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Background: Phospholipase D is a signaling protein whose expression is elevated in transformed cells.
Results: The tyrosine kinases JAK and Fes are responsible for high PLD activity and expression and high cell proliferation.
Conclusion: A new signaling pathway (JAK-Fes-PLD) has been found whose operation is heightened in cancer cells.
Significance:Modulating this new pathway could control the highly invasive phenotype of transformed cells.

The products of the oncogene Fes and JAK3 are tyrosine
kinases, whose expressions are elevated in tumor growth, angio-
genesis, and metastasis. Phosphatidic acid, as synthesized by
phospholipase D (PLD), enhances cancer cell survival. We
report a new signaling pathway that integrates the two kinases
with the lipase. Anew JAK3-Fes-PLD2 axis is responsible for the
highly proliferative phenotype of MDA-MB-231 breast cancer
cells. Conversely, this pathway is maintained at a low rate of
expression and activity levels in untransformed cells such as
MCF10A.We also deciphered the inter-regulation that exists
between the two kinases (JAK3 and the oncogene Fes) and
between these two kinases and the lipase (PLD2). Whereas
JAK3 and Fes marginally activate PLD2 in non-transformed
cells, these kinases greatly enhance (>200%) PLD activity fol-
lowing protein-protein interaction through the SH2 domain
and the Tyr-415 residue of PLD2. We also found that phos-
phatidic acid enhances Fes activity in MDA-MB-231 cells
providing a positive activation loop between Fes and PLD2. In
summary, the JAK3, Fes and PLD2 interactions in trans-
formed cells maintain PLD2 at an enhanced level that leads to
abnormal cell growth. Modulating this new JAK3-Fes-PLD2
pathway could be important to control the highly invasive
phenotype of breast cancer cells.

Breast cancer is one of the most common forms of cancer in
the world and accounts for one-fourth of all cancers in women.
Breast cancer is particularly dangerous due to its ability to
metastasize to other parts of the body such as the lungs, which
leads to high rates ofmortality (1).One of themeans to abrogate
the rampant metastasis problem is through disruption of cell
proliferation, and much research is being conducted in this
regard.
Our laboratory and others have sought to study the role of

PLD22 in cancer cell invasion and metastasis. There are two

classic mammalian isoforms of PLD, PLD1 (2) and PLD2 (3),
which share 52% identity. PLD1 is a 1072-amino acid, 120-kDa
protein, whereas PLD2 is a 933-amino acid, 103-kDa protein.
Both isoforms require phosphatidylinositol 4,5-bisphosphate
(PIP2) as a co-factor for activity and release structurally identi-
cal PA species in mammalian cells.
A participation of PLD in cell migration was initially docu-

mented in leukocytes (4, 5). Subsequently, it has been explained
in other cell types that PLD2 induces cell migration and inva-
sion in human cancer cells (6), phagocytes (4, 5, 7, 8), fibroblasts
(9, 10) and epithelial cells (11, 12). S6K (10), Rac2 (13), Fer (14,
15) and phosphocofilin (16) are also involved in PLD2-medi-
ated invasion. PLD also exerts its influence over cellular signal-
ing primarily through generation of the phospholipid PA, and
this activity is implicated in awide variety of signaling pathways
due to its ability to influence themembrane localization of pro-
teins (17, 18).
In this study, we selected the human breast cancer cell line,

MDA-MB-231, as an ideal model due to their high rate of
proliferation and the impact of PLD2 on these cells (6).
MDA-MB-231 cells possess the WNT7B oncogene, which
leads to a disruptive expression of several key growth pro-
moting genes (19). The MDA-MB-231 cell line is highly pro-
liferative andmetastatic and also bears high PLD2 enzymatic
activity (20) for reasons not well understood. Therefore, we
hypothesized that PLD2 plays an essential role in maintain-
ing the high levels of proliferation that are observed in breast
cancer cells.
We report the existence of a new signaling pathway involving

