 21, 22, 34). Several gaps in knowledge of
the second arm remain in spite of its importance in cell sig-
naling. The isoform PLD1 can be phosphorylated on tyrosine,
but this does not lead to changes in activity (35, 36).

The isoform PLD2, which is expressed as a constitutively
active enzyme in many cell types (47), can be detected as a
phosphotyrosine protein both in vivo (25) and in vitro (17, 25,
41). PLD2 overexpression induces the transformation of cells
(27, 34, 37, 48), and the activation of this enzyme enhances
cellular processes favorable for the metastasis of EL4 lym-
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phoma cells (30). PLD also activates STAT3 by interacting
with the thyroid oncogenic kinase RET/PTC (29). PLD2 can
form a complex with the EGF receptor (EGFR) (12, 46) or
with Pyk2 and Src kinases (4). Hydrogen peroxide and EGF
induce PLD phosphorylation and PKC-«a activation (38), while
activation of PLD by 8-Br-cAMP is accomplished through Src,
Ras, and ERK (49).

Although all of these studies agree with respect to the pres-
ence of tyrosine kinases in PLD signaling, different conclusions
were drawn regarding lipase activity. For example, whereas
coexpression of PLD2 and Fyn or Fgr kinases lead to an en-
hancement of PLD activation and degranulation of mast cells
(10), Ho et al. (23) noted that coexpression of Src and PLD1
results in an increased phosphorylation but no increase on its
activity. Other authors have noted that the tyrosines Y*!, Y'4,
Y'%, and Y*"° are important for PLD2 function (10) but, never-
theless, the overexpression of the phosphorylation-deficient mu-
tant, PLD2-Y11F, increases PLD2 activity in resting or EGF-
activated cells (12).

Closely related to the enhancing effect of phosphorylation-
deficient mutants, a new line of research has also implicated
tyrosine phosphatases in PLD, since PTP1B coimmunoprecipi-
tates with PLD2 and Grb2 (24) through SH2 recognition sites
on PLD2 which, in turn, bind to Sos (13, 14). To further connect
PLD with the major pathways utilized by growth factors (Ras/
MEK/ERK), Zhao et al. (51) demonstrated that PLD2-derived
PA modulates Sos and Ras GTP/GDP exchange.

As just presented, fine work from leading laboratories over
the past decade or so has provided a rich landscape of data for
the molecular regulation of PLD2, clearly indicating that it is
affected by tyrosyl phosphorylation and that the growth factor
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pathway is instrumental. However, the target(s) of phosphory-
lation within the PLD2 molecule that are key to its regulation
have not been precisely mapped. We set out to define the
parameters of tyrosyl regulation of PLD2 by identifying the
targeted amino acids that could explain a putative increase in
enzymatic activity. We have taken advantage of three different
cell lines COS-7, MTLn3, and MCF-7 that express different
levels of PLD activity, with the latter a breast cancer cell line,
derived from a low-aggressive form of breast cancer, that has
relatively low levels of PLD activity. We have identified three
kinases capable of phosphorylating PLD2 (one newly discovered
in the present study [JAK3]) and the phosphorylation sites as
Y>°, Y*° and Y°''. We provide evidence that explains PLD2
activity regulation by phosphorylation-dephosphorylation, and we
further show that PLD2 activity is low in MCF-7 cells because it
is kept downregulated by tyrosyl phosphorylation on a specific
residue by a specific kinase, which we have identified.

MATERIALS AND METHODS

Cells and plasmid transfections. MCF-7 cells were cultured in Dulbecco mod-
ified Eagle medium (DMEM) plus 10% fetal calf serum (FCS), MTLn3 cells were
cultured in o-MEM plus 5% FCS, and COS-7 cells were cultured in DMEM plus
10% newborn calf serum. When they reached ~60% confluence, they were trans-
fected with pcDNA3.1-mycPLD2 (0.3 ml of a lipid-DNA complex with 2 pg of
pcDNA-mycPLD2 plasmid, 3 pl of Lipofectamine (Invitrogen, Carlsbad, CA), and
5 ul of Plus reagent (Invitrogen) in Opti-MEM (Invitrogen), previously mixed in
sterile glass test tubes. After a 3-h incubation, the cells were washed and refed with
the correct corresponding complete media. After 36 h, cells were harvested, and cell
sonicates (~0.8 mg of protein/ml) were immunoprecipitated with a-myc (9E-10)
monoclonal antibody agarose matrix (Santa Cruz, Santa Cruz, CA).

