
PHOSPHOLIPASE D (PLD) DRIVES CELL INVASION, TUMOR 
GROWTH AND METASTASIS IN A HUMAN BREAST CANCER 
XENOGRAPH MODEL

Karen M. Henkels1, Gregory P. Boivin2,3, Emily S. Dudley2, Steven J. Berberich1, and Julian 
Gomez-Cambronero1

1Department of Biochemistry and Molecular Biology, Wright State University School of Medicine, 
Dayton, OH 45435

2Laboratory Animal Resources, Boonshoft School of Medicine, Wright State University School of 
Medicine, Dayton, OH 45435

3Veterans Affairs Medical Center, Cincinnati, OH 45220

Abstract

Breast cancer is one of the most common malignancies in human females in the world. One 

protein that has elevated enzymatic lipase activity in breast cancers in vitro is phospholipase D 

(PLD), which is also involved in cell migration. We demonstrate that the PLD2 isoform, which 

was analyzed directly in the tumors, is crucial for cell invasion that contributes critically to the 

growth and development of breast tumors and lung metastases in vivo. We used three 

complementary strategies in a SCID mouse model and also addressed the underlying molecular 

mechanism. First, the PLD2 gene was silenced in highly metastatic, aggressive breast cancer cells 

(MDA-MB-231) with lentivirus-based shRNA, which were xenotransplanted in SCID mice. The 

resulting mouse primary mammary tumors were reduced in size (65%, p<0.05) and their onset 

delayed when compared to control tumors. Second, we stably overexpressed PLD2 in low-

invasive breast cancer cells (MCF-7) with a biscistronic MIEG retroviral vector and observed that 

these cells were converted into a highly aggressive phenotype, as primary tumors that formed 

following xenotransplantation were larger, grew faster and developed lung metastases more 

readily. Third, we implanted osmotic pumps into SCID xenotransplanted mice that delivered two 

different small-molecule inhibitors of PLD activity (FIPI and NOPT). These inhibitors led to 

significant (>70%, p<0.05) inhibition of primary tumor growth, metastatic axillary tumors and 

lung metastases. In order to define the underlying mechanism, we determined that the machinery 

of PLD-induced cell invasion is mediated by phosphatidic acid (PA), WASp, Grb2 and Rac2 

signaling events that ultimately affect actin polymerization and cell invasion. In summary, this 
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study shows that PLD has a central role in the development, metastasis and level of aggressiveness 

of breast cancer, raising the possibility that PLD2 could be used as a new therapeutic target.
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INTRODUCTION

Breast cancer is globally the most common malignancy affecting greater than one million 

human females per year in 145 countries surveyed (1, 2). Breast cancer metastasis, which is 

the primary cause of death in patients, is a complex process that involves cell proliferation, 

invasion through basement membrane and vessel walls, diapedesis into capillaries or 

lymphatic vessels and further establishment of new colonies in other tissues (3–5). Cell 

invasion and metastasis need the interaction of a developmental regulatory program, called 

epithelial-mesenchymal transition (EMT), for transformed epithelial cells to several 

malignant attributes that enable them to systematically invade adjacent tissues (6). Matrix 

metalloproteinase (MMP) secretion, which requires the full function of the actin-based 

motility machinery of the cell, is involved in metastasis and is mediated by phospholipase D 

(PLD), which contributes to in vitro tumor cell invasion (7–12).

Phosphatidic acid (PA)-dependent PLD is required for actin polymerization and ruffle 

formation, chemotaxis and phagocytosis and elevated PLD activity has been found in 

colorectal, renal, gastric and breast cancers, as well as melanoma (13–22). PLD confers 

rapamycin resistance and survival signals in human cancer cells with activated H-Ras or K-

Ras (19, 23). There is also a requirement for normal PLD catalytic activity in H-RasV12-

induced transformation of normal Rat-2 fibroblasts (24). Elevation of either PLD or 

especially the PLD2 isoform has the potential to transform both murine and rat fibroblasts 

(25–27). The potential exists for stimulation of PLD activity to directly contribute to cell 

proliferation, which further compounds the formation of a fully malignant phenotype (28–

30). Recently, two powerful inhibitors of PLD enzymatic activity derived from halopemide 

have been described: 5-fluoro-2-indolyl des-chlorohalopemide (FIPI) and N-[2-(4–oxo-1-

phenyl-1,3,8-triazaspiro[4,5]dec-8-yl)ethyl]-2-naphthalenecarboxamide (NOPT) (31–33).