PLD2, JAK3 and Fes that is heightened in transformed cells. As
we also observed that cell proliferation is dependent on these
three molecules and their inter-regulation, we concluded that
this new pathway could be crucial to promote abnormally high
cell proliferation in breast cancer cells.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium (DMEM)
and Iscove’s modified Eagle’s medium were from Mediatech
(Manassas, VA); mammary epithelial cell growth medium was
from Cell Applications, Inc. (San Diego, CA); Lipofectamine
and Plus reagent were from Invitrogen; siQuest transfection
reagent was from Mirus (Madison, WI); apigenin was from
Sigma; protein G-agarose beads, mouse anti-PLD2 IgG anti-
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body (SKB2), purified recombinant human JAK3, purified
recombinant human Fes, and the Fes substrate peptide were
fromMillipore (Billerica,MA); JAK3tide synthetic peptide sub-
strate was fromAnaspec (Fremont, CA); [3H]butanol was from
AmericanRadiolabeledChemicals (St. Louis,MO); [�-32P]ATP
was from PerkinElmer Life Sciences; rabbit anti-JAK3 and rab-
bit anti-Fes IgG antibodies were from Cell Signaling (Danvers,
MA); donkey anti-rabbit tetramethylrhodamine isothiocyanate
IgG antibodywere fromSantaCruz Biotechnology (SantaCruz,
CA); and si-Negative, siFES, and siJAK3 were from Applied
Biosystems (Foster City, CA).
Cells and Cell Culture—MDA-MB-231, COS-7, and HL-60

cells were obtained from ATCC. MCF-7, MDA-MB-231,
H1299, and COS-7 cells were cultured in DMEM supple-
mented with 10% (v/v) fetal bovine serum (FBS), whereas
MCF10A cells were cultured inmammary epithelial cell growth
with 0.4% (v/v) bovine pituitary extract, 10�7% (w/v) epidermial
growth factor, 5 � 10�4% (w/v) insulin and 5 � 10�5% (w/v)
hydrocortisone. Promyelocytic leukemic HL-60 cells and
AML-3D10 cells were grown at 37 °C in a 5% CO2 incubator in
Iscove’s modified Eagle’s medium � 20% (v/v) heat-inactivated
fetal bovine serum, 2 mM L-glutamine. Cell density was main-
tained between 0.1 and 1.0 � 106/ml.
Plasmid Constructs—The plasmids used in these ex-

periments were as follows: pcDNA3.1-mycPLD2-WT,
pcDNA3.1-mycPLD2-Y169F, pcDNA3.1-mycPLD2-Y179F,
pcDNA3.1-mycPLD2-Y415F, pCMV6-XL4-Fes-WT (Origene,
Rockville, MD) and pME1S-JAK3-WT.
Generation of JAK3/PLD2/Fes Mutants—Mutant forms of

JAK3, Fes and PLD2 were designed in the lab and they were
generated (Fig. 2A) by site-directedmutagenesis byMutagenex
(Hillsborough, NJ). The catalytic sites were targeted on each
kinase to generate kinase-dead mutants JAK3-K855E (JAK3-
KD) and Fes-K590E (Fes-KD). Also, SH2 binding-deficient
forms of JAK3 (JAK3-SH2i) and Fes (Fes-SH2i), which target
residues Arg-402/Arg-403 in the SH2-like domain of JAK3 and
residues Glu-469/Glu-472 in the SH2 domain of Fes. Regarding
PLD2, two tyrosine residues Tyr-169 and Tyr-179 situated
within the YxN motif that is recognized by SH2-bearing pro-
teins and Tyr-415, which is essential for JAK3 binding (21),
were targeted to generate SH2 binding-deficient mutants PLD-
Y169F and PLD-Y179F and JAK3 binding-deficient mutant
PLD-Y415F.
Cell Transfection and Gene Silencing—Transfections were

performed using 2 �g of plasmid DNA, 5 �l of Lipofectamine
(Invitrogen), and 5 �l of Plus reagent (Invitrogen) in Opti-
MEM medium (Invitrogen), per the manufacturer’s instruc-
tions.MDA-MB-231 orMCF10A cells were transfected for 3 h,
washed, refed with prewarmed complete medium and main-
tained for 36 h. Fes and JAK3 expression in cells was knocked
down using small interfering RNA (200 nM siRNA) in combi-
nation with the siQuest transfection reagent (6 �l). Double-
stranded RNA (dsRNA) was from Applied Biosystems (Foster
City, CA). For JAK3, we used a siRNA that targeted exon 19
(locus s7653, 5�-GUAUCGUGGUGUCAGCUAUd(TT)-3�
(sense)). For Fes, siRNA-targeted exons 16 and 18 (locus s5113,
5�-CCUCAGCAAUCAGCAGACAd(TT)-3� (sense)). A nega-
tive control for siRNA was from Applied Biosystems.