Kinase reactions. PLD2 was overexpressed in the three types of cells (MCF-7,
MTLn3, or COS-7) for 36 h, and then lysates were prepared. The effect of
kinases on PLD activity was measured according to two related experimental
designs. In the first experimental design, PLD2 was immunoprecipitated with
anti-myc antibodies and then the complex beads were mixed with the kinases.
After the kinase reactions were completed, the products were taken for PLD
activity assays. In the second experimental design, whole lysates were first mixed
with kinases and, after the kinase reactions were completed, PLD was then
immunoprecipitated with anti-myc antibodies; lastly, the complex beads were
taken for PLD activity assays. In either case, before initiating the kinase reac-
tion(s) each of the recombinant kinases was preincubated for 10 min at 30°C with
cold ATP (100 pM) and 1 mM MgCl,, and the kinase reaction was allowed to
proceed for 20 min at 30 to 37°C, in a rocking incubator. The three kinases
(human sequences) were purchased from Millipore (Danvers, MA) or Active
Motif (Carlsbad, CA) as truncated/active kinases (molecular masses were 86,
68.4, and 61.7 kDa for EGFR, Src, and JAK3, respectively). Kinase reactions (50
wl, containing each 500 pM concentrations of the active kinase) were performed
according to manufacturers’ protocols (Millipore, Danvers, MA, or Active Motif,
Carlsbad, CA) and contained 25-pl aliquots of lysates from PLD2-overexpressing
cells and reagents as listed in manufacturer’s protocols (for instance, Src kinase
buffer [20 mM morpholinepropanesulfonic acid-NaOH [pH 7.0], 0.1 mM EDTA,
0.01% Brij 35, 0.1% B-mercaptoethanol, 1 g of bovine serum albumin/ml, 5%
glycerol]). For the immunoprecipitation step, a-myc antibodies bound to agarose
were used (0.5 pg of antibody/reaction). Inmunocomplexes were allowed to be
formed at 4°C for 2 h. They were centrifuged and then washed twice with special
lysis buffer (5 mM HEPES [pH 7.8], 100 pM sodium orthovanadate, 0.4% Triton
X-100) and 5 wg of leupeptin and aprotinin/ml and then split into two 50-ul
aliquots for duplicate determinations in the PLD2 assay.

PLD activity assay. Imnmunocomplex samples were processed for PLD2 activ-
ity in PC8 liposomes and n-[*H]butanol, beginning with the addition of the
following reagents (final concentrations): 3.5 mM PC8 phospholipid, 45 mM
HEPES (pH 7.8), and 1.0 wCi of n-[*H]butanol in a liposome form (as indicated
in reference 31). Samples were incubated for 20 min at 30°C with continuous
shaking. The addition of 0.3 ml of ice-cold chloroform-methanol (1:2) stopped
the reactions. Lipids were then isolated and resolved by thin-layer chromatog-
raphy (TLC). TLC plates were developed in the upper phase of a ethyl acetate—
iso-octane—acetic acid-water (4.3:0.6:1:3.3 [vol/vol/vol/vol]) mixture. The amount
of [PH|PBut that comigrated with PBut standards was measured by scintillation
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spectrometry. Control reactions lacking PC8 were used to remove background
counts.

Phosphate incorporation into kinases, autoradiography, and Western blot-
ting. PLD2-a-myc-agarose-bound immunocomplexes from cell lysates were used
for measurement of PO, incorporation into PLD2 as a substrate for the various
kinases. After activation with [3?P]JATP, 50-ul kinase reactions were split into
two equal volumes, and 25-pl portions of each were spotted onto Whatman P81
filter paper for duplicate determinations. Filters were washed in running water to
remove unincorporated substrate, dried, and liquid scintillation counted. Sodium
dodecyl sulfate (SDS)-gel/autoradiography of EGFR phosphorylated PLD2 was
performed. After kinase activations with or without [**P]ATP, the reactions
were incubated at 30°C for 10 min with constant gentle shaking, and reac-
tions were stopped by adding 12.5 ul of 4X SDS sample loading buffer.
Proteins were electrophoresed and transferred onto polyvinylidene difluoride
(PVDF) membrane. Radioactive, phosphorylated PLD2 was detected by auto-
radiography. For Western blotting of EGFR phosphorylated PLD2 and after
kinase activations with or without 100 uM cold ATP, reactions were electropho-
resed and transferred onto PVDF membrane. Nonradioactive, phosphorylated
PLD2 was detected by using a-myc rabbit antibodies.

Detection of PLD2 phosphopeptides by mass spectrometry. Lysates from
COS-7 cells overexpressing PLD2 were immunoprecipitated with a-myc anti-
bodies, phosphorylated, and run on SDS gels. Protein bands in the region of
105 £ 5 kDa were excised from the gels and trypsinized “in-gel.” Briefly, samples
were heat denatured, followed by overnight trypsin digestion at a ratio (wt/wt) of
20 (sample) to 1 (trypsin). Samples were then acidified with trifluoroacetic acid
to stop the digestion. The resulting tryptic peptides were separated by reversed-
phase chromatography (C,g microbore column, 0.2 by 115 mm) with a gradient
of 2 to 60% acetonitrile over 100 min. The eluted samples from the high-pressure
liquid chromatography (HPLC) column were analyzed by a time-of-flight/mass
spectrometry/electrospray approach (TOF-MS-ES) in a Micromass Q-TOF mi-
cro from Waters by Commonwealth Biotechnologies, Inc. (Richmond, VA).
After this, an accurate mass analysis was performed to compare all parent ions
to the theoretical tryptic digest of PLD2 with Biolynx software.