A commonly used animal model is the immunodeficient CB17/IcrHsd-Prkdc-Scid mouse 

model (34), which is deficient in B and T cells, thus allowing engraftment of allogeneic and 

xenogeneic cells. Additionally, the mammary fat pad (mfp) can be targeted by viral, 

chemical and physical carcinogens and will yield unique and complex models for neoplastic 

development. A SCID tumor model based on implantation of human MDA-MD-231 breast 

cancer cells into the mfp progresses rapidly (<4 weeks until primary tumor onset) after 

xenotransplantation (35, 36).

PLD couples survival and migration in tumor cell lines (37). Overexpression of wild-type 

PLD2 has been implicated in EL4 lymphoma metastasis in vivo, while overexpression of 

catalytically inactive PLD2 generated fewer liver metastases compared to control cells (38). 
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Recently, Chen et al. examined the in vivo role of PLD1 in melanoma growth and 

metastasis, showing that administration of the inhibitor FIPI into wild-type mice or the loss 

of PLD1 via PLD1 knockout mice led to a significant reduction of tumor metastases. These 

results implicate the importance of PLD1 in the tumor microenvironment, which aids in 

tumor growth/metastasis (39). However, in that work, PLD was not analyzed directly in the 

tumors or whether the other mammalian isoform, PLD2, contributed towards tumor growth.

In the present study, we demonstrate that PLD2 plays a role in breast cancer invasion and 

tumorigenesis in vivo. PLD2 stably silenced in highly invasive breast cancer cells led to 

tumors derived from these cells being only mildly invasive in SCID mice. Conversely, when 

PLD2 was overexpressed in low invasive breast cancer cells and xenotransplated into SCID 

mice, more substantial breast tumors arose. Moreover, implanting micro-osmotic pumps 

containing PLD-specific inhibitors into SCID mice led to a reduction of breast tumors and 

metastasis following xenotransplantation. Lastly, we determined the mechanism of 

mammary tumor cell invasion and metastasis seen following PLD2 overexpression as being 

mediated by PA, Grb2 and Rac2. We advance here the concept that PLD2 is a key factor for 

cell invasion that contributes critically to growth and metastasis of breast tumors in vivo. 

The results from this study will have clear pharmacological implications in humans.

RESULTS

Knocking down PLD deters invasion of highly aggressive cancer cells

It is known that MDA-MB-231 cells are highly invasive and metastatic cancer cells, and 

some reasons could be due to high PLD activity found in these cells and PLD’s involvement 

in cancer cell survival (37). We reasoned that if this were the case, inhibiting PLD2 

expression would diminish the highly invasive potential of these cells. To test this 

hypothesis, we knocked down PLD2 using a targeted lentiviral shRNA. We created two 

stable MDA-MB-231 cell lines, one that stably silenced PLD2 expression (MDA-MB-231 

shPLD2) (Figure 1A) and one infected with an appropriate negative control (MDA-MB-231 

shControl). Figure 1B represents the overall effectiveness of PLD2-knockdown, as shown 

using Western-blot analysis.

As shown in Figure 1C, we found that cell proliferation of shPLD2-silenced MDA-MB-231 

cells decreased as a function of time and a concomitant decrease in PLD catalytic activity 

(Figure 1D), cell invasion (Figure 1E) and chemotaxis (Figure 1F) were observed. Thus, 

these highly aggressive cancer cells have been rendered low-invasive by PLD2 expression 

that was knocked-down by ~70% and resulted in PLD activity that was decreased by ~55%, 

which underscores the crucial importance of this molecule in cell invasion.

We next tested if this decrease in aggressiveness was observed in an in vivo mouse model: 

SCID mice were injected with MDA-MB-231 shControl or shPLD2 cancer cells. We found 

a statistically significant 4-day delay in the onset of measurable primary breast tumor 

formation in mice injected with MDA-MB-231·pLKO-shPLD2 silenced cells when 

compared to mice that were injected with the negative MDA-MB-231 shControl cells 

(Figure 2A). Primary tumor volume was decreased by 65% after 27 days post-injection 
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(Figure 2B). This difference in primary tumor size was corroborated by the histology of 

these samples (Figure 2C–D, respectively).

Large subcutaneous solid carcinomas of differing size with central necrosis developed in 

both sets of mice at the site of tumor injection (primary tumors) (Figure 2C,D), while 

metastatic tumors of differing size presented as nodules in well circumscribed subcutaneous 

lymph glands (Figure 2E,F). However, we identified metastatic carcinomas with associated 

neutrophilic infiltration on the pleural surface of the lungs in ~20% of MDA-MB-231 

shControl mice (Figure 2G, arrowhead), whereas mice injected with MDA-MB-231 shPLD2 

cells had no lesions within the lungs (Figure 2H) or on the pleural surface (Figure 2I). If by 

eliminating PLD2, damage is reduced or eliminated, then it can be inferred that is presence 

of PLD2 was conducive to the metastatic phenotype.

