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Abstract
MTLn3 cells are highly invasive breast adenoacarcinoma cells. The relative level of EGF-
stimulated invasion of this cell line is greater than 2 other breast cancer cell lines, MDA-MB-231
and MCF-7, and one non-small cell lung cancer, H1299. We have determined that the mechanism
of cancer cell invasion involves the presence of an enzymatically active phospholipase D (PLD),
with the PLD2 isoform more relevant than PLD1. Silencing PLD2 abrogated invasion whereas
ectopic expression of PLD2 augmented cell invasion in all four cell lines with an efficacy
(MTLn3≥MDA-MB-231>H1299≥MCF-7) that correlated well with their abilities to invade
matrigel in vitro. We also report that PLD2 is under control of Janus Kinase-3 (JAK3) with the
kinase phosphorylating PLD2 at the Y415 residue, thus enabling its activation. Y415 is located
downstream a PH domain and upstream the catalycic HKD-1 domain of PLD2. JAK3 knockdown
abrogated lipase activity and EGF-stimulated cell invasion directly. For the purposes of activating
PLD2 for cell invasion, JAK3 operates via an alternative pathway that is independent of STAT, at
least in the MTLn3 cells. We also consistently found that JAK3 and PLD2 pathways are utilized at
maximum efficiency (phosphorylation and activity) in highly invasive MTLn3 cells vs. a relatively
low utilization in the less-invasive MCF-7 cell line. In summary, a high level of cell invasiveness
of cancer cells can be explained for the first time by a combined high JAK3/PLD2
phosphorylation and activity, involving PLD2’s Y415 residue, which might constitute a novel
target to inhibit cancer cell invasion.
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Introduction
Invasion through basement membranes is the first step leading to cancer metastasis. When
carcinoma cells reach the stromal compartment, they begin to intravasate in capillaries and
lymphatic vessels and transfer to other sites where they can colonize new tissues 1; 2.
Invasion is a form of cell migration that enables malignant cells to penetrate into
neighboring tissues and degrade the extracellular matrix with proteases MMP-1, -2 and -9.
Cancer cell invasion is thus critical in the overall multi-step phenomena of tumor metastasis,
but in spite of this, a clear understanding of the signal pathways relevant to invasiveness is
still lacking. Our laboratory and others have demonstrated that phospholipase D (PLD) is a
key element needed for cell migration of leukocytes 3; 4; 5; 6; 7;8. For the present study, we
hypothesize that in a similar fashion, cancer cell invasiveness could be dependent on the
presence of PLD at the time of metastatic initiation. For this we have utilized a panel of
breast cancer cells that are responsive to EGF as chemoattractant, including MTLn3, a
highly metastatic rat mammary adenocarcinoma cell line 4, and human MDA-MB-231,
H1299 and MCF-7 cells. MDA-MB-231 cells possess the largest number of EGF receptors
per cell calculated to be ~700,000 followed in descending order by MTLn3 cells, H1299
cells and MCF-7 cells have the fewest EGF receptors per cell estimated at ~3000–6000 per
cell 9; 10; 11; 12.

PLD is an enzyme that breaks down phosphatidylcholine (PC) to phosphatidic acid (PA) and
choline. These second messengers, PA and choline, are involved in many cellular functions
ranging from cytoskeletal rearrangement, phagocytosis, vesicle trafficking, exocytosis 13; 14

and, importantly, cell migration 15. PLD has been implicated in cell proliferation and
cancer 16; 17; 18. PLD has two common isoforms, PLD1 and PLD2. PLD1 is a 1072 amino
acid 120 kDa protein localized to the long arm (q) of chromosome 3 (3q26) and is found in
perinuclear, Golgi and heavy membrane fractions 16; 19. The PLD1 location, 3q26, is a very
common chromosomal alteration that is found in many cancers, including that of ovarian
lung, prostate, esophageal, nasopharyngeal and breast cancer 20; 21; 22; 23; 24. PLD2 is a 933
amino acid 106kDa protein, located on the short arm (p) of chromosome 17(17p13) and
predominately found in the plasma membrane 25. Additionally, the PLD2 location, 17p13, is
situated in an area of chromosome 17 that besides being involved in brain and eye
development and in somatic growth is also found to be frequently altered in breast cancers
and contributes to high S-phase, a higher aggressive tumor phenotype and possibly
metastasis 26; 27; 28.

In the present paper, we have investigated cell invasion and defined a new mechanism that
explains the highly invasive potential of adenocarcinoma cells. It is shown for the first time
that JAK3-specific lipase phosphorylation of PLD2 directly mediates MTLn3 cell invasion,
which implicates a role for JAK3 in EGF-mediated processes and cancer.

Results
Cell invasion of MTLn3 and MCF-7 cells is negatively affected by silencing PLD2

MTLn3 and MDA-MB-231 cancer cells are two highly invasive breast adenocarcinoma cell
lines. Figure 1(a) represents hematoxylin-stained MTLn3 cells that invaded through the
matrigel medium in response to chemoattractant and are shown as an example of the
morphology of the invading cell. In the matrigel setting, we have determined the relative
levels of EGF-mediated cell invasion of 3 breast adenocarcinoma cell lines and 1 non-small
cell lung cancer cell line in response to 3 nM EGF (Figure 1(b), black bars). The hierarchical
level of cell invasion for these 4 cancer cell lines was as follows: MTLn3 > MDA-MB-231
> H1299 > MCF-7. Overall, the highly invasive MTLn3 cells were ~7-fold more invasive
than the MCF-7 cells. We found that all four cancer cell lines were negatively affected by
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silencing PLD2 with siRNA (Figure 1(a), grey bars) which indicates a dependency of cell
invasion on PLD. Perhaps as expected, the effectiveness of PLD2 silencing varied by cell
line (Figure 1(c)), as did the endogenous amount of PLD2 in each cell line. At any rate,
silencing of PLD and a concomitant robust inhibition of cell invasion indicates how crucial
PLD for invasion is.