Generation and study of phosphorylation-deficient mutants. YF point mu-
tants were created from wt-PLD2 and transfected into MCF-7, MTLn3, or
COS-7 cells. PLD2 a-myc-agarose immunocomplexes were used to measure
the PLD activity after transfection. The construct pcDNA-mycPLD2 (33) was
used as a template to create three independent YF substitutions (PLD2-
Y415F, PLD2-Y296F, and PLD2-Y511F) according to the QuikChange XL
site-directed mutagenesis protocol (Stratagene, La Jolla, CA), using the fol-
lowing mutagenesis primers: Y415F-forward, GGCATCAACAGTGGCTTT
AGCAAGAGGGCG; Y415F-reverse, CGCCCTCTTGCTAAAGCCACTGT
TGATGCC; Y296F-forward, CTCAAGTGCAGCAGCTTTCGGCAGGCA
CGGTGG; Y296F-reverse, CCACCGTGCCTGCCGAAAGCTGCTGCACT
TGAG; Y511F-forward, GGCTGGGCAAGGACTTCAGCAATCTTATC
ACC; and Y511F-reverse, GGTGATAAGATTGCTGAAGTCCTTGCCCA
GCC. All oligonucleotide primers were PAGE/HPLC purified (Integrated
DNA Technologies, Coralville, IA). The molecular identity of all mutants was
confirmed by direct sequence analysis (Agencourt Bioscience Corp., Beverly, MA).

Gene silencing. For the EGFR gene, we used small interfering RNAs
(siRNAs) synthesized with two deoxythymidine 3" overhangs [d(TT)-3'], obtained
from Ambion (Austin, TX) (“Select validated™), that targeted exon 10 [locus s563;
sense, 5'-GAAUAGGUAUUGGUGAAUUJ(TT)-3']. For JAK3, we used siR-
NAs that targeted exon 19 [locus s7653; sense, 5'-GUAUCGUGGUGUCAGC
UAUdJ(TT)-3']. For Src, we used siRNAs that targeted exon 12 [locus s223346;
sense, 5'-ACAAUUUCGUGCAUCGAGAJ(TT)-3']. The protocol for gene si-
lencing involved transfection of 100 or 200 nM siRNAs into COS-7, MCF-7, or
mTLN3 cells using Lipofectamine 2000 and the requisite cell culture media
containing fetal calf serum. Transfection reactions were allowed to incubate at
37°C overnight, at which time the cells were washed and refed with complete
medium minus antibiotics. Cells were allowed to be silenced for an additional
36 h, which then yielded 96 h of total gene silencing. Confirmation of gene
silenced was achieved by Western blotting.

Statistical analysis. Data are presented as means = the standard error of the
mean (SEM). The difference between means was assessed by the single-factor
analysis of variance (ANOVA) test. A probability (P) of <0.05 was considered to
indicate a significant difference.

RESULTS

Inhibition of tyrosine kinases lead to emhanced PLD2
activity in vivo. Transfection of COS-7 cells with a pcDNA-
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FIG. 1. Expression of a PLD2 constitutively active in COS-7,
MTLn3, and MCF-7 cells. Either COS-7 (A), MTLn3 (B), or MCF-7
(C) cells were transfected with pcDNA-mycPLD2-WT and divided
into several sets. Each set was incubated with 0.1 pg/ml of genistein for
the indicated times. Regardless of those variable lengths of time, all
cells were allowed a full 36-h time for overexpression of PLD2. Over-
expressed mycPLD2 was immunoprecipitated with 9E10 monoclonal
antibody agarose matrix and assayed for lipase activity as indicated
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FIG. 2. Biphasic regulation of PLD?2 activity by tyrosine phospha-
tases in vitro. Either MCF-7, MTLn3, or COS-7 cells were transfected
with pcDNA3.1-mycPLD?2 for 36 h. Cell lysates were treated with the
indicated concentrations of CD45 (A) or PTP1B (B) and incubated for
30 min at 30°C. Samples were then processed for PLD?2 activity in PC8
liposomes and n-[*H]butanol. The results represent means * the SEM
of four independent experiments in duplicate. ANOVA tests were
performed on the means and SEM of the different points comparing to
controls and, when statistically significant differences (P < 0.05) were
found, these points were denoted by “*” or “#”, respectively, for
values above or below the basal level.

1000

mycPLD2a-WT construct led to the expression of a recombinant
PLD?2 protein and concomitant activity that was measurable
starting at ~12 h (Fig. 1A). As cells were allowed longer times
for the expression of PLD2, the activity gradually increased.
This is in agreement with early observations that PLD2 is
expressed in cells with a constitutively high enzymatic activity
(47). To ascertain whether this effect was specific to COS-7 or
more universal, we extended the experiment to two other cell
lines: the lung cancer cell line MTLn3 and the breast cancer
cell line MCF-7 which, like COS-7, are of epithelioid origin. As
seen in Fig. 1B and C, the activity of overexpressing cells also
increased with the time after transfection, but the maximum
activity for MTLn3 was ~5,000 dpm/mg of protein and for
MCF-7 was only ~3,000 dpm/mg of protein (compared to