The GFP-based PA Sensor—The PA sensor plasmid takes
advantage of a 40-amino acid sequence found in Spo20 that
binds to cell membrane phospholipids, particularly PA. Spo20
(sporulation-specific protein 20) is a yeast protein required for
the fusion of exocytic vesicles with the plasma membrane dur-
ing yeast sporulation through its interactions with the SNARE
complex (22–24). Spo has an inhibitory region that sequesters
the protein in the nucleus (24, 25) and a positive regulatory
region that binds to phospholipids (including PA) in the cell
membrane. Cloning of the PABD in pEGFPC1 vector (Clon-
tech) leading to pEGFP-Spo20PABD-WT for use in micros-
copy of mammalian cells was performed in Ref. 26. The PA
sensor was used in mammalian cells (27), and the restriction
digestion analysis is documented in (28), indicating that the
construct is cut by ApaLI at the pUC origin (in addition, AgeI
and DraII are one cut, Pst is a two-cut, and NcoI is a four-cut
restriction enzyme).
Detection of Intracellular PA in Cancer Cells—MCF10A or

MDA-MB-231 cells were transfected with 1.5 �g of wild type
GFP-based PA sensor DNA and/or a combination of 1.5 �g of
Fes-WT DNA and/or 1.5 �g of PLD2-WT DNA and were
grown on glass coverslips inside six-well tissue cultures plates.
Two days post-transfection, cells were analyzed and fixed with
4% paraformaldehyde, permeabilized in 0.5% Triton X-100 in
phosphate-buffered saline (PBS), blocked in 10% fetal calf
serum (FCS) in 0.1% Triton X-100 in PBS, (if relevant, probed
with either rabbit anti-Fes or rabbit anti-PLD2 (H-133) IgG
antibodies and then donkey anti-rabbit TRITC IgG antibody).
Cells were examined on a Nikon Eclipse 50i fluorescence
microscope.
Cell Proliferation Assay—Cells were plated into 24-well

plates prior to use. Duplicate wells were untreated or treated
with 300 nM siRNA for several time points (up to 72 h) or were
untransfected or transfected with 1.5 �g of various PLD2, Fes,
or JAK3 plasmid constructs for 60 h. After incubation, cells
werewashed 2�with PBS and trypsinized, and the final volume
was brought up to 1ml/well using complete DMEMcontaining
10% FCS. Fifty �l of trypan blue was added to each cell sample,
and viable cells/ml were counted.
Co-immunoprecipitation and Western Blot Analyses—After

transfection, cells were harvested and lysed with special lysis
buffer (5 mM HEPES, pH 7.8, 100 �M sodium orthovanadate
and 0.1%Triton X-100). The lysates were sonicated and treated
with 1�l ofmonoclonal antibody for the respective protein and
20 �l of protein G-agarose beads and incubated at 4 °C for 4 h.
After washing, resulting pellets were then analyzed using SDS-
PAGE and Western blot analyses.
PLD Activity Assay—Cell lysates were processed for PLD

activity (29) in PC8 (1,2-dioctanoyl-sn-glycero-3-phosphocho-
line) liposomes and [3H]butanol beginning with the addition of
the following reagents (final concentrations): 3.5mMPC8phos-
pholipid, 1 �M PIP2, 45 mM HEPES (pH 7.8) and 1.0 �Ci of
[3H]butanol in a liposome form, as indicated in Ref. 29 to
accomplish the transphosphatidylation reaction of PLD (30).
The amount of [3H]phosphatidylbutanol that co-migratedwith
authentic phosphatidylbutanol standards (Rf � 0.45–0.50) was
measured by scintillation spectrometry.
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JAK3 Kinase Assay—Cells (2 � 106) were sedimented,
washed and finally lysed via sonication in 20 �l of special lysis
buffer (5 mM HEPES, pH 7.8, 100 �M sodium orthovanadate
and 0.1% Triton X-100) containing protease inhibitors. Lysates
were incubated in the presence of the following final concen-
tration of each of the following: 4 mM MOPS, pH 7.0, 15 mM

MgCl2, 1 mM EGTA, 0.2 mM sodium orthovanadate, 0.2 mM

DTT, 1 �Ci of [�-32P]ATP, 100 �M cold ATP and 42 �M

JAK3tide substrate to yield a 40-�l total kinase reaction vol-
ume. Reactions were incubated at 30 °C for 20 min (and
stopped by spotting 20-�l reactions onto 2.5 � 2.5 cm2

pieces of P81Whatman filter paper for duplicate determina-
tions. Filters were washed and counted in a Beckman LS
6000TA liquid scintillation.
Fes Kinase Assay—The phosphoacceptor peptide substrate

was the Fes substrate peptide (poly(Glu4-Tyr) biotin-conju-
gated (Millipore)) in freshly prepared kinase buffer (8 mM