Overexpression of wild-type PLD1 or PLD2 can augment cell invasion
We next overexpressed PLD1 and PLD2 constructs (wild-type and lipase-dead mutants) in
the four cell lines and analyzed western-blotting (Figure 2(a)), cell invasion (Figure 2(b–e))
and immunofluorescence (Figure 3). Figure 2(a) shows a robust protein expression of all
constructs in MTLn3 cells as an example of transfection. Overexpression of PLD1 and
PLD2 led to significant increases in cell invasion in non-stimulated and EGF-stimulated
MTLn3 cells (Figure 2(b), black bars). This was observed only with catalytically active PLD
constructs (wild-type) but not with lipase dead mutants (KR) (Figure 2(b), grey bars). A
similar pattern of cell invasion responses were seen in MDA-MB-231 (Figure 2(c)) and
MCF-7 (Figure 2(d)) cells, with PLD2 having a greater effect than PLD1, whereas H1299
(Figure 2(e)) cells showed a robust cell invasion only in the presence of EGF, yet again with
PLD2 showing a greater response than PLD1. All these overexpression results reinforce the
silencing data of Figure 1 and both together serve to indicate the dependency of cancer cell
invasion on PLD2 and its enzymatic activity.

Immunofluorescence microscopy of non-transfected (mock) MTLn3 cells indicates a
slightly increased punctate staining of endogenous PLD2 in vesicles following EGF
stimulation when compared to the negative control (Figure 3(a)). This effect was
significantly increased when MTLn3 cells were transfected with myc-tagged PLD2 (yellow
arrowheads) (Figure 3(b)) when compared to that of the endogenous control sample.
Additionally, we determined the effect of silencing PLD2 on the immufluorescence
localization of PLD2 in MTLn3 cells (Figure 3(c)), confirming that endogenous PLD2
staining as detected using an anti-PLD2 antibody is significantly reduced and virtually
undetectable when compared to endogenous (Figure 3(a)) or overexpressed PLD2 (Figure
3(b)). When MTLn3 cells were first silenced for PLD2 and then subsequently transfected for
PLD2 overexpression, we were able to document the partial rescue of PLD2 protein
expression (Figure 3(d)).

Implicating Janus Kinase-3 (JAK3) and PLD2 activities in the four cancer cell lines
Recently, our lab has shown that JAK3 is involved in chemotaxis of IL-8-stimulated human
neutrophils and differentiated HL-60 cells (dHL-60) and can modulate PLD2 activity 29; 30.
We decided to investigate if JAK3 would also play a role in regulating PLD2 activity in
cancer cell invasion. For this, we first ascertained the relative levels of JAK3 in the four cell
lines at hand. By western-blot, we proved the presence of JAK3 in MTLn3, MDA-MB-231,
and H1299 cells (Figure 4(a)). We then hypothesized that the initial cell invasion results
shown in Figure 1(a) could be also attributed to JAK3 kinase activity in these cell lines. We
measured JAK3 kinase activity with a JAK3tide as an exclusive peptide substrate for JAK3,
which has been utilized by other authors 31, as it is phosphorylated by JAK3 at Tyr-7 and
not by any other JAK family kinase. Endogenous JAK3 activity (in the absence of EGF) was
minimal for all four cell lines (Figure 4(b), open bars). Following EGF stimulation,
endogenous JAK3 phosphorylation activity was then detectable in all cell lines (Figure 4(b),
filled bars). MTLn3 cells had the highest EGF-mediated endogenous JAK3 activity, while
the H1299 cells have the second highest level of endogenous JAK3 activity, followed by
MDA-MB-231 and MCF-7 cells with the lowest levels of endogenous JAK3 activity.
Similarly to JAK3 activity, endogenous PLD activity of unstimulated cells was relatively
low for all 4 cell lines (Figure 4(c), open bars). Following EGF stimulation, MTLn3 cells
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had the greatest level of endogenous PLD activity of all four cancer cell lines tested (Figure
4(c), filled bars) with considerably lower endogenous PLD activity levels present in the
MDA-MB-231, H1299 and MCF-7 cells. Overall, these data are consistent with a role for
PLD in EGF-mediated cell invasion, as was also found to be the case in MDA-MB-231 and
MCF-7 cells used by 32.

In summary, all four cell lines have basal expression levels of both kinase and lipase
activities which are robustly enhanced by EGF treatment. Out of the 4 cell lines
investigated, we have found a trend where MTLn3 cells have the highest levels of cell
invasion (Figure 1(a)), highest response to ectopic PLD2 overexpression (Figure 2(b)),
highest endogenous PLD activity (Figure 4(b)) and highest JAK3 activity (Figure 4(a)),
whereas MCF-7 cells showed the lowest levels of all four parameters considered. As such,
we focused on MTLn3 and MCF-7 cells for all subsequent experiments and investigated the
relationship between PLD2, JAK3 and cell invasiveness in these two cell models.

JAK3 activates PLD2 to a greater extent in highly invasive MTLn3 cells than in MCF-7 cells
We have observed that JAK3 can phosphorylate PLD2 in vitro. Figure 5(b) for MTLn3 cells
and Figure 5(c) for MCF-7 cells (Figure 5(c)) show a phospho-PLD2 band as a result of
treatment with recombinant, active JAK3 in a radioimmunokinase assay. Initial studies have
indicated a role for Y-415 in regulating PLD2 activity29. As the PLD2 Y-415 residue is
located within a JAK3 consensus site between the PH domain and the first of two HKD
catalytic domains (Figure 5(a)), we prepared a PLD2 mutant (PLD2-Y415F) plasmid
encoding for a protein incapable of being phosphorylated by JAK3. We determined the level
of in vitro phosphorylation of PLD2-Y415F in MTLn3 (Figure 5(b)) and MCF-7 (Figure
5(c)) and it resulted in lower phosphorylation than that achieved by PLD2-WT. Figure 5(b)
(c) depicts more JAK3 phosphorylation of PLD2-WT when compared to the mutant PLD2-
Y415F, particularly in MTLn3 cells. Therefore, this data supports the notion that the PLD2-
Y415 is a substrate for JAK3 kinase action.