PLD expression changes low-invasive MCF-7 cells to a high-invasive phenotype

Contrary to silencing PLD2 in a highly invasive breast cancer cell line, as just discussed, we 

sought to perform the opposite experimentation, i.e., overexpression of PLD in MCF-7, a 

low-invasive and low metastatic cell line (40, 41). As the pMIEG vector used to deliver the 

PLD genes also contained a downstream GFP construct (Fig. 3A), we were able to visually 

verify stable PLD-overexpressing MCF-7 cells following puromycin selection (Figure 3B–

D) and verified PLD2 induction using Western-blot analysis (Figure 3E). We found that cell 

proliferation of PLD1- or PLD2-overexpressing MCF-7 cells was increased ~2-fold when 

compared to the MCF-7·pMIEG-control cells (Figure 3F), concomitantly with increases in 

PLD catalytic activity (Figure 3G), cell invasion (Figure 3H) and chemotaxis (Figure 3I).

SCID mice were injected with MCF-7·pMIEG-PLD overexpressing cancer cells. The 

presence of PLD1/2 accelerated the onset of detectable primary tumors by ~ 7 days (10 days 

versus 17 days) compared with the negative control mice that received MCF-7·pMIEG-GFP 

cells (Figure 4A). Primary tumor volume was increased 7–10-fold in the MCF-7·pMIEG-

PLD injected mice when compared to controls (Figure 4B). Remarkably, PLD 

overexpression increased the number of metastatic axillary tumors generated in the SCID 

mice injected with MCF-7·pMIEG stable cells by a factor of 4 to 6 when compared to the 

negative control GFP vector mice (Figure 4C).

Hematoxylin-eosin stained cross-sections revealed the presence of tumors generated in the 

PLD-overexpressing MCF-7 cells. Negative control mice showed small carcinoma 

infiltration on the pleural surface (Figure 4D, arrowhead), whereas mice injected with breast 

cancer that overexpressed PLD2 had multifocal moderate sized perivascular metastatic 

carcinomas in the lung parenchyma (Figure 4F, arrowheads). Large subcutaneous solid 

carcinomas with central necrosis developed in both sets of PLD overexpressing mice at the 

site of tumor injection (primary tumors) (Figure 4H, I, respectively) and were significantly 

increased in size when compared to the medium-sized carcinoma generated in negative 

control MCF-7·pMIEG-GFP mice (Figure 4G).

Secondary tumors also presented as nodules in well-circumscribed subcutaneous metastases 

in axillary lymph nodes (Figure 4J–L) with the largest metastatic tumors being generated in 
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the PLD2 overexpressing mice (Figure 4L) when compared to control and PLD1 

overexpressing mice (Fig. 4J,K).

PLD inhibitors decrease cancer cell invasion in vitro

Recently described PLD inhibitors, FIPI and NOPT, were used to examine invasion through 

matrigel matrix of both MDA-MB-231 and MCF-7 cells 29,30. MDA-MB-231 cancer cells 

were much more responsive to cell invasion through matrigel matrix (Figure 5A) when 

compared to MCF-7 cells after epidermal growth factor (EGF) stimulation. We determined 

that the number of MDA-MB-231 (Figure 5B–D) cells that invaded in response to 3 nM 

EGF decreased in proportion to increasing inhibitor concentration compared to the non-

stimulated cells. Accordingly, we determined the optimal concentration of FIPI, NOPT and 

apigenin (Figure 5B–D insets, respectively) necessary to inhibit 50% of chemotactic MDA-

MB-231 breast cancer cells in response to EGF (apigenin is not a PLD inhibitor, but it was 

used here as a positive control for cell invasion).

The results from Figure 5E show that the endogenous PLD activity of MDA-MB-231 cells 

were more sensitive to the negative effect of the dual PLD inhibitor, FIPI, and the PLD2-

specific inhibitor, NOPT, as a function of time when compared to that of the tyrosine kinase 

inhibitor, apigenin. The decreases in MDA-MB-231 cell invasion and PLD2 activity due to 

PLD inhibition were not a result of a decrease in cell proliferation of the MDA-MB-231 

cells, as there was no alteration in proliferation when cell invasion measurements were 

performed (24 hours) (Figure 5F). However, treatment of cells with the small-molecule 

inhibitors for ≥36 hours resulted in a gradual decrease in cell proliferation indicating an anti-

proliferation effect of the PLD inhibitors. Further, we determined that MDA-MB-231 cancer 

cells that overexpress recombinant PLD2-WT were significantly less invasive (Figure 5G, 

open bars) in the presence of the small molecule inhibitors with a concomitant and greater 

decrease in PLD2 activity (Figure 5G, filled bars), which supports the data presented in 

Figure 5E.