MOPS, pH 7.2, 9 mM MgOAc, 30 �M Na2VO3, 5 mM p-nitro-
phenyl phosphate, 1 mM EDTA, 2 �M cAMP-dependent kinase
inhibitor, 0.42 �Ci [�-32P]ATP (7 nM) and 100 �M unlabeled
ATP. To initiate the phosphotransferase reaction, aliquots (20
�l) of kinase buffer containing the Fes substrate peptide were
mixed 1:2 (v/v) with the anti-Fes immunoprecipitates. The
reaction was carried out at 37 °C for 10 min and terminated by
adding 5 �l of 3% phosphoric acid and blotting 30 �l of the
reaction mixture onto SAM-2 biotin capture membranes (Pro-
mega).Membrane squares were extensively washedwithmeth-
anol and then water, dried and counted for radioactivity. Posi-
tive controls used recombinant fully active Fes (Millipore).
Negative controls were run in parallel with no Fes substrate
peptide.
PA- and PIP2 Liposome Preparation—The lipids utilized in

this study were a cell membrane PA-soluble form, 1,2-dioleoyl-
sn-glycero-3-phosphate and PIP2 (Avanti Polar Lipids, Alabas-
ter, AL) and were prepared by resuspending 1 mg of lipid pow-
der in 1.4ml of liposomebuffer (1�PBSplus 0.5%BSA, pH7.2).
The solutions were diluted in HBSS buffer and then sonicated
on ice.
Statistical Analysis—Data are presented as mean � S.E. The

difference between means was assessed by the single factor
analysis of variance test. Probability of p � 0.05 indicated a
significant difference.

RESULTS

Higher Enzymatic Activities of Fes, JAK3 and PLD2 Were
Found in Transformed Versus Untransformed Cells—Wemea-
sured the endogenous activity of JAK3, Fes and PLD2 in non-
transformed (MCF10A epithelial cells) and transformed cells
(MDA-MB-231 breast cancer cells) and found that the latter
possess greater endogenous JAK3, Fes and PLD activities when
compared with the nontransformed MCF10A cells (Fig. 1,
A–C). A higher activity was also found in other transformed
cells (HL-60, AML4 leukemic cells) versus other untransformed
cells (COS-7 or RAW264.7). We also found that JAK3 and
PLD2 protein expression levels are significantly higher in the
cancer cells than in MCF10A cells (Fig. 1, D–F). Therefore, the
endogenous higher protein levels and intrinsic enzymatic activ-

ities are present in transformed cells. Why this was the case
warranted further examination.
Design andCharacterization of JAK3, Fes, andPLD2Mutants—

An array of biological tools to study the three molecules (JAK3,
Fes and PLD2) was developed for this study. Schematics of dif-
ferent shape and color (Fig. 2A) represent JAK3, Fes and PLD2
and are used consistently throughout this study. We generated
kinase-dead and SH2-deficient mutants and overexpressed
them in transformed cells. The left panels of Fig. 2, B–D, indi-
cate similar expression levels. Kinase-dead mutations abrogate
both JAK3 and Fes activities (Fig. 2, B and C, right panels),
whereas kinase SH2 mutations and PLD2 YF mutations do not
significantly affect enzymatic activities (Fig. 2, B–D, right pan-
els), which made these mutants very useful for subsequent
experiments.
JAK3 Kinase Regulates PLD2 in Both Nontransformed and

Transformed Cells—We investigated whether PLD2 would be
under control of either kinase (Fes or JAK3) and concentrated
on JAK first. JAK3 expression was effectively silenced (Fig. 3A,
left panel). Fig. 3A (right panel) indicates that JAK has a positive
role on PLD activity in transformed MDA-MB-231 cells but a
negative role inMCF10A cells. Fig. 3B shows the effect of over-
expression of JAK3 on PLD activity in vivo. Cells thus overex-
pressing JAK3 had somewhat decreased lipase activity in non-
transformed MCF10A cells, which was significantly increased
in MDA-MB-231 cells.