Next, we determined the order of signaling events between JAK3 and PLD2, and to
accomplish this we established the effect of JAK3 phosphorylation of PLD2 on its lipase
activity in MTLn3 and MCF-7 cells. As shown in Figure 6(a–b), PLD2 activity increased by
~2-fold and ~1.3-fold (left black bars in graphs), respectively, when active, recombinant
JAK3 protein was incubated in vitro with whole cell lysates from MTLn3 or MCF-7 cells
overexpressing PLD2-WT (which phosphorylated the myc-tagged PLD2 protein) as
compared to reactions devoid of the kinase (second empty bar from left in graphs).
Importantly, when this phosphorylation site on PLD2 is removed in the PLD2-Y415F
mutant, lipase activity of both cell lines (Figure 6(a)(b)) was reduced to basal levels. PLD2-
Y415F activity did respond to JAK3 treatment in either cell line (two bars to the right).
These data suggest that JAK3 can utilize PLD2 as an effective kinase substrate. However,
JAK3 can phosphorylate PLD2 to a greater extent in MTLn3 cells compared to MCF-7 cells.

Site-specific phosphorylation of PLD2 by JAK3 is crucial to MTLn3 cell invasion
Next, we examined the phosphorylation site at play (Y415) on the PLD2 molecule during
cell invasion to prove a direct JAK3 interaction with PLD2 by transfecting PLD2–WT or
mutant PLD2-Y415F plasmid DNA into MTLn3 and MCF-7 cells. Both MTLn3 (Figure
6(c)) and MCF-7 (Figure 6(d)) cells overexpressing PLD2-WT in the presence of EGF are
~2-fold more invasive than unstimulated cells. MTLn3 cells that overexpress the PLD2-
Y415F mutant resistant to JAK3 phosphorylation experience ~60% reduction in cell
invasion in the presence of EGF when compared to wild-type (Figure 6(c)). However, the
effect of PLD2-Y415F on MCF-7 cell invasion was much smaller (p < 0.05) than that of the
MTLn3 cells (Figure 6(d)). This data implicates the greater importance of JAK3
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phosphorylation of PLD2 for PLD2-mediated MTLn3 cell invasion compared to the less
invasive MCF-7 cells.

JAK3 silencing is rescued by PLD2 overexpression
Data in the previous figure was of an in vitro nature and served to highlight the key role of
JAK3 in enhancing PLD2 activity. Next, we tested suppressing JAK3 using small interfering
RNA specific for JAK3 in MTLn3 (Figure 7(a)) or MCF-7 (Figure 7(b)) cells. Invasion of
both cell lines that were silenced with siJAK3 was inhibited by ~50% or ~30%, respectively,
when compared to the non-transfected controls. Overexpression of PLD2-WT following
JAK3 silencing rescued cell invasion and increased motility by >200% in MTLn3 cells
when compared to the siJAK3 only sample devoid of PLD2 overexpression (Figure 7(a)).
However, the same rescue scenario utilized in MCF-7 cells only increased cell invasion by a
mere 10% (Figure 7(b)). Regarding a possible participation of STAT3 in JAK3-PLD2
interaction, we found that in the absence of PLD2, invasion was inhibited by siJAK3 alone,
siSTAT3 alone or both siJAK3 and siSTAT3 in combination in MTLn3 cells. Further,
MTLn3 cell invasion was also rescued by PLD2 when both JAK3 and STAT3 were silenced
but not that of MCF-7 cells. All this indicates that JAK3, for the purposes of activating
PLD2 for cell invasion, operates via an alternative pathway that is independent of STAT3 at
least in the MTLn3 cells.

Discussion
Our laboratory and others have reported that phospholipase D (PLD) is a key element
needed for cell migration of leukocytes 3; 4; 5; 6; 7; 8. In the present study, we have
demonstrated that cancer cell invasiveness is dependent on the presence of PLD (particularly
the PLD2 isoform) at the time of metastatic initiation. For this, we have utilized a panel of
breast cancer cells, including MTLn3, a highly metastatic rat mammary adenocarcinoma cell
line 4 and human MDA-MB-231 and MCF-7 cells, as well a non-small lung cancer cell line,
H1299. Ectopic expression of PLD2 augmented cell invasion in all four cell lines with an
efficacy (MTLn3≥MDA-MB-231>H1299≥MCF-7) that correlated well with their abilities
to invade matrigel in vitro and that also correlated well with the relative levels of
endogenous PLD2 in the cells. Previously, the greater invasive ability of MDA-MB-231
breast cancer cells has been demonstrated to be dependent on both mTOR and PLD2 and
ties apoptotic suppression with metastasis progression 32. This group also was able to
document that the overexpression of PLD2 in MCF-7 cells resulted in increased cell
migration and invasion when compared to negative controls.

Current literature indicates that JAK1, JAK2, JAK3 and Tyk2 are present to some extent in
MCF-7 cancer cells, JAK1 and JAK2 are present in MDA-MB-231 cancer cells and JAK3 is
present in MTLn3 cancer cells. We documented the presence of JAK3 protein in MTLn3,
MDA-MB-231, MCF-7 and H1299 cancer cells using western-blot analysis. MTLn3 cells
had the highest degree of EGF-mediated endogenous JAK3 activity, while the MDA-
MB-231, MCF-7 and H1299 cells had lower levels of endogenous JAK3 activity following
treatment with EGF. JAK3 catalytic activities of the 4 cancer cell lines did not necessarily
correlate with relative JAK3 protein expression levels as detected using western-blot
analysis as did that of PLD2. However, these data overall implicate a role for JAK3 in EGF-
mediated cell migration processes and cancer. Additionally, we document that MTLn3 cells
had the uppermost levels of EGF-mediated endogenous PLD lipase activity, while the other
3 cancer cell lines has the smallest levels of endogenous PLD lipase activity following EGF
stimulation. We also report for the first time that PLD2 is under control of Janus Kinase-3
(JAK3) with the kinase phosphorylating PLD2 at the Y415 residue, which enables its
activation. JAK3 knock-down abrogated lipase activity and EGF-stimulated cell invasion
independently of STAT.
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In the study at hand, EGF has been used as a motogen (i.e. an inducing agent of cell
movement), a quality that it exhibits apart from its role as a growth factor. As is well known,
EGF contributes to cell growth, proliferation and differentiation by binding to its receptor,
EGF-R, a tyrosine kinase that initiates a signal transduction cascade that also promotes
motility and invasiveness of cancer cells 33; 34; 35; 36. EGF receptors activate PI3K/AKT,
Ras/MAPK, and JAK/STAT signaling pathways that lead to cell survival 37. We have
shown the effect of EGF stimulation as a motogen on the invasiveness of 3 breast
adenocarcinomas and one non-small cell lung cancer, whereby MTLn3 cells are highly
invasive when compared to especially the MCF-7 cells.