above. Enzyme reaction units in the y axes was calculated in relation to
PLD?2 protein, so comparison between the cell lines is possible. The
results represent means = the SEM of three independent experiments
in duplicate. ANOVA tests were performed on the means and SEM of
the different points and, when statistically significant differences (P <
0.05) were found, the points are denoted with an asterisk.
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FIG. 3. Differential effect of EGFR, Src, and JAK3 kinases on PLD2 activity. COS-7 (A and D), MTLn3 (B and E), or MCF-7 (C and F) cells
(transfected with myc-PLD2 or mock transfected) were used for in vitro kinase reactions with EGFR, JAK3, or Src. In panels A to C, PLD2 was
immunoprecipitated with anti-myc antibodies, and then the complex beads were mixed with the kinases. After the kinase reactions were completed, the
products were taken for PLD activity assays. In panels D to F, whole lysates were first mixed with kinases and, after the kinase reactions were completed,
PLD was immunoprecipitated with anti-myc antibodies. Finally, the complex beads were taken for PLD activity assays. In either case, the samples were
split into two 50-ul aliquots for duplicate determinations in the PLD?2 assay. The results represent means + the SEM of four independent experiments
in duplicate. *, differences between means (no-kinase versus kinase treatments) that were statistically significant (P < 0.05) as determined by ANOVA.
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~9,000 dpm/mg of protein for COS-7 cells, Fig. 1A). PLD
activity is frequently elevated in breast and other cancer cell
lines, such as MDA-MB-231 (8). However, the MCF-7 cell
line, derived from a less aggressive form of breast cancer, has
relatively low levels of PLD activity (52). The data presented in
Fig. 1B indicate that MTLn3 cells also display lower basal
activity than COS-7 cells. Consequently, and in addition to the
low endogenous or basal level, we were also able to document
here the consistently lower level of PLD activity of the MCF-7
and MTLn3 cell lines overexpressing mycPLD2WT protein.
This is lower relative to the noncancerous COS-7 cells that
exhibit high PLD activity when transfected with the same con-
struct.

Regardless of the basal level of PLD2 activity in overex-
pressing cells, when the tyrosine kinase inhibitor genistein was
included in the culture medium continuously since the moment
of transfection, the basal level of PLD2 increased (Fig. 1). This
was somewhat surprising, since earlier reports have indicated
that PLD2 is upregulated by tyrosine phosphorylation. Since
this experiment was conducted in a living cell, genistein could
have affected a kinase that phosphorylates PLD2, or it could
have affected globally the biosynthesis of this or other related
proteins. Regardless, the results shown in Fig. 1 warranted
further investigation as PLD2 could be regulated by dephos-
phorylation.

Protein tyrosine phosphatase CD45 and PTP1B dually mod-
ulate PLD2 activity in vitro. We reasoned that if PLD2 was
upregulated by inhibition of tyrosine kinases, then phospha-
tases would also elevate its activity. Treatment of PLD2 from
COS-7, MTLn3, and MCF-7 cells with the phosphatases CD45
or PTP1B resulted in a complex pattern of activity regulation
(Fig. 2). Whereas concentrations of PTP of 0.3 to 1 pg/ml in
COS-7 cells or 5 to 10 pwg/ml in MTLn3 or MCF-7 cells indeed
enhanced PLD activity, concentrations of >10 pg/ml of either
tyrosine phosphatase (but particularly PTP1B) were inhibitory.
This indicates a dual regulation of PLD2 by phosphorylation-
dephosphorylation, and upon close inspection of the biphasic
patterns of cells of Fig. 2, a different behavior for COS-7 on
one hand and for MTLn3 and MCF-7 on the other. The bi-
phasic nature of the changes in Fig. 2 can be explained by the
existence of sites on PLD2 that, once phosphorylated, can
exert positive or negative functional effects on the lipase activ-
ity. We call these “activator” or “inhibitory” sites, respectively.
It is possible that with low concentrations of phosphatases the
inhibitory site(s) is dephosphorylated and the enzyme gains
activity. With higher concentrations of phosphatases, both the
inhibitory and the activator sites are dephosphorylated, and
the enzyme loses activity completely. The difference in the
concentration of phosphatases for COS-7 and MTLn3/MCF-7
is due to the way the two sites are regulated in these cells, as
will be made apparent below. To further clarify the biphasic
nature of the PLD regulation, a model for this is presented in
Fig. 9.

Effect of EGFR, Src, and JAK3 kinases on PLD2 activity. In
the next series of experiments we sought to investigate the
effect of specific tyrosine kinases on PLD?2 activity in vitro, with
the first challenge being which tyrosine kinases to choose
among the many known to regulate the pathways utilized by
growth factors. Based on the current literature, the likely ty-
rosine kinase candidates regarding PLD2 phosphorylation, ac-
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FIG. 4. Investigation of the targets of phosphorylation. (A) Phos-
phate was incorporated into COS-7 PLD2 by the action of EGFR, Src,
or JAK3 kinases in vitro. PLD2 a-myc-agarose-bound immunocom-
plexes were used for measurement of PO, incorporation into PLD2.
The results represent means = the SEM of three independent experi-
ments in duplicate. *, differences between means that were statistically
significant (P < 0.05) as determined by ANOVA. (B) SDS-gel/autoradio-
graph of EGFR phosphorylated PLD2. Following kinase activations with
or without [**P]ATP, proteins were electrophoresed and transferred onto
PVDF membranes. Radioactive, phosphorylated PLD2 was detected by
autoradiography. (C) Western blotting of EGFR phosphorylated PLD2.
Nonradioactive, phosphorylated PLD2 was detected by using a-myc rab-
bit antibodies. (D) Representative autoradiograph of Src (first panel) or
JAKS3 (second panel). A representative Western blot of mycPLD2 (third
panel) is also shown to indicate equal loading of the gels.