FIGURE 1. Endogenous JAK3, FES, and PLD2 activity levels in untrans-
formed and transformed cells. JAK3 (A), Fes (B), and PLD2 (C) activities were
measured in unstimulated and untransfected MCF10A and MDA-MB-231 cell
lysates. The experiments started from similar number of cells per sample and
then adjusted for similar protein levels per sample, so proper comparison can
be made. Results in this figure are the means � S.E. from at least three inde-
pendent experiments conducted in duplicate. The asterisk denotes statisti-
cally significant (p � 0.05) differences (increases) between samples and con-
trols. Western blot (W.B.) analysis of endogenous JAK3 (D), Fes (E), and PLD2
(F) proteins (100 �g/lane, similar amount for each cell type) in non-trans-
formed MCF10A and transformed MDA-MB-231 cancer cell lines with actin
expression included as equal protein loading controls.
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Overexpression of JAK3-KD significantly reduced PLD2
activity, suggesting that a catalytically active JAK3 is necessary
for PLD2 activation in transformed cells. As positive controls,
recombinant purified JAK3 was also utilized in parallel reac-
tions, which significantly increased PLD2 activity and was
reversed by a tyrosine kinase inhibitor (apigenin).
In Fig. 3C, co-immunoprecipitation indicates that PLD2 and

JAK3 form a protein-protein complex in MDA-MB-231 trans-
formed cells (JAK3 was immunoprecipitated from lysates, and
then the subsequentWestern blot was probedwith�-Myc anti-

bodies, which interacted with the Myc-tagged PLD2, top
panel). However, a fainter band in the combinations
PLD2�JAK3 with respect to either alone indicates that such a
complex is not very strong and that co-expression is negatively
affected (top panel, rightmost lanes).
FesDifferentiallyModulates PLD2Activity in BothCell Types—

Having studied JAK3-PLD2 regulation, we next investigated a
putative Fes-PLD2 regulation. Fig. 4A (left panel) is a control
that demonstrates effective silencing of Fes. Fig. 4A (right
panel) indicates the negative effect of Fes silencing on PLD

FIGURE 2. Analysis of wild type and mutant JAK3, Fes and PLD2 proteins. A, the sites of mutagenesis in JAK3 are indicated, including Arg-402 and Arg-403,
which are important for ligand binding, and Lys-855, which is important for kinase activity. Fes has Tyr kinase and Src homology 2 (SH2) domains that bind to
ligands and enhance kinase activity. The sites of mutagenesis in Fes are indicated, including Glu-469 and Glu-472, important for ligand binding, and Lys-590,
essential for kinase activity. The sites of mutagenesis in PLD2 are indicated. B–D, Western blot (W.B.) analyses of expression of recombinant wild type and
mutant JAK3, Fes and PLD2 proteins. Shown are kinase and lipase activities in vitro of cell lysates that overexpress the three proteins of interest (JAK3, Fes and
PLD2). Results in this figure are the means � S.E. from at least three independent experiments conducted in duplicate. F-BAR, FER/CIP4 homology-Bin/
Amphyphysin/Rvs domain; FX, F-BAR extension domain; PX, Phox homology (PX) domain; PH, Pleckstrin-homology domain; HKDI and HKD2, phospholipase D
signature motifs/catalytic sites.
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activity in both cell lines, although it was greater in MDA-MB-
231 cells. Thus, Fes is a positive regulator especially in these
cells.
We present in Fig. 4B that PLD2 activity in MDA-MB-231

cells is negatively affected by loss of the SH2 and the kinase
catalytic domains in Fes. PLD2 in MCF10A cells was likewise
inhibited by Fes-KD but not by the SH2 mutant.
Our laboratory has previously demonstrated phosphoryla-

tion of PLD2 at Tyr-415 following cell stimulation (31). As
the modular architecture of Fes indicates (Fig. 2A), Fes has a
SH2 domain. We reasoned that the Fes SH2 domain could
interact with PLD2 at Y-169 and Y-179, and possibly with
Y-415. Fig. 4C indicates that PLD2 interacts with Fes at Tyr-
169 and Tyr-179 but not with Tyr-415 in transformed cells.
Conversely, MCF10A cells rely on Tyr-415. Thus, a different
pattern of PLD2-Fes regulation exists between untransformed
and transformed cells.

Fig. 4D indicates that PLD2 and Fes form a protein-protein
complex in both cell types (red ovals, top panels). InMDA-MB-
231, the interaction is through the SH2 domain of Fes.
Fes Activity, but Not JAK3, Is Modulated by Phospholipids—

After studying the effects of kinases on PLD, we asked whether
the regulation would operate conversely, i.e. from the lipase to
the kinases, logically through PA, the product of PLD activity.
We transfected a GFP-based PA sensor into both cell lines (Fig.
5, A and B). Fig. 5A documents more endogenous PA inMDA-
MB-231 cells than in MCF10A cells. PA is localized in or
around the nucleus inMCF10A cells andMDA-MB-231 cells in
the absence of EGF stimulation (Fig. 5A, upper panels). After
EGF stimulation, PA translocated to the cytoplasm in both cell
types (Fig. 5A, lower panels). A significant increase in endoge-
nous PA was seen following Fes co-transfection in MDA-MB-
231 cells and amoremoderate increasewas evident inMCF10A
cells (Fig. 5B, upper panels).