Figure 8 is a model depicting JAK3 phosphorylation and activation following EGF-
stimulation in both MTLn3 (Figure 8(a)) and MCF-7 (Figure 8(b)) cells, respectively, which
ultimately leads to cell invasion. In general, phosphorylation of PLD2 by JAK3 mediates
both its lipase activity and its role in cell invasion signaling. A strong positive interaction
(bold lines) exists in MTLn3 cells between JAK3 and PLD2, whereby JAK3 phosphorylates
and activates PLD2 at the tyrosine-415 residue. Both JAK3 and PLD are more catalytically
active in the highly invasive MTLn3 cells when compared to the weakly invasive MCF-7
cells. PLD2 overexpression rescues MTLn3 cell invasion when JAK3 is silenced. As shown
in Figure 8(a), upregulation of PLD2 or its product phosphatidic acid (PA) could control this
positive effect on JAK3 expression. A considerably weaker positive interaction (dashed
lines) exists between JAK3 and PLD2 in MCF-7 cells (Figure 8(b)). PLD2 overexpression
has a much weaker positive affect on JAK3 silencing in MCF-7 cell invasion when
compared to that of MTLn3 cells.

As shown for the first time in this study, we have found two proteins that are integral to cell
invasion: PLD2 and JAK3. Activation of PLD represents a chief signaling pathway
responsible for cancer cell sensitivity to chemotactic signals. EGF triggers the activation of
PLD 38; 39, and its product of activation, phosphatidic acid (PA), is a critical mediator of
EGF- dependent cell motility in cells 40; 41; 42. Our use of the PLD1/2 lipase dead mutants
has implicated a role for PA in PLD-mediated cell invasion, as was also found to be the case
for breast cancer cells transfected with an HA-tagged PLD2-K758R mutant that ultimately
resulted in reduced cell migration, spreading, invasion and metastasis and also decreased
proliferation 32; 43. A connection between MCF-7 cells and JAK3 parallels that of
thymocytes and bone marrow progenitor cells from Jak 3−/− mice, that have decreased
chemotactic responses to the chemokines CXCL12 and CCL25 44.

In summary, the current study links PLD2 and JAK3 to enhanced invasiveness potential.
This knowledge suggests that a high JAK3/PLD2 activity combination might constitute a
novel target to inhibit breast cancer cell invasion.

Materials and Methods
Reagents

DMEM was from Cellgro; α-MEM, Lipofectamine, Plus reagent and Lipofectamine 2000
were from Invitrogen; matrigels were from BD Biosciences; hematoxylin was from Ricca
Chemical Co.; purified recombinant human JAK3 and JAK3tide synthetic peptide substrate
were from Millipore; [3H]-butanol was from American Radiolabeled Chemicals; [32P]-
γATP was from Perkin-Elmer; ECL reagent was from GE Healthcare; rabbit anti-myc and
rabbit anti-HA antibodies were from Cell Signaling; rabbit polyclonal anti-myc-FITC IgG
was from Santa Cruz Biotechnology; EGF was from Peprotech; and si-Neg, siJAK3 and
siSTAT3 were from Applied Biosystems.
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Cells and cell culture
MDA-MB-231 cells were obtained from ATCC. MCF-7 and H1299 cells were from Dr.
Steven Berberich (Wright State University) and MTLn3 cells were from Dr. Jeffrey Segall
(Albert Einstein College of Medicine). MCF-7, MDA-MB-231 and H1299 cells were
cultured in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS), while MTLn3
cells were cultured in α-MEM supplemented with 5% (v/v) FBS.

Cell invasion assays
Cells that had been in either 10% FBS (MDA-MB-231, H1299 or MCF-7) or 5% FBS
(MTLn3) were serum-starved for 2 hr in chemotaxis buffer that contained DMEM + 0.5 %
bovine serum albumin for MDA-MB-231, H1299 and MCF-7 cells or HMEM + 0.5 %
bovine serum albumin for MTLn3 cells and resuspended at a concentration 1.5 × 106 cells/
ml in the appropriate chemotaxis buffer. 200 μl cells were applied to the upper chambers of
8 μm PET matrigels (24-well format) with a 6.5 mm diameter membrane. Final
concentration of chemoattractant used was 0 or 3 nM EGF in 500 μl of chemotaxis buffer
placed in the lower wells of 24-well plates. Cell invasion assays were incubated for 6 hr
(MDA-MB-231 and H1299) or overnight (MTLn3 and MCF-7) at 37 °C in a humidified 5
% CO2 cell culture incubator. Cells were scraped from the matrigel insert and were then
stained for 1 hr in hematoxylin at room temp to visualize cells that invaded the matrigel. The
number of cells that migrated through the matrigel to the bottom surface of the insert was
calculated by counting 3 fields of cells using a 20× objective and a 10× ocular.

Gene Silencing
The protocol for silencing involved transfection of 300 nM siPLD2, 300 nM siJAK3 or 300
nM siSTAT3 into MTLn3 or MCF-7 cells using Lipofectamine 2000 and α-MEM cell
culture media containing 5 % (MTLn3) or Mirus siQuest and DMEM containing 10% %
fetal calf serum (MCF-7). Silencing reactions were allowed to incubate at 37 °C overnight at
which time cells were washed and re-fed with complete media minus antibiotics. After 48
hr, cells were transfected with 2 μg myc-PLD2 plasmid DNA using transfection reagents as
described earlier for 3 hr at 37 °C in cell culture incubator. Cells were washed and re-fed
with complete media and were allowed to be silenced for a total of 96 hr and simultaneously
transfected with PLD for 48 hr at which time cell invasion was performed.