tivation, and mast cell degranulation include EGFR, which is
known to phosphorylate PLD2 (12), or the Src family of ki-
nases Fyn and Fgr, as demonstrated by Choi et al. (10). More-
over, Ahn et al. (2) have observed a physical interaction be-
tween the pleckstrin homology domain of PLD2 and c-Src,
which provides a molecular basis for the interaction of PLD2
and its kinase. Our own tyrosine kinase consensus sites search
based on PhosphoBase and Swiss-Prot (through KinasePhos
[http://kinasephos.mbc.nctu.edu.tw/index.html]) yielded four
potential phosphorylation sites for Src/Syk and five possible
sites for EGFR. In addition to this, the search also yielded six
possible sites for JAK3 kinase phosphorylation with E-values
of >100. Thus, we tested the hypothesis that EGFR, Src, and
JAK3 would phosphorylate PLD2 and modulate its activity.
To prove this, we set up two interrelated experimental de-
signs for the study of in vitro phosphorylation of PLD2. In the
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FIG. 5. Detection of PLD2 phosphopeptides by MS. (A) HPLC. Lysates from COS-7 cells overexpressing PLD2 were immunoprecipitated with
a-myc antibodies, phosphorylated, and run on SDS gels. Protein bands in the region of 105 = 5 kDa were excised from the gels and trypsinized
“in-gel.” The resulting tryptic peptides were separated by reversed-phase chromatography as shown. (B) The eluted samples from the HPLC
column were analyzed by TOF-MS-ES. After this, an accurate mass analysis was performed to compare all parent ions to the theoretical tryptic
digest of PLD2 using Biolynx software. A section of the spectrogram with an m/z of ~1,100 for samples phosphorylated by Src is shown.
(C) Identification of phosphorylated peptides. The compilation indicates m/z of samples that were positive for ions corresponding to phosphate
adducts with double or triple charges and compared to the parent ions with the sequences of PLD2 (NCBI accession no. 014939). Also indicated
are the sites most likely recognized for each of the kinases used in the present study (EGFR, Src, and JAK3).
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first experimental design, PLD2 was immunoprecipitated with
anti-myc antibodies, and then the complex beads were mixed
with the kinases. After the kinase reactions were completed,
the products were taken for PLD activity assays. Figure 3A to
C shows that EGFR and Src kinases are inhibitory of PLD2 in
all three cell types, whereas JAK3 causes no effect. The inhib-
itory effects of these kinases confirm the activating effects seen
with the phosphatase treatments of Fig. 2. However, Fig. 2
shows a biphasic pattern, indicating also the presence of acti-
vator sites on PLD2, which cannot be seen in panels A to C.
We have reasoned that this is because positive effectors for
these sites are lost during immunoprecipitation of intact cells.
To gain a better knowledge of this, a second experimental
approach was necessary. In this one, whole lysates were first
mixed with kinases and after the kinase reactions were com-
pleted, PLD was then immunoprecipitated with anti-myc anti-
bodies; lastly, the complex beads were taken for PLD activity
assays.

Figure 3D to F shows that EGFR kinase continues being
inhibitory for the cancer cell lines MTLn3 and MCF-7, but
JAK3 and Src have now an activating effect on PLD2. Thus,
EGFR phosphorylates an inhibitory site, JAK3 phosphorylates
an activator site, and Src phosphorylates an ambivalent site
(one that can yield either effect). A model for this is presented
in Fig. 9. We can only speculate at this point on the nature of
the conditions that exist in lysates that enable the full effect of
JAK3 and Src, but it could be because transfection of PLD2
causes an elevation of the expression of JAK3 itself (data not
shown). In summary, JAK3 is an overall activating kinase for
PLD2 inasmuch as EGFR is an inhibitory kinase for PLD2 of
cancer cells.

Identification of specific amino acid residues on PLD2, tar-
geted by the kinases. To precisely decipher the detailed mech-
anism, down to the molecular level, of how PLD?2 is regulated
by phosphorylation, we needed precise identification of the
phosphorylation sites with their corresponding kinases. For
this, we used proteomics-based techniques that required phos-
phate incorporation on PLD2 by the chosen kinases. We dem-
onstrated this by either direct radioactivity liquid scintillation
counting (Fig. 4A) or by autoradiography (Fig. 4B). The latter
figure indicates that a phospho-PLD2 band, the result of EGFR
action, was present at the expected molecular mass of PLD2,
which was confirmed in Western blots with a-myc antibodies
(Fig. 4C). Figure 4D also shows that the other two kinases, Src
and JAK3, were also effective in producing a phospho-PLD2
band. Thus, EGFR, Src, and JAK3 resulted in specific phos-
phorylation of PLD2. This begged the question as to where on
PLD?2 the phosphate was incorporated.