PLD inhibitors robustly inhibit tumor size and metastases formation in vivo

To test the PLD inhibitors in vivo, SCID mice were implanted with an Alzet micro- osmotic 

pump containing an inhibitor (Figure 6A) in the left dorsal thoracic area (Figure 6B), and 

were subsequently xenotransplanted with MDA-MB-231 cancer cells. There was a 

significant delay (~ 1.2–2-fold) in the onset of primary breast tumors in FIPI- and NOPT-

treated mice (Figure 6C) and a significant decrease in the volume of primary tumors from 

the FIPI- and NOPT-treated mice (Figure 6D) (~30% and 40%, respectively).

Additionally, the presence of the small-molecule PLD inhibitors drastically reduced the 

number of metastatic axillary tumors generated in the SCID mice (Figure 6E). The mice that 

received NOPT had ~ 50% fewer metastatic axillary tumors when compared to the DMSO 

only negative control mice, while no secondary tumors were observed in the mice that 

received FIPI or apigenin.

Pathological studies indicated that MDA-MB-231 xenotransplanted SCID mice that received 

vehicle only (DMSO) had small focal metastatic perivascular lung carcinomas (Figure 6F, 
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arrowhead), while mice that received either PLD2 inhibitor (FIPI or NOPT) generated small 

2–20 cell carcinoma emboli in the alveolar walls (Figure 6H–I, arrowheads, respectively). 

Mice that received apigenin did not form metastatic lung lesions (Figure 6G).

MDA-MB-231 xenotransplanted SCID mice that received DMSO only had primary tumors 

that were large subcutaneous solid carcinomas with central necrosis invading the mammary 

fat pad and adjacent skeletal muscle (Figure 6J), while mice that received small-molecule 

inhibitors had primary tumors that were medium to small size subcutaneous solid 

carcinomas invading adjacent musculature (Figure 6K,M) or medium size subcutaneous 

solid carcinoma with central necrosis (FIPI, Figure 6L). Thus, PLD inhibitors robustly 

inhibited tumor onset, tumor size and lung metastasis once again underscoring the cell 

signaling molecule PLD as crucial in tumor progression.

Mechanism of PLD-derived enhancement of cell invasion and metastasis

In this study, we examined breast cancer cells to determine the underlying mechanism that 

regulates PLD-mediated cell invasion and metastasis and found that it involves PA, the 

product of PLD enzymatic activity. In addition to this, PLD could also associate with other 

signaling molecules that could contribute to the invasive, metastatic phenotype, as described 

below. In the first approach, to examine for PLD activity, we used a PA sensor (EGFP-PA-

binding domain of Spo) (32, 42, 43) to detect in vivo the presence of PA (Figure 7A). We 

observed that the PA sensor was recruited to a membranous surface in the MDA-MB-231 

cells that overexpressed PLD2 but remained nuclear in the MCF-7 that also overexpressed 

PLD2. The PA sensor was also redistributed to cytoplasmic localizations in silenced cells 

when compared to cells that overexpressed PLD2 (Figure 7B). These data suggest a lack of 

PA availability to bind to membrane surfaces under conditions where PLD2 is silenced in 

cells in general or where PLD2 is endogenously expressed to a lesser extent in the less 

invasive MCF-7 cells compared to the highly invasive MDA-MB-231 cells. Additionally, 

when lipase-inactive PLD1 (PLD1-K866R) or PLD2 (PLD2-K758R) constructs were stably 

overexpressed in MCF-7 cells, invasion was significantly reduced due to a lack of PA 

production by the transfected recombinant PLDs compared to expression of wild-type PLDs 

(Figure 7C).

In an earlier study from our lab, we found that Wiscott-Aldrich Syndrome protein (WASp) 

was involved in PLD2-mediated phagocytosis via interaction with the growth receptor 

bound protein 2 (Grb2), which acted as the docking protein between PLD2 and WASp (13). 

Considering this earlier finding, we explored the mechanistic importance of WASp to our in 

vivo SCID mouse model using transient overexpression of WASp into MCF-7 cells that 

stably overexpressed PLD2, which were then xenotransplanted into SCID mice. Tumor size 

at the inject site of mice xenotransplanted with MCF-7 cells expressing PLD2, transient 

overexpression of a WASp-WT construct or a combination of the two indicate a role for 

WASP possibly aiding PLD2 in tumorigenesis, which was prevented by PLD inhibitors FIPI 

and NOPT (Figure 7D).