FIGURE 3. Effect of JAK3 on PLD2 activity in non-transformed versus transformed cells. A, left, evidence of JAK3 silencing using short interfering RNA by
Western blots (W.B.). Right, effect of silencing JAK3 on endogenous PLD activity in MCF10A and MDA-MB-231 cells. Results in this figure are the means � S.E.
from at least three independent experiments conducted in duplicate. The asterisk and # denote statistically significant (p � 0.05) differences (increases or
decreases, respectively) between samples and controls. B, JAK3-WT or JAK3-KD were each overexpressed in MCF10A and MDA-MB-231 cells, and PLD activity
was measured from the resulting cell lysates. Recombinant purified JAK3 was also used in some samples as positive controls to measure PLD2 activities in vitro.
C, JAK3 and PLD2 form a protein-protein complex as detected using co-immunoprecipitation. Immunoprecipitation was performed with rabbit anti-JAK3 IgG
antibodies bound to protein G-agarose beads, and after SDS-PAGE, the resulting Western blots were probed with rabbit anti-Myc IgG antibodies, which bound
to the Myc-tagged PLD2 (top panel). PLD2 was detected at the native molecular mass of �110 kDa (second panel from top). JAK3 was detected at the native
molecular mass of �135 kDa (second panel from bottom). Equal protein loading controls were detected using rabbit �-actin antibody (bottom panels). Neg RNA,
scramble RNA (negative control).
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As elevation in endogenous PA correlates to a change in Fes
localization in MDA-MB-231 cells, we next investigated the
effect of PA on Fes and JAK3 kinase activities using either cell
lysates or whole cells (Fig. 5, C and D). PA significantly
increased Fes activity but not JAK3 activity (Fig. 5C). Although
the PA-binding domain of the PA sensor does recognize other
anionic phospholipids, it has a preference for PA, which
emphasizes its role in PLD signaling. Additionally, we observed
that PIP2 also had a positive effect on Fes (probablymediated by
phosphatidylinositol 5-kinase (32).
In summary, PA has a positive effect on Fes (but not on

JAK3), especially in transformed cells, indicating that a feed-
back loop is established in these cells such that Fes activates the
lipase, and the kinase activity is upregulated by the lipase. This
could explain the high activity turnover of enzymatic activities
observed in Fig. 1.
JAK3 and Fes Regulate Each Other—A final possible interac-

tion in the new JAK3-Fes-PLD2 axis that was left to investigate
is an inter-regulation between the two kinases, JAK3 and Fes.
First, we silenced JAK3 and determined the effect on Fes activ-
ity in a broad range of cell lines. As shown in Fig. 6A, all cell lines
except COS-7 cells showed that silencing JAK3 protein expres-
sion has a negative effect on Fes activity. Also, Fes activity was

augmented in both cell lines following JAK3 overexpression
(Fig. 6B).
Fig. 6C indicates the effect of Fes on JAK3 in both cell lines,

JAK3 activity is downregulated by Fes expression but to a
lesser extent in the untransformed MCF10A cells. All this
suggests that both kinases influenced the kinase activity of
the other kinase with JAK3 having a positive impact on Fes in
both cell types and Fes having a negative impact on both cell
lines.
Next, we investigated whether a JAK3-Fes protein-protein

interaction could be detected by co-immunoprecipitation.
In Fig. 6D (red ovals, top panels), Fes and JAK3 interact with
each other when recombinant Fes-WT is overexpressed. The
JAK3 interaction with Fes is weaker in MDA-MB-231 cancer
cells when compared with that of MCF10A cells. In sum-
mary, even though Fes affects JAK3 activity, its negative
effect is stronger in MCF10A cells than in MDA-MB-231
cells as a result of stronger interaction in the non-trans-
formed MCF10A cells.
The Physiological Significance of a New JAK3-Fes-PLD2

Pathway—We next examined the biological significance
high enzymatic activity has on JAK3, Fes and PLD2 in cell
proliferation. PLD2 and Fes accelerated cell proliferation in