To shed light onto this subject, we used LC-MS analyses to
prove the presence of PLD2-peptides. After in vitro phosphor-
ylation of immunoprecipitated PLD2, gel-size selection and
tryptic digestion, peptides were subjected first to liquid chro-
matography by reverse phase HPLC (Fig. 5A) and then ana-
lyzed by TOF-MS-ES (Fig. 5B). The MS spectrum recorded
several peptide peaks and ions of interest for the present study
at m/z = 900 to 1,300 were marked as T40 to T42 for samples
that had been previously phosphorylated by EGFR; T61-62
and T61 for samples that had been previously phosphorylated
by Src; and T52-53, T53, T53-55, and T51-53 for samples that
had been previously phosphorylated by JAK3. The masses
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FIG. 6. Study of lipase activity for the three phosphorylation-inca-
pable mutants. Phosphorylation-incapable PLD2-Y296F, PLD2-
Y415F, and PLD2-Y511F, Y—F point mutants were generated by
site-directed mutagenesis by using myc-pcDNA-PLD2-WT as a tem-
plate. Each one of these mutants alone or the wild-type PLD2 (“WT”)
or mock reagents was transfected into COS-7 (A), MTLn3 (B), or
MCEF-7 (C) cells. After 36 h, cells were harvested, and whole lysates
were prepared from overexpressing cells and mixed in kinase buffer
with either EGFR, JAK3, or Src kinases. After this, PLD2’s were
immunoprecipitated with a-myc antibodies. The PLD2-a-myc-agarose
immunocomplexes were used for measurement of PLD activity in PC8
liposomes and n-[*H]butanol. * and #, differences between means, as
determined by ANOVA, above and below, respectively, the wild-type
levels that were statistically significant (P < 0.05).
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were compared to proteins in the Swiss-Prot databank with
Biolynx software. The actual phosphopeptides had molecular
masses within +0.03% of the calculated masses of the corre-
sponding theoretically predicted PLD2 tryptic peptides (Fig.
5C). Of the potential 15 possible sites that were theoretically
predicted to be phosphorylated by KinasePhos, we found by
MS analysis that Y?°°, Y*'°, and Y°!' were targets of phos-
phorylation. This does not necessarily indicate that EGFR, Src,
or JAK3 kinases specifically target the newly found sites ex-
clusively.

Investigation of the role of each site with phosphorylation-
deficient mutants. To investigate what specific role each of the
three newly identified sites would play in the mechanism of
PLD2 phosphorylation and activation, we generated PLD2
mutants with Y—F point substitutions on the Y?°¢, Y*!°, and
Y>! sites (Fig. 6). The conclusions of the data presented in
Fig. 6 are as follows. First, residues Y*'* and Y>'! are essential
to PLD2 activity, regardless of the cell line used, since these
two Y—F substitutions rendered PLD2 inactive (Fig. 6A to C).
Second, Y**° regulates COS-7 and MTLn3 and MCF-7 oppo-
sitely: prevention of phosphorylation decreases PLD2 activity
in COS-7, whereas it increases PLD2 activity in the cancer
cells. This is the first detection of an inhibitory site for PLD2
phosphorylation: Y?°. Based on this, we hypothesized that
phosphorylation of Y?°¢ is what keeps MTLn3 and MCF-7 at
a low basal level of activity (as found in Fig. 1 and 3).

The next series of experiments addressed which residue each
of the kinases would phosphorylate. As indicated in Fig. 7, the
addition of either EGFR, JAK3, or Src to any of the cells,
which specifically overexpressed either PLD2-Y296F (Fig. 7A,
D, and G), PLD2-Y511F (Fig. 7C, F, and I), or PLD2-Y415F
(Fig. 7B, E, and H), respectively, had no effect on PLD2 ac-
tivity. This is to be expected, since according to Fig. 5C,
EGFR’s consensus site recognizes Y2?°, JAK3’s consensus site
recognizes Y*'°, and JAK3’s consensus site recognizes Y>''.
These sites theoretically cannot be phosphorylated in these
Y—F mutants. Surprisingly, JAK3 or Src caused a substantial
elevation of PLD2 activity in cells transfected with PLD2-
Y296F (Fig. 7A, D, and G), indicating that when Y?°° can no
longer be utilized by EGFR, other kinases are then able to use
PLD2 more efficiently as a substrate, which yields greater PLD
activity. A similar, albeit less robust, situation for JAK3 and Src
was observed with the other mutants, PLD2-Y415F and PLD2-
511F; it was clear that JAK3 and Src worked at different levels
than EGFR and can phosphorylate Y*!* and Y>'!, respectively,
although probably not exclusively.

The last series of experiments involved gene expression si-
lencing for the three kinases at hand. As presented in Fig. §,
silencing of EGFR resulted in decreased PLD2 activity in
COS-7 but was increased in MTLn3 cells and, to an even
greater extent, in MCF-7 cells. This reinforces the kinase data
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presented in Fig. 7. Silencing Jak3 and Src results in decreased
PLD activity in all cell lines tested. The extent of silencing
varied with the cell line used, as indicated in the companion
Western blots Fig. 8, but was in general 60 to 80% at concen-
trations of 200 nM siRNAs.