Additionally, we also discovered that once PLD activity is elevated following binding to 

Grb2-SH2 via PLD2-Y169, PLD2 cooperates with Rac2, and these three proteins are then 

able to stimulate actin polymerization and subsequent membrane ruffle formation (44). 
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Taking this information into consideration, we determined that PLD2 lipase-independent 

interactions with Grb2 and Rac2 also underlie MDA-MB-231 cell invasion, as 

overexpression of either Grb2 or Rac2 alone or in combination with PLD2 overexpression 

significantly increased cell invasion of cancer cells (Figure 7E), while overexpression of 

Grb2 mutants that do not bind to PLD2 or WASp significantly reduced invasion (Figure 7E). 

In contrast, knockdown of Grb2 in conjunction with knockdown of PLD2 virtually 

abrogated invasion, as did knockdown of Rac2 gene expression (Figure 7G).

In addition to breast cancer cells MDA-MB-231 and MCF-7, we sought to investigate if our 

findings were relevant to other cell lines. The data presented in Figure 8A show that MTLn3 

(41) (rat breast cancer cells) demonstrate elevated cell invasion particularly with the 

overexpression of PLD2, Grb2 and WASP. Two other cancer cell lines, AML14-eosinophils 

(AML-14-Eo)(45) and HL-60 neutrophilic (HL60-neut), both leukemic, also displayed 

similar patterns. Thus, the mechanistic findings could be extrapolated to other cell lines.

A summary of the study findings is presented in Figure 8B, incorporating the chemical 

inhibitors, in vitro and in vivo studies. Further, we have found that the mechanism of PLD2-

mediated mammary tumor metastasis relies on both PA generated by PLD2 and on the 

interaction with protein binding partners, such as WASp, Grb2 and Rac2 that serve to 

upregulate actin polymerization and increase cell invasion.

DISCUSSION

The present study provides evidence that the signaling protein PLD2 is integral for human 

breast cancer progress in vivo by leading to increased tumor cell growth and invasion. We 

conducted a controlled study in SCID mice and the pathology examinations showed that 

PLD contributes to growth, invasion and metastases in vivo.

Using the metastatic model of SCID mice, we investigated the effects of short hairpin RNA 

(shRNA) as a means to constitutively silence PLD2 expression in highly invasive cancer 

cells (MDA-MD-231) and stable over-expression of PLD in low invasive cancer cells 

(MCF-7). We found that PLD2 knockdown in MDA-MB-231 breast cancer cells 

significantly abrogated tumor growth and lung metastases in SCID mice, while stable 

transduction of PLD2 in MCF-7 breast cancer cells significantly augmented tumor growth in 

SCID mice. Overexpression of lipase active PLD2 in lymphoma cells has been documented 

in the generation of liver metastases in vivo, while overexpression of lipase-inactive PLD2 

inhibited liver metastases compared to control lymphoma cells (38). This report and the data 

herein support the importance of catalytically active PLD2 to the metastatic process.

Additionally, it has been documented in Pld1−/− mice that tumor vascularization of mouse 

melanoma or lung carcinoma was significantly abrogated as a result of PLD downregulation 

in the tumor environment (i.e. host cells) (39), but these injected tumor cells had PLD1 and 

PLD2 expression. In the study reported herein, the environment has normal expression of 

PLD (i.e. wild-type mice), but we are studying PLD expression (or the lack of) directly in 

the tumor, as the injected cells have been engineered to overexpress or suppress PLD2. Both 
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of these studies ((39) and here) complement each other and give a more complete picture of 

the key role of PLD1 and PLD2 in tumorigenesis and metastasis.

We also studied the effects of small-molecule PLD inhibitors on tumor growth and the 

development of lung metastasis. FIPI is a derivative of halopemide that inhibits both PLD 

isoforms and interferes with PLD regulation of F-actin cytoskeleton reorganization, cell 

spreading and chemotaxis (31, 32). The other PLD enzymatic activity inhibitor, NOPT, 

inhibits the PLD2 isoform, both in vitro and in cells and is also effective as a PLD1 inhibitor 

at higher concentrations (33). In vitro, NOPT strongly inhibits the invasive migration of 

breast cancer cells in Transwell assays, shown the first time by (33). Very interestingly, 

Scott et al. present PLD as an useful target in blocking tumor cell invasion (33), which is 

what we have achieved in the present study in both in vitro cell invasion and in in vivo 

situations.

Chen et al. (39) showed elegantly that administration of FIPI to PLD1−/− mice inhibited 

tumor growth and metastasis. In the present study, we found that PLD inhibitory compounds 

deterred cell invasion, tumor growth and the incidence of metastatic tumors in 

xenotransplanted SCID mice, and that the novel approaches of deletion or overexpression of 

the PLD isoform PLD2 and follow up in vivo, demonstrates a crucial bearing of PLD2 on 

tumorigenesis. We advance here the concept that PLD2 is a key factor for cell invasion that 

contributes critically to growth and metastasis of breast cancer cells in vivo, which has 

potential clinical utility in human breast cancer treatment.