FIGURE 4. Effect of Fes on PLD2 activity in non-transformed versus transformed cells. A, left, Western blots (W.B.) were performed to determine that Fes was
effectively silenced. Right, effect of silencing Fes on endogenous PLD activity in MCF10A and MDA-MB-231 cells. B and C, PLD2 activity in MCF10A and
MDA-MB-231 cells overexpressing a combination of Fes and/or PLD2 proteins. D, PLD2 and Fes form a protein-protein complex as detected by immunopre-
cipitations. Anti-PLD2 antibodies were used for immunoprecipitations, and anti-Fes antibodies were used to probe the Western blots (top panels). Negative
controls using IgG antibody for co-immunoprecipitations are included for each cell line (second panel from top). PLD2 was detected at the native molecular
mass of �105 kDa.
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both non-transformed cells and transformed cells (Fig.
7A). JAK3 overexpression had a slight positive effect on
MCF10A cell proliferation and a more significant effect on
MDA-MB-231 cells. Interestingly, the level of cell prolifera-
tion of basal MDA-MB-231 cells is equivalent to PLD2 over-

expressed in MCF10A cells, indicating that simply by over-
expressing PLD2, untransformed cells can become highly
proliferative.
As shown in Fig. 7B, silencing PLD2 and Fes slowed cell

growth in the transformed MDA-MB-231 cells (right panel)

FIGURE 5. Interplay between PA and Fes and JAK3 kinases. A, MCF10A and MDA-MB-231 cells were plated onto glass coverslips and then transfected with
1 �g of Fes plasmid in combination with 1 �g of the PA sensor (EGFP-based) plasmid. Green denotes the EGFP-tagged PA sensor. Red denotes the TRITC-tagged
Fes. Blue denotes DAPI staining of the nucleus. Shown is a staining of the PA sensor (FITC) and nuclei (DAPI) only in cells in the absence (upper row) or presence
(lower row) of EGF. B, similar to above, this time in cells co-expressing the PA sensor and Fes (TRITC). C, effect of 100 nM lipids (PA, PIP2, or PC) on recombinant
JAK3 and Fes activities in vitro. D, differential effect of PA (1,2-dioleoyl-sn-glycero-3-phosphate, PA in a di-oleoyl or membrane-soluble form) on endogenous
Fes activity.
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and to a lesser extent in the untransformed MCF10A cells (left
panel). When all three proteins are simultaneously silenced,
proliferation is decreased in both cell lines with a more pro-
nounced negative impact evident in the MDA-MB-231 cancer
cells. This highlights the crucial importance of this new JAK3-
Fes-PLD2 axis in cell proliferation.

DISCUSSION

We have demonstrated the existence of a new cell signaling
pathway that includes PLD2 and that is very active in trans-
formed cells and is crucial to the higher levels of cell prolifera-
tion. The reason for this heightened proliferation is due to

FIGURE 6. Interaction between JAK3 and Fes kinases. A, Fes activity in non-transformed (MCF10A and COS-7) and transformed (MDA-MB-231, MCF-7,
AML-3D10 and dHL-60) cells following silencing of JAK3. B, Fes activity following transfection with either Fes or JAK3 plasmid DNA. (The Fes plasmid was
used as a positive control for Fes kinase activity.) C, JAK3 activity of MCF10A and MDA-MB-231 cells following transfection with either Fes or JAK3
plasmid DNA. (The JAK3 plasmid was used as a positive control for JAK3 kinase activity.) D, JAK3 and Fes form a protein-protein complex as detected
using co-immunoprecipitation. Immunoprecipitation (I.P.) was performed with rabbit anti-JAK3 IgG antibodies bound to protein G-agarose beads, and
after SDS-PAGE, the resulting Western blots (W.B.) were probed with rabbit anti-Fes IgG antibodies (top panel). Negative controls using IgG antibody for
co-immunoprecipitations are included for each cell line (second panel from top). Fes was detected at the native molecular mass of �95 kDa (second panel
from bottom).
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increased protein expression and increased catalytic activity, as
well as the inter-regulation between the kinases, JAK3 and Fes,
and the lipase. This is further confirmed by a positive feedback
of PA on Fes that forms a very active loop.
Phosphorylation of tyrosine residues on signaling molecules

plays a pivotal role in a wide range of eukaryotic cellular pro-
cesses (33, 34), which also includes phosphorylation/activation
of PLD by epidermal growth factor receptor (35, 36) or by pro-
tein kinase C� (PKC�) (37). We observed the presence of the
tyrosine kinases Fes and JAK3 in MCF10A (as a model of an
untransformed cell line) and MDA-MB-231 (as a model of
transformed cells) and determined how these kinases regulate
one another and also how they regulate PLD enzymatic activity.
This inter-regulation is qualitatively and quantitatively differ-
ent in the two cell lines investigated. The overall picture that
emerged from the experiments described here is that in
untransformed cells both the protein expression levels and the
enzymatic activity of the three signaling molecules (PLD2, JAK
and Fes) are maintained at a low level.
A complex inter-regulation equilibrium composed of activa-