Immunofluorescence Microscopy
MTLn3 cells were seeded onto glass coverslips at a density of ~10–20% confluency and
then were either mock-treated, transfected with recombinant myc-tagged PLD2, silenced
using si-RNA specific for PLD2 or first silenced with si-PLD2 and then subsequently
transfected with recombinant myc-tagged PLD2. Endogenous and silenced PLD2 proteins
were detected using rabbit anti-PLD2 (H-133) monoclonal IgG antibody followed by
donkey anti-rabbit IgG FITC secondary antibody. Overexpressed myc-tagged PLD2 was
detected using rabbit anti-myc-FITC IgG conjugate. Nuclei were stained with 1:2000 DAPI
in PBS. Coverslips were washed with PBS and then distilled water, dried and mounted onto
glass slided using Vectashield mounting solution. Cells were imaged using a Nikon 50i
eclipse epifluorescence microscope and a 100× PlanFluor OIL objective.

PLD2 lipase assay
Cells that had been in either 10% FBS (MDA-MB-231, H1299 or MCF-7) or 5% FBS
(MTLn3) were serum-starved for 2 hr in chemotaxis buffer that contained DMEM + 0.5 %
bovine serum albumin for MDA-MB-231, H1299 and MCF-7 cells or HMEM + 0.5 %
bovine serum albumin for MTLn3 cells and resuspended at a concentration 1.5 × 106 cells/
ml in the appropriate chemotaxis buffer. Samples containing 2 × 106 cells were either mock-
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treated or treated with 3 nM EGF for 14 min in a 37 °C waterbath with vigorous shaking.
After stimulation, cells were sedimented, washed and finally lysed via sonication in 100 μl
Special Lysis Buffer (SLB) (5 mM HEPES, pH 7.8, 100 μM NaVO3, 0.4 % Triton X-100
and 5 μg/ml leupeptin and aprotinin) and split into 2 × 50 μl aliquots for duplicate
determinations in the PLD2 assay, as performed in 29. Results were quantified as DPM/μg.

JAK3 Kinase Assay
Cells that had been in either 10% FBS (MDA-MB-231, H1299 or MCF-7) or 5% FBS
(MTLn3) were serum-starved for 2 hr in chemotaxis buffer that contained DMEM + 0.5 %
bovine serum albumin for MDA-MB-231, H1299 and MCF-7 cells or HMEM + 0.5 %
bovine serum albumin for MTLn3 cells and resuspen ded at a concentration 1.5 × 106 cells/
ml in the appropriate chemotaxis buffer. Samples containing 2 × 106 cells were either mock-
treated or treated with 3 nM EGF for 14 min in a 37 °C waterbath with vigorous shaking.
After stimulation, cells were prepared as in 30. After stimulation, cells were sedimented,
washed and finally lysed via sonication in 20 μl SLB containing protease inhibitors. Lysates
were incubated in the presence of the following final concentration of each: 8.25 mM
HEPES, pH 7.5, 18.75 mM MgCl2, 1.25 mM EGTA, 18.75 μM Na Orthovanadate, 3.125
μM p-nitrophenylphosphate (PNPP), 0.625 μCi [32Pγ]-ATP, 40 μM cold ATP and 42 μM
JAK3tide substrate to yield a 40 μl total kinase reaction volume. Cell lysates were
immunoprecipitated with an antibody at 1 μg/μl intended to be used for the kinase assay
(i.e., with anti-JAK3 for JAK3 kinase assay). Each immunoprecipitate was washed and
resuspended into 2 × 30 μl volumes of SLB and used in the kinase assays as listed above
using no peptide substrate or the JAK3tide peptide substrate only. Reactions were incubated
at 30 °C for 20 min and stopped by spotting 20 μl reactions onto 2 × 2.5 cm2 pieces of P81
Whatman filter paper for duplicate determinations. After filter papers were dry, each was
washed in cold running water for 5 min total. Filters were dried and individual filters placed
into scintillation vials containing Scintiverse II (Fisher) liquid scintillation cocktail. All
samples were counted in a Beckman LS 6000TA liquid scintillation counter using the [32P]
protocol for 1 min each. Results were quantified as DPMs and expressed in terms of –fold
activation.

JAK3 Phosphorylation of PLD2
PLD2 was overexpressed in MTLn3 and MCF-7 cells for 48 hr and then lysates were
prepared. The effect of JAK3 on PLD2 activity was measured using whole lysates
containing overexpressed PLD2 were mixed with purified, recombinant JAK3 (that was first
pre-activated for 10 min at 30 °C with 100 μM cold ATP and 1mM MgCl2) and were
incubated for 20 min at 30–37 °C in a rocking incubator. Phosphorylated PLD2 was then
immunoprecipitated with anti-myc antibodies and the immunocomplex beads were used for
PLD2 activity assays, as described earlier herein.

Statistical Analysis
Data are presented as mean ± SEM. The difference between means was assessed by the
Single Factor Analysis of Variance (ANOVA) test. Probability of p<0.05 indicated a
significant difference.

Acknowledgments
We thank Jennalee Post and Stephen Short for technical assistance and Erin Lintz for her expertise with the
immunofluorescence microscopy of MTLn3 cells. This work was supported by the grant HL056653 (J.G.-C.) from
the National Institutes of Health and the Research Challenge Grant 667131 from Wright State University.

Henkels et al. Page 8

J Mol Biol. Author manuscript; available in PMC 2012 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



References
1. Friedl P, Wolf K. Tumour-cell invasion and migration: diversity and escape mechanisms. Nat Rev

Cancer. 2003; 3:362–74. [PubMed: 12724734]
2. Sahai E. Mechanisms of cancer cell invasion. Curr Opin Genet Dev. 2005; 15:87–96. [PubMed:

15661538]
3. Powner DJ, Pettitt TR, Anderson R, Nash GB, Wakelam MJ. Stable adhesion and migration of

human neutrophils requires phospholipase D-mediated activation of the integrin CD11b/CD18. Mol
Immunol. 2007; 44:3211–21. [PubMed: 17346796]

4. Wang W, Goswami S, Lapidus K, Wells AL, Wyckoff JB, Sahai E, Singer RH, Segall JE, Condeelis
JS. Identification and testing of a gene expression signature of invasive carcinoma cells within
primary mammary tumors. Cancer Res. 2004; 64:8585–94. [PubMed: 15574765]