PLD confers rapamycin resistance (19) and survival signals in human cancer cells with 

activated H-Ras or K-Ras (23), possibly due to PA involvement. We have seen that the 

mechanism of PLD-mediated tumor invasion and metastasis involves PA and the association 

of PLD2 with Rac2 and actin. Support of PLD’s role in non-catalytic functions has been 

presented whereby PLD2 can still act as an adaptor protein for the Grb2 (13), binds onto 

Rac2 and affect cell membrane ruffling and cell growth (44, 46). We propose that PLD-

synthesized PA is directly involved in regulating actin polymerization of invasive 

mesenchymal cells. As known, cancer cells escape the initial tumor when the tumor reaches 

a certain size, becoming invasive and highly motile and gain entry into the systemic 

circulation by reaching a nearby capillary or lymph vessel. Since in the epithelial-to-

mesenchymal transition, cancer cells become amoeboid, free-floating and highly mobile like 

leukocytes, our knowledge amassed in the last 5–7 years on PLD-derived chemotaxis action 

will be directly implicated in cell invasion in vivo.

Our laboratory (13, 44, 47, 48) and others (49–53) have provided ample evidence of PA-

related actin polymerization. The implication of novel molecules such as Grb2, Sos, Wasp 

and Rac2 on cell migration has been previously reviewed (30, 54). Although we 

acknowledge that PLD1 is involved in increased tumor cell invasion and tumorigenesis in 

our model that relied on overexpression of PLD1 in the less invasive MCF-7 cells, we did 

not focus on any mechanistic control of PLD1 in this study, as our primary focus was on that 

of PLD2.
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In conclusion, this study documents the first proof of a role for PLD2 in breast tumor 

progression and metastasis and has provided insight into the mechanism of action. PLD2 

could be a marker of metastatic progression (38, 55, 56) and a viable target for anti-breast 

tumor therapy. This report provides the foundation for further studies of the molecular and 

cellular mechanisms by which PLD2 mediates tumor growth, invasion and metastasis in 

vivo. Our results also provide evidence that targeting PLD is a good candidate for future 

therapeutic and clinical applications aimed at reducing human breast cancer metastasis.

METHODS

Cells and cell culture

MDA-MB-231 cells were obtained from ATCC. MCF-7 cells were from Dr. Steven J. 

Berberich (Wright State University). GP2-293 retroviral packaging cells, MCF-7 and MDA-

MB-231 cells were cultured in DMEM supplemented with 10% (v/v) fetal bovine serum 

(FBS). Cells were maintained at 37°C in an incubator with a humidified atmosphere of 5% 

CO2.

Lentiviral production of MDA-MB-231 Cell Line to Stably Silence PLD2

Lentivirus was produced by the co-transfection of 293FT cells with a pLenti vector (pKLO-

shControl or pKLO-shPLD2) and lentiviral packaging mix (Invitrogen), according to the 

manufacturer’s instructions. Lentivirus-containing supernatant was harvested 48 hours post-

transfection, purified by centrifugation and stored at −80°C. For viral transductions, 1 mL of 

the pKLKO-shControl or pPLKO-shPLD2 lentiviruses was incubated with MDA-MB-231 

mammalian cells in the presence of 4 μg/mL polybrene overnight at 37°C in a humidified 

cell culture incubator. Twenty-four hours post-infection, cells were screened for target 

expression using a final concentration of 300 ng/mL puromycin for 7 days at which time 

mock MDA-MB-231·pKLO-shControl or PLD2-silenced MDA-MB-231·pKLO-shPLD2, 

puromycin-resistant cells were cultured in complete media (DMEM, 10% FCS, pen-strep). 

After 1 month of stable growth in complete media, verification of target cells was conducted 

by Western-blot analysis.