In conclusion, the present study shows that phosphorylation
of Y** and Y°!! residues are essential for activity in COS-7,
MTLn3, and MCEF-7 cells. JAK3 and Src phosphorylate these
sites, although other kinases might also phosphorylate them.
PLD2-Y296 is a specific target of EGFR kinase. Y2 is an
activator site in COS-7, whereas it is an inhibitory site in the
cancer cells MTLn3 and MCF-7. We propose that PLD2-Y296
is an inhibitory site in these cancer cells and responsible for the
observed low PLD activity in them, particularly in the low-
aggressive/invasive form of breast cancer cell line MCF-7.

DISCUSSION

We have established that PLD2 activity is regulated by phos-
phorylation-dephosphorylation and have identified three of
the kinases involved, EGFR and Src (already known to play a
role in PLD2 modulation) and JAK3 (newly discovered here),
as well as the specific sites of action: Y?°°, Y*!°, and Y>''. Also,
and thanks to the use of three cell lines and their comparison,
we learned the reason why PLD2 activity is kept low in cancer
cells. Experiments with phosphatases (Fig. 2) indicated the
existence of “activator” and “inhibitory” sites that would be
confirmed later on. Low concentrations of phosphatases or
phosphatases targeting Y>'' or Y?°° leave the enzyme regu-
lated positively by the “activator” sites and thus with high levels
of lipase activity. Conversely, with higher concentrations of
phosphatases or with phosphatases targeting Y*'°, the activa-
tor sites, the enzyme loses activity at different extents based on
how heavily the cell relies on activator or inhibitory sites.

The dephosphorylation obtained in vitro could be extra-
polated, at least theoretically, to an in vivo situation. De-
phosphorylation is normally accomplished in vivo as EGFR,
platelet-derived growth factor receptor (PDG-R), and insulin
receptor are all known to associate with tyrosine phosphatases.
A well-studied example is the cytoplasmic protein tyrosine
phosphatase Shp-2 that serves to propagate signal transduction
proximal to EGFR and enhance information flow from the
receptor leading to cell growth and development (44). Another
example is protein tyrosyl phosphatase 1B (PTP1B), which is
able to dephosphorylate substrates of the epidermal growth
factor receptor and can regulate its functions in vivo (18). Our
laboratory has shown earlier that phosphorylated PLD2 com-
plexes with Grb2 (14) and with PTP1B (24) through two newly
defined SH2 recognition sites on PLD?2 that in turn bind to Sos
(13). Sos binds to PA and, through the Ras GTP/GDP ex-

FIG. 7. Effect of exogenous kinases on the PLD activity of phosphorylation-deficient mutants. PLD2-Y296F (A, D, and G), PLD2-Y415F (B,
E, and H), and PLD2-Y511F (C, F, and I) PLD2 mutants were transfected into COS-7 (A to C), MTLn3 (D to F), or MCF-7 (G to I) cells. After
36 h of expression, lysates were used for in vitro kinase reactions with EGFR, JAK3, or Src. After this, PLD2 was immunoprecipitated with a-myc
antibodies, and samples were split into two 50-pl aliquots for duplicate determinations in the PLD2 assay. The results represent means * the SEM
of four independent experiments in duplicate. *, differences between means (no-kinase versus kinase treatments) that were statistically significant

(P < 0.05) as determined by ANOVA.
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FIG. 8. Silencing endogenous kinases and status of PLD activity. EGFR, JAK3, or Src -siRNAs were transfected into COS-7 (A-C), MTLn3
(D-F) or MCF-7 (G-I) for 2 days. After this, duplicate cell samples were used to generate cell lysates for PLD activity assays and for the detection
of protein expression by Western blotting. For the latter, blots were cut in half; the upper part (containing an ~175-kDa region, an ~115-kDA
region, or an ~60-kDA region) was probed with the appropriate anti-kinase antibodies, while the lower part (containing an ~50-kDa region) was
probed with anti-B-actin to ascertain equivalent protein loading.
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FIG. 9. Model highlighting the biological significance of the various findings from the present study. (A) Kinase action on PLD2. EGFR, JAK3,
and Src are capable of phosphorylating PLD?2 in vitro, and the targets are Y>°° for EGFR, Y*'° for JAK3, and Y>'' for Src. EGFR phosphorylates
an “inhibitory site,” JAK3 phosphorylates an “activator site,” and Src phosphorylates an “ambivalent site” (one that can yield either effect). The
extent to which each site is activated or inhibited depends on the cell type considered. In COS-7 cells, which bear the highest level of PLD2 activity,
the Y*'5 is a prominent site that, by being phosphorylated by JAK3, compensates for the negative modulation by EGFR on Y?*°. In MCF-7 cells,
which show the lowest level of PLD2 activity, the converse is true, with Y?°® being unable to compensate for the positive modulation by Y*'°.
MTLn3 cells, with medium or low levels of lipase activity, show an intermediate pattern of regulation but one that is closer to that of MCF-7 cells
than that of COS-7 cells. (B) Phosphatase action on PLD2. Low concentrations of phosphatases or phosphatases targeting Y>'' or Y?° leave the
enzyme regulated positively by the “activator” sites and thus with high levels of lipase activity. Conversely, with higher concentrations of
phosphatases or with phosphatases targeting Y*!* (the activator site), the enzyme loses activity to different extents based on how heavily the cell
relies on activator or inhibitory sites. We propose that Y*°°, an inhibitory site in MCF-7 cancer cells, is the reason for the observed low lipase
activity in them, and this underscores the importance of this site for regulation of PLD2.