tions and inhibitions keep PLD and the synthesis of PA in bal-
ance and at basal levels. The situation is very different in trans-
formed cells; both the protein expression levels and the activity
of PLD2, JAK and Fes are upregulated. The kinases activate
PLD that then synthesizes higher amounts of PA. Furthermore,
this PA feeds back positively on Fes that upon binding to the

phospholipid is further activated. Fes negatively feeds back
onto JAK3 in normal cells; yet this role is diminished in cancer
cells, where binding between the two proteins appears to be
somewhat abrogated. Previously, it has been documented that
PLD activity levels are elevated in MDA-MB-231 breast cancer
cells, which provides a survival signal in these transformed cells
when deprived of serum growth factors (20, 38).
Fes interacts with PLD2 through the Tyr-415 residue in

MCF10A cells, wherein it phosphorylates that residue and
induces activation. In MDA-MB-231 cells, the SH2 domain
becomes more important, and interaction between Fes and
PLD2 ceases when this domain is disrupted. In MCF10A cells,
this domain is inconsequential, and interaction can still occur,
whereas the converse is true in MDA-MB-231 cells with the
Tyr-415 mutant. The SH2 domain binding of PLD2 increases
PLD2 activity in cancer cells and also contributes to heightened
Fes activity due to the fact that binding of the Fes SH2 domain
to its target ligand/protein stabilizes the kinase activity of Fes
(39) and creates a positive feedback loop which restimulates
PLD2.
PLD2 has been previously shown to be abundant in cancer

cells that promote cell growth (6, 20). Targeting PLD2 enzyme
lipase activity with selective inhibitors has also been shown to
have large effects on decreasing metastasis and invasion (40).
We have indicated here that PLD2 is controlled through both
the JAK3 and Fes tyrosine kinases. JAK3 acts differentially in

FIGURE 7. The effect of PLD2, Fes or JAK3 overexpression or silencing on cell proliferation in non-transformed versus transformed cells. A, cell
proliferation of MCF10A or MDA-MB-231 cells in the presence of overexpressed PLD2, Fes or JAK3 60 h post-transfection. B, left, cell proliferation of MCF10A
cells at varying time points using control siRNA, siJAK3, siFes or siJAK3�siFes�siPLD2 (200 nM each). Right, cell proliferation of MDA-MB-231 cells with similar
conditions as in left. no sig, not significant. Transf, transfection; No sig, not significant.
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cancer cells, where it acts as a positive regulator through the
SH2 domain. Taken together, these differential interactions
indicate why PLD2 is upregulated and helps to explain why the
cancerous phenotype of MDA-MB-231 cells exists.
The Existence of a New Signaling Pathway (JAK3 3 Fes 3

PLD2 and the Mechanism of Inter-regulation)—The results of
this study led to the construction of the model in Fig. 8, indi-
cating that transformed cells have a heightened JAK33 Fes3
PLD2 pathway with respect to untransformed cells.
In MCF10A untransformed cells (Fig. 8, left), Fes has an

inhibitory effect on JAK3 so that JAK3 activity is at basal
level. Fes also competitively binds to PLD2. Due to the lower
activities of these two tyrosine kinases JAK3 and Fes, PLD2
activity is kept in balance that is less abundant in untrans-
formed MCF10A cells.
The reasons for elevated PLD2 activity in transformedMDA-

MB-231 cells (Fig. 8, right) appear to be multiple and can be
thought out as follows: 1) activation leads to robust PA gener-
ation; 2) parallel to this event, Fes autophosphorylates and also
phosphorylates JAK3, which increases Fes activity; 3) PA gen-
erated by PLD2 upregulates Fes for its further activation and, in
turn, Fes interacts with PLD2 through the SH2 binding motif
and stimulates it; and 4) JAK3 activation further contributes to
higher PLD2 activity (PA production) and abnormal cell prolif-
eration in transformed cells.
In summary, this study shows for the first time a novel sig-

naling pathway involving JAK3, Fes and PLD2 in vivo, which is
crucial for abnormal cell proliferation of transformed cells. This
pathway was tested in a panel of normal, untransformed cells
and transformed, highly proliferative breast cancer cells. These

novel mechanisms of PLD2 signaling present potential thera-
peutic targets to prevent cancer progression.
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