Cloning and Production of a MCF-7 Cancer Cell Line Stably Overexpressing Recombinant 
Human PLD2

To create the stable overexpression of recombinant PLD protein, a 5’ SalI and a 3’ HindIII 

sites were introduced in a pcDNA3.1-mycPLD2-WT PLD2 template. The PCR product was 

amplified with Pfu DNA polymerase. A pMIEG retroviral vector was prelinearized from the 

manufacturer and was recombined with the PCR product of interest using the In-Fusion Dry-

Down PCR Cloning Kit and sequenced to ascertain expression of the correct DNA 

sequence. GFP only, PLD1 or PLD2 cloned into the MIEG retroviral vector were referred to 

as either “pMIEG-GFP”, “pMIEG-PLD1” or “pMIEG-PLD2” and were used to generate 

replication-deficient retroviral particles in vitro. The pMIEG vectors (GFP, HAPLD1 or 

mycPLD2) were transfected into GP2-293 mammalian cells in the presence of the pVSV-G 

vector. Cell culture supernatants containing the replication-deficient viral particles were 

harvested. Retrovirus was incubated with MCF-7 human breast cancer cells to produce 

stable cell lines overexpressing PLD or only the negative control GFP vector in the presence 
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of 4 μg/mL polybrene. Verification of target cells overexpressing PLD was confirmed using 

Western-blot analysis.

Cell invasion assays

MDA-MB-231 and MCF-7 cells were serum-starved for 2 hours and resuspended at a 

concentration 1.5 × 106 cells/mL in chemotaxis buffer (DMEM + 0.5 % bovine serum 

albumin). Approximately 3 × 105 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 hours (MDA-

MB-231) or overnight (MCF-7) at 37°C in a humidified 5 % CO2 cell culture incubator. 

Cells were scraped from the matrigel insert and then stained for 1 hour with hematoxylin.

Cell migration assay

Cells were resuspended at a density of 5 × 105 cells/mL in chemotaxis buffer (DMEM with 

0.1% BSA). A total of 200 µL was placed in the upper chambers (or inserts) of transwell 

inserts that were separated from the lower wells by a 6.5-mm diameter, 8-µm-pore-size 

polycarbonate membrane. For the study of chemotaxis, EGF was prepared fresh the day of 

the experiment in 1× PBS–0.1% BSA, pH, 7.2, at a stock concentration of 1 µM. When 

ready for chemotaxis, EGF was diluted to a 3 nM working concentration in 500 µL of 

chemotaxis buffer and placed into the lower wells of 24-well plates. Cell migration inserts 

were incubated for 1 hr at 37°C under a 5% CO2 atmosphere. The number of cells that 

migrated to the lower wells was calculated by placing 10-µL aliquots on a hemocytometer 

and counting four fields in duplicate.

Cell proliferation assay

MDA-MB-231 cells were plated into 24-well plates 24 hr prior to use. If relevant, then 

duplicate wells were untreated (DMSO) or treated with 300 nM FIPI or 300 nM NOPT. 

After incubation, cells were washed 2× with PBS and trypsinized with the final volume 

brought up to 1 mL/well using complete DMEM containing 10% FCS. Cell proliferation in 

the absence of inhibitors was determined for puromycin-resistant MDA-MB-231 cells stably 

silencing PLD2 (MDA-MB-231·pKLO-shPLD2) or MCF-7 cells stably overexpressing PLD 

(MCF-7·pMIEG-HA-PLD1 or MCF-7·pMIEG–mycPLD2). Duplicate wells of cells were 

plated into 24-well plates, incubated and trypsinized; viable cells counted/mL cells.

PLD activity assay

MDA-MB-231 cell lysates in the absence or presence of small-molecule inhibitors were 

processed for PLD activity in PC8 liposomes and [3H]n-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 μCi [3H]n-butanol in a liposome form, to accomplish the 

transphosphatidylation reaction of PLD. Samples were incubated for 20 minutes at 30°C 

with continuous shaking. Addition of 0.3 mL ice-cold chloroform/methanol (1:2) stopped 

the reactions. Lipids were then isolated and resolved by thin layer chromatography. The 
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amount of [3H]-PBut that co-migrated with PBut standards (Rf=0.45–0.50) was measured 

by scintillation spectrometry.

SCID mice

Eight week old female B- and T lymphocyte-deficient SCID/CB17 mice (C.B117/IcrHsd-

Prkdc-Scid) were purchased form Harlan Laboratories (Indianapolis, IN). Mice were given a 

week to acclimate to the animal facility before they were studied. To minimize the risk of 

any exogenous infection, the SCID mice were maintained and cared for in sterile, static 

micro-isolation cages. Mice received irradiated food (Harlan Teklad 2920X, Harlan 

Laboratories) and sterile water ad libitum. All animal procedures and housing occurred in a 

facility accredited by AAALAC International, and all experimental procedures involving 

animals were reviewed and approved by Wright State University’s Institutional Laboratory 

Animal Care and Use committee.