change, the PLD system is tied to the Ras/sMEK/ERK pathway PLD activity is frequently elevated in breast and other cancer
(19, 51). cell lines, such as MDA-MB-231 (8). However, the MCF-7 cell
PLD?2 is expressed with a high enzymatic activity that cannot line, derived from a less aggressive form of breast cancer, has
be significantly activated above those levels either in vitro or in relatively low levels of PLD activity (52). MCF-7 and MDA-
vivo. This suggests that PLD?2 is regulated by inhibitory mech- MB-231 are estrogen receptor-positive (ER™) and -negative
anisms, and the prime example for that is provided in the (ER"™) cells, respectively.
present study. It will be beneficial for a normal cell to have a The Foster group has proposed that PLD induces the phe-
controlling mechanism to shut down or slow down the produc- notype change from ER™ to ER™ that coincides with greater
tion of PA, a pleiotropic second messenger with potentially invasiveness of tumors and that PLD is a signal for survival in
harmful effects to the cell if unchecked. We know that inhibi- serum-deprived cells (8, 9, 45, 52). In addition to this, we show
tion of PLD-derived PA production inhibits migration of ad- the existence of a low-activity PLD2 due to tyrosine phosphor-
enocarcinoma cells (1, 8). In this line of reasoning, we present ylation of Y?°® by EGFR kinase. It is possible that a transition

here for the first time three phosphorylation-incapable mu- to a higher PLD activity would involve the removal of the
tants that can be an index of a new PLD2 regulatory mecha- inhibition caused on Y?°. The work presented here is consis-
nism. Phosphorylation and dephosphorylation of Y**° could be tent with Zheng et al. (52), whereby elevated PLD2 expression
the signal for altering PLD activity and concomitant prolifer- in MCF-7 cells made them somewhat more mobile (migrating
ation and transformation levels. and invasive), but was still much less invasive than MDA-MB-

The use of cancer cells, particularly MCF-7, has been instru- 231 breast cancer cells. Our results with PLD2-Y296F are also
mental in deciphering the complex regulation of PLD2 phos- consistent with another phosphorylation-deficient mutant

phorylation in the present study, since it offered results in (mouse PLD2-Y11F), which was found to cause a robust in-
contraposition to COS-7 cells. The use of MCF-7 has also led crease in PLD2 activity in the presence or absence of EGF
to an understanding of why these cells bear a low PLD2 activ- (12).

ity. High levels of PLD are found in many human cancers (26, In summary, the results on the present study indicate that
40, 50). Cell proliferation by Ras oncogenes is functionally there are at least three kinases capable of phosphorylating
linked to PLD activation (7), and PLD2 is the target of aber- PLD?2 in vitro: EGFR, JAK3, and Src. The model presented in
rant transcription of the Ewing’s sarcoma fusion protein (28). Fig. 9 attempts to pull together the results of the present study
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in a comprehensive picture that explains the complex interplay
between kinases, phosphatases and the levels of enzymatic
activity of PLD2. Figure 9A indicates that the extent to which
each site is activated or inhibited depends on the cell type
considered. In COS-7, cells that show the highest level of
PLD2 activity, the Y*'® is a prominent site that by being phos-
phorylated by JAK3 compensates the negative modulation by
EGFR on Y?°°. In MCF-7, cells that show the lowest level of
PLD?2 activity, the converse is true, with Y?°° unable to
compensate the positive modulation by Y*!°. MTLn3, with
medium/low levels of lipase activity, show an intermediate pattern
of regulation but closer to MCF-7 than to COS-7 cells. Figure
9B indicates that the enzymatic activity of PLD2 is regulated by
phosphorylation-dephosphorylation in a complex or biphasic
way. We are proposing the existence of sites on PLD2 that
once phosphorylated can exert positive or negative functional
effects on the lipase activity. We called these “activator” or
“inhibitory” sites, respectively. EGFR phosphorylates an in-
hibitory site (Y?°°), JAK3 phosphorylates an activator site
(Y*'%), and Src phosphorylates an ambivalent site (one that
can yield either effect) (Y>'').

Even though we initiated the present study to explain the
relationship between phosphorylation and activity of PLD2
and discover the complex pattern of phosphorylation-dephos-
phorylation, the use of the three cell lines (two of which are the
cancer cell lines MTLn3 and MCF-3) has provided additional
and important insights. MCF-7 is a cancer cell line derived
from a low-aggressive/invasive form of breast cancer that has
relatively low levels of PLD activity. This low level of activity is
increased by JAK3 and Src treatment also in vitro. We propose
that PLD2 activity is low in the breast cancer cell line MCF-7
and in MTLn3 cells because it is kept downregulated by tyrosyl
phosphorylation of Y?°° by EGFR kinase. Thus, phosphoryla-
tion of PLD2-Y?°° could be the signal for lowering the level of
PLD?2 activity, which is associated with a delayed onset of cell
transformation.
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