5. Lehman N, Di Fulvio M, McCray N, Campos I, Tabatabaian F, Gomez-Cambronero J. Phagocyte
cell migration is mediated by phospholipases PLD1 and PLD2. Blood. 2006; 108:3564–72.
[PubMed: 16873675]

6. Henkels KM, Short S, Peng HJ, Di Fulvio M, Gomez-Cambronero J. PLD2 has both enzymatic and
cell proliferation-inducing capabilities, that are differentially regulated by phosphorylation and
dephosphorylation. Biochem Biophys Res Commun. 2009; 389:224–8. [PubMed: 19715678]

7. Agullo G, Gamet-Payrastre L, Manenti S, Viala C, Remesy C, Chap H, Payrastre B. Relationship
between flavonoid structure and inhibition of phosphatidylinositol 3-kinase: a comparison with
tyrosine kinase and protein kinase C inhibition. Biochem Pharmacol. 1997; 53:1649–57. [PubMed:
9264317]

8. Lee SF, Lin JK. Inhibitory effects of phytopolyphenols on TPA-induced transformation, PKC
activation, and c-jun expression in mouse fibroblast cells. Nutr Cancer. 1997; 28:177–83. [PubMed:
9290125]

9. Fitzpatrick SL, Brightwell J, Wittliff JL, Barrows GH, Schultz GS. Epidermal growth factor binding
by breast tumor biopsies and relationship to estrogen receptor and progestin receptor levels. Cancer
Res. 1984; 44:3448–53. [PubMed: 6331648]

10. Lichtner RB, Kaufmann AM, Kittmann A, Rohde-Schulz B, Walter J, Williams L, Ullrich A,
Schirrmacher V, Khazaie K. Ligand mediated activation of ectopic EGF receptor promotes matrix
protein adhesion and lung colonization of rat mammary adenocarcinoma cells. Oncogene. 1995;
10:1823–32. [PubMed: 7753557]

11. Imai Y, Leung CK, Friesen HG, Shiu RP. Epidermal growth factor receptors and effect of
epidermal growth factor on growth of human breast cancer cells in long-term tissue culture.
Cancer Res. 1982; 42:4394–8. [PubMed: 6290036]

12. Salomon DS, Zwiebel JA, Bano M, Losonczy I, Fehnel P, Kidwell WR. Presence of transforming
growth factors in human breast cancer cells. Cancer Res. 1984; 44:4069–77. [PubMed: 6331663]

13. Exton JH. Regulation of phospholipase D. FEBS Lett. 2002; 531:58–61. [PubMed: 12401203]
14. Jenkins GM, Frohman MA. Phospholipase D: a lipid centric review. Cell Mol Life Sci. 2005;

62:2305–16. [PubMed: 16143829]
15. Frondorf K, Henkels KM, Frohman MA, Gomez-Cambronero J. Phosphatidic acid (PA) is a

leukocyte chemoattractant that acts through S6 kinase signaling. J Biol Chem. 2010; 285:15837–
15847. [PubMed: 20304930]

16. Foster DA, Xu L. Phospholipase D in cell proliferation and cancer. Mol Cancer Res. 2003; 1:789–
800. [PubMed: 14517341]

17. Noh DY, Ahn SJ, Lee RA, Park IA, Kim JH, Suh PG, Ryu SH, Lee KH, Han JS. Overexpression
of phospholipase D1 in human breast cancer tissues. Cancer Lett. 2000; 161:207–14. [PubMed:
11090971]

18. Su W, Chen Q, Frohman MA. Targeting phospholipase D with small-molecule inhibitors as a
potential therapeutic approach for cancer metastasis. Future Oncol. 2009; 5:1477–86. [PubMed:
19903073]

19. Park SH, Chun YH, Ryu SH, Suh PG, Kim H. Assignment of human PLD1 to human chromosome
band 3q26 by fluorescence in situ hybridization. Cytogenet Cell Genet. 1998; 82:224. [PubMed:
9858822]

Henkels et al. Page 9

J Mol Biol. Author manuscript; available in PMC 2012 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



20. Kuukasjarvi T, Tanner M, Pennanen S, Karhu R, Visakorpi T, Isola J. Optimizing DOP-PCR for
universal amplification of small DNA samples in comparative genomic hybridization. Genes
Chromosomes Cancer. 1997; 18:94–101. [PubMed: 9115969]

21. Knuutila S, Bjorkqvist AM, Autio K, Tarkkanen M, Wolf M, Monni O, Szymanska J, Larramendy
ML, Tapper J, Pere H, El-Rifai W, Hemmer S, Wasenius VM, Vidgren V, Zhu Y. DNA copy
number amplifications in human neoplasms: review of comparative genomic hybridization studies.
Am J Pathol. 1998; 152:1107–23. [PubMed: 9588877]

22. Kallioniemi A, Kallioniemi OP, Sudar D, Rutovitz D, Gray JW, Waldman F, Pinkel D.
Comparative genomic hybridization for molecular cytogenetic analysis of solid tumors. Science.
1992; 258:818–21. [PubMed: 1359641]

23. Courjal F, Theillet C. Comparative genomic hybridization analysis of breast tumors with
predetermined profiles of DNA amplification. Cancer Res. 1997; 57:4368–77. [PubMed: 9331100]

24. Kuukasjarvi T, Karhu R, Tanner M, Kahkonen M, Schaffer A, Nupponen N, Pennanen S,
Kallioniemi A, Kallioniemi OP, Isola J. Genetic heterogeneity and clonal evolution underlying
development of asynchronous metastasis in human breast cancer. Cancer Res. 1997; 57:1597–604.
[PubMed: 9108466]

25. Park SH, Ryu SH, Suh PG, Kim H. Assignment of human PLD2 to chromosome band 17p13.1 by
fluorescence in situ hybridization. Cytogenet Cell Genet. 1998; 82:225. [PubMed: 9858823]

26. Schiff M, Delahaye A, Andrieux J, Sanlaville D, Vincent-Delorme C, Aboura A, Benzacken B,
Bouquillon S, Elmaleh-Berges M, Labalme A, Passemard S, Perrin L, Manouvrier-Hanu S, Edery
P, Verloes A, Drunat S. Further delineation of the 17p13.3 microdeletion involving YWHAE but
distal to PAFAH1B1: four additional patients. Eur J Med Genet. 2010; 53:303–8. [PubMed:
20599530]

27. Thompson AM, Anderson TJ, Condie A, Prosser J, Chetty U, Carter DC, Evans HJ, Steel CM. p53
allele losses, mutations and expression in breast cancer and their relationship to clinico-
pathological parameters. Int J Cancer. 1992; 50:528–32. [PubMed: 1537617]

28. Takita K, Sato T, Miyagi M, Watatani M, Akiyama F, Sakamoto G, Kasumi F, Abe R, Nakamura
Y. Correlation of loss of alleles on the short arms of chromosomes 11 and 17 with metastasis of
primary breast cancer to lymph nodes. Cancer Res. 1992; 52:3914–7. [PubMed: 1617666]

29. Henkels KM, Peng HJ, Frondorf K, Gomez-Cambronero J. A comprehensive model that explains
the regulation of phospholipase D2 activity by phosphorylation-dephosphorylation. Mol Cell Biol.
2010; 30:2251–63. [PubMed: 20176813]

30. Henkels KM, Frondorf K, Gonzalez-Mejia ME, Doseff AL, Cambronero JG. IL-8-induced
neutrophil chemotaxis is mediated by Janus kinase 3 (JAK3). FEBS Lett. 585:159–166. [PubMed:
21095188]

31. Li J, Nara H, Rahman M, Juliana FM, Araki A, Asao H. Impaired IL-7 signaling may explain a
case of atypical JAK3-SCID. Cytokine. 2010; 49:221–8. [PubMed: 19889552]

32. Zheng Y, Rodrik V, Toschi A, Shi M, Hui L, Shen Y, Foster DA. Phospholipase D couples
survival and migration signals in stress response of human cancer cells. J Biol Chem. 2006;
281:15862–8. [PubMed: 16595654]

33. Price JT, Tiganis T, Agarwal A, Djakiew D, Thompson EW. Epidermal growth factor promotes
MDA-MB-231 breast cancer cell migration through a phosphatidylinositol 3′-kinase and
phospholipase C-dependent mechanism. Cancer Res. 1999; 59:5475–8. [PubMed: 10554021]

34. Diamond ME, Sun L, Ottaviano AJ, Joseph MJ, Munshi HG. Differential growth factor regulation
of N-cadherin expression and motility in normal and malignant oral epithelium. J Cell Sci. 2008;
121:2197–207. [PubMed: 18544635]

35. Slack JK, Catling AD, Eblen ST, Weber MJ, Parsons JT. c-Raf-mediated inhibition of epidermal
growth factor-stimulated cell migration. J Biol Chem. 1999; 274:27177–84. [PubMed: 10480934]

36. Xue C, Wyckoff J, Liang F, Sidani M, Violini S, Tsai KL, Zhang ZY, Sahai E, Condeelis J, Segall
JE. Epidermal growth factor receptor overexpression results in increased tumor cell motility in
vivo coordinately with enhanced intravasation and metastasis. Cancer Res. 2006; 66:192–7.
[PubMed: 16397232]

37. Gibson SB. Epidermal growth factor and trail interactions in epithelial-derived cells. Vitam Horm.
2004; 67:207–27. [PubMed: 15110179]

Henkels et al. Page 10

J Mol Biol. Author manuscript; available in PMC 2012 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



38. Yeo EJ, Exton JH. Stimulation of phospholipase D by epidermal growth factor requires protein
kinase C activation in Swiss 3T3 cells. J Biol Chem. 1995; 270:3980–8. [PubMed: 7876145]

39. Hayes TS, Billington CJ, Robinson KA, Sampt ER, Fernandez GA, Gomez-Cambronero J. Binding
of GM-CSF to adherent neutrophils activates phospholipase D. Cell Signal. 1999; 11:195–204.
[PubMed: 10353694]

40. Mazie AR, Spix JK, Block ER, Achebe HB, Klarlund JK. Epithelial cell motility is triggered by
activation of the EGF receptor through phosphatidic acid signaling. J Cell Sci. 2006; 119:1645–54.
[PubMed: 16569667]

41. Bourgoin S, Plante E, Gaudry M, Naccache PH, Borgeat P, Poubelle PE. Involvement of a
phospholipase D in the mechanism of action of granulocyte-macrophage colony-stimulating factor
(GM-CSF): priming of human neutrophils in vitro with GM-CSF is associated with accumulation
of phosphatidic acid and diradylglycerol. J Exp Med. 1990; 172:767–77. [PubMed: 2201747]

42. Kim JY, Kwon EY, Lee YS, Kim WB, Ro JY. Eupatilin blocks mediator release via tyrosine
kinase inhibition in activated guinea pig lung mast cells. J Toxicol Environ Health A. 2005;
68:2063–80. [PubMed: 16326424]

43. Knoepp SM, Chahal MS, Xie Y, Zhang Z, Brauner DJ, Hallman MA, Robinson SA, Han S, Imai
M, Tomlinson S, Meier KE. Effects of active and inactive phospholipase D2 on signal
transduction, adhesion, migration, invasion, and metastasis in EL4 lymphoma cells. Mol
Pharmacol. 2008; 74:574–84. [PubMed: 18523140]

44. Soldevila G, Licona I, Salgado A, Ramirez M, Chavez R, Garcia-Zepeda E. Impaired chemokine-
induced migration during T-cell development in the absence of Jak 3. Immunology. 2004;
112:191–200. [PubMed: 15147562]

Henkels et al. Page 11

J Mol Biol. Author manuscript; available in PMC 2012 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
PLD2 knock-down inhibits and PLD2 overexpression augments cancer cell invasion. (a)
hematoxylin-stained MTLN3 cells on the underside of the matrigel filter after cell invasion.
Pores in the filter (8 μm in diameter) are readily seen in the micrograph. (b) basal cell
invasion of cancer cell lines and the effect of silencing PLD2 in response to 3 nM EGF as
detailed in Materials and Methods. The (*) denotes a significant increase (p < 0.05 by
ANOVA) in cell invasion with respect to the unstimulated control. The (#) denotes a
significant decrease of the means (p < 0.05 by ANOVA) in cell invasion with respect to the
EGF-stimulated control. Results represent mean ± SEM for four independent experiments.
(c) western-blot analysis of endogenous PLD2 silencing of cancer cell lines using mouse
anti-PLD2 monoclonal antibodies following by anti-mouse IgG HRP conjugated secondary
antibodies and then ECL detection (top panels). Five hundred μg of each lysate was loaded
per lane to achieve equal protein loading as indicated by the actin loading control (bottom
panels).
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Figure 2.
Overexpression of wild-type PLD1 or PLD2 augments basal and chemoattractant-stimulated
cell invasion of cancer cells. (a) overexpression of PLD1/2 wild-type or lipase-dead mutants
in MTLn3 cells as detected using western-blots. (b–e) effect of PLD1/2 overexpression on
cancer cell invasion of the MTLn3, MDA-MB-231, H1299 and MCF-7 cancer cell lines as
detailed in Materials and Methods. The (*) denotes a significant increase in the means (p <
0.05 by ANOVA) in cell invasion with respect to the unstimulated control. The (#) denotes a
significant decrease in the means (p < 0.05 by ANOVA) in cell invasion with respect to the
EGF-stimulated control.
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Figure 3.
Effect of PLD2 overexpression or PLD2 silencing in MTLn3 cancer cells before and after
10 min stimulation with 3 nM EGF as analyzed by immunofluorescence microscopy. (a)
endogenous PLD2 protein in non-transfected MTLn3 cells. (b) MTLn3 cells overexpressing
PLD2. (c) silenced PLD2 protein in MTLn3 cells. (d) PLD2 protein in non-transfected
MTLn3 cells silenced for endogenous PLD2 and subsequently rescued with wild-type
PLD2. Endogenous and silenced PLD2 proteins were detected using rabbit anti-PLD2
(H-133) monoclonal IgG antibody followed by donkey anti-rabbit IgG FITC secondary
antibody. Overexpressed myc-tagged PLD2 was detected using rabbit anti-myc-FITC IgG
conjugate. Yellow arrowheads indicate punctate staining after EGF stimulation.
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Figure 4.
Relative endogenous JAK3 kinase and PLD2 lipase activities of four cancer cell lines. (a)
Western-blot analysis of endogenous JAK3 protein expression in MTLn3, MCF-7, MDA-
MB-231 and H1299 cancer cells. PVDF membrane was probed with 1:1000 rabbit anti-
JAK3 monoclonal antibodies, then probed with 1:3000 sheep anti-rabbit IgG HRP
secondary antibodies and visualized using ECL reagents. (b) JAK3 kinase assay of MTLn3,
MCF-7, MDA-MB-231 and H1299 cancer cells in the absence or presence of 3 nM EGF as
detailed in Materials and Methods. The amount of endogenous JAK3 specific
phosphorylation of the JAK3tide substrate was measured and quantified in terms of –fold
activation ± SEM in regard to their respective negative control which is no peptide in the
kinase assay. (c) Endogenous PLD assay of MTLn3, MCF-7, MDA-MB-231 and H1299
cancer cells in the absence or presence of 3 nM EGF as detailed in Materials and Methods.
The amount of [3H]-PBut that co-migrated with PBut standards was measured and
quantified in terms of DPM/mg protein ± SEM.
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Figure 5.
In vitro phosphorylation of PLD2 by JAK3. (a) the Y-415 residue on PLD2 is within a JAK3
consensus site that is situated between the PH domain and the first of two HKD catalytic
domains. (b)(c) Radioimmunokinase assay of western-blot of PLD2-WT or PLD2-Y415F
transfected into MTLn3 (b) and MCF-7 (c) cells in the absence or presence of JAK3
phosphorylation. Top panel: PLD2 phosphorylation. Middle panel: western-blot analysis of
the same MTLn3 and MCF-7 samples probed for the presence of the myc-tagged PLD2
using 1:1000 rabbit anti-myc IgG monoclonal antibodies followed by 1:3000 anti-rabbit IgG
HRP conjugated secondary antibodies and then visualized using ECL reagents. Bottom
panel: western-blot analysis of the same MTLn3 and MCF-7 samples probed for the
presence of actin using 1:2000 rabbit anti-actin IgG monoclonal antibodies followed by
1:3000 anti-rabbit IgG HRP conjugated secondary antibodies and then visualized using ECL
reagents.
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Figure 6.
JAK3 phosphorylation of PLD2 increases lipase activity in MTLn3 and MCF-7 cells, while
dephosphorylation of PLD2 significantly decreases MTLn3 cell invasion. (a–b) JAK3
phosphorylation of overexpressed PLD2-WT or PLD2-Y415F in MTLn3 cells (a) and
MCF-7 (b) cells. Results were quantified in terms of DPM/mg protein ± SEM. (c–d) effect
of JAK3 phosphorylation on PLD2-mediated cell invasion of MTLn3 (c) or MCF-7 (d)
cells. Results were quantified in triplicate as number of invading cells per insert ± SEM. (*)
or (#) represent differences between means, as determined by ANOVA, above or below the
negative control levels.
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Figure 7.
PLD2 overexpression reverses and rescues the effect of JAK3 silencing in MTLn3 cell
invasion but not in MCF-7 cell invasion as a result of a positive feedback loop. (a–b) effect
of silencing JAK3 or STAT3 protein expression on PLD2-mediated cell invasion of MTLn3
(a) or MCF-7 (b) cells. Results were quantified in triplicate as number of invading cells per
insert (% over control) ± SEM. (*) or (#) represent differences between means, as
determined by ANOVA, above or below the negative control levels.
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Figure 8.
Model representing a positive interaction between PLD2 and JAK3 during cancer cell
invasion and the impact of apigenin on this interaction. (a–b) JAK3 phosphorylation and
activation of PLD2-mediated cell invasion of MTLn3 (a) and MCF-7 (b) cells in response to
EGF-stimulation and the effect of apigenin on this mechanism.

Henkels et al. Page 19

J Mol Biol. Author manuscript; available in PMC 2012 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