Alzet miniature osmotic pumps

In experiments studying the effects of PLD inhibitors, Alzet miniature osmotic pumps 

(Durect Corp., Cupertino, CA) were used as an inhibitor-delivery system. The pumps were 

aseptically filled with either the vehicle (50% DMSO) or inhibitory compound at a 

concentration that would deliver 1.8 mg/kg/day of apigenin, FIPI, or NOPT at a rate of 0.11 

μL/hr. for 4–5 weeks. For FIPI, this concentration is equivalent to ~300 nM given a 5.5 hr. 

half-life and 18% bioavailability (31), which exerts full inhibition on PLD2 (32). For NOPT, 

the current half-life is not available from the literature, but it should be sufficient to inhibit 

PLD2, especially since the IC50 for PLD1 is in the micromolar range and is much greater 

than PLD2 (33). The half-life of apigenin is not currently known in mice, but it is >12 hours 

in humans (57). Therefore, 1.8 mg/kg/day for each inhibitor should yield full inhibition of 

PLD or tyrosine kinases. Filled pumps were equilibrated in sterile 0.9% saline at room temp 

for 18 hours to reach steady state and optimal pump performance prior to implantation. After 

equilibration, pumps were aseptically implanted subcutaneously on the left dorsal thoracic 

area of the SCID mice while under isoflurane anesthesia. Carprofen (5 mg/kg) was 

administered for analgesia one time subcutaneously at the time of surgery.

Xenotransplants of SCID mice and metastastic breast cancer models

SCID mice that were xenotransplanted with cell lines that either over- or under-expressed 

PLD only in the absence of the small molecule inhibitors were injected with 4–6 × 106 cells 

(either MDA-MB-231·pKLO-shControl, MDA-MB-231·pKLO-shPLD2, MCF-7·pMIEG-

GFP, MCF-7·pMIEG-HAPLD1 or MCF-7·pMIEG-mycPLD2) in sterile HBSS + 0.5% BSA 

in the left mammary fat pad with the mice under isoflurane anesthesia. Tumors were 

measured every 2–3 days throughout the study with a digital caliper and volume values were 

calculated with the formula V=(L)(w2)/2 (64). Approximately 4 weeks after injection of 

cancer cells, mice were humanely euthanized. The primary breast tumor, lung and any 

metastatic axillary tumors were surgically excised and final dimensions measured. The 

tissues were then fixed and stained with hematoxylin and eosin. For SCID mice that 

received delivery of small molecule inhibitors via implanted alzet pumps, mice were 

xenotransplanted one day after implantation. Approximately 4–6 × 106 MDA-MB-231 
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human breast cancer cells in sterile HBSS + 0.5% BSA were injected into the left mammary 

fat pad with the mice under isoflurane anesthesia.

GFP-based PA Sensor

Sporulation-specific protein 20 (Spo20) is a yeast protein required for the fusion of exocytic 

vesicles with the plasma membrane during yeast sporulation through its interactions with the 

SNARE complex (58–60), which contains an inhibitory region that sequesters the protein in 

the nucleus (60, 61) and a positive regulatory region that binds to phospholipids (especially 

PA) in the cell membrane, termed the PA binding domain (PABD). Cloning of the PABD 

into the pEGFPC1 vector leading to pEGFP-Spo20PABD-WT for use in microscopy of 

mammalian cells was documented in (32, 42).

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.
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Figure 1. A stably silenced PLD2 MDA-MB-231 cell line using lentiviral shRNA shows decreased 
cancer cell invasion
A, Vector map of pKLO-shPLD2. B, Western-blot analysis of cell lysates from MDA-

MB-231 shControl or shPLD2 cells, with anti-PLD2 antibody. B inset, Quantification of 

PLD2 silencing from Western-blot analysis of cell lysates from MDA-MB-231 shControl or 

shPLD2 cells. C, Cell proliferation of puromycin-resistant, stable MDA-MB-231 pKLO 

cells expressing shPLD2. D, PLD activity. E–F, Negative effect of PLD silencing on 

physiological functions (cell invasion and chemotaxis, respectively). Triplicate results are 

Henkels et al. Page 16

Oncogene. Author manuscript; available in PMC 2014 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mean ± SEM. The symbols * and # denote statistically significant (p<0.05) differences 

(increases or decreases, respectively) between samples and controls.
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Figure 2. PLD2 silencing of SCID mouse metastastic breast cancer model decreases tumor size
Metastatic breast cancer cells MDA-MB-231-shPLD2 were implanted into the mammary fat 

pad of immunodeficient 8 week old female SCID mice. Mammary tumor growth and lung 

metastasis were determined after the duration of the study (at least 5 weeks). A, Primary 

tumor onset (# days post-injection) for SCID mice injected with MDA-MB-231 pKLO 

(either shControl or shPLD2) stable cell lines. B, Growth curves of primary tumor volume 

(mm3). Representative histology images of primary (C–D) and metastatic tumor sections 

(E–F) and lung sections (G, H, I) detected by hematoxylin-eosin staining of 3–4 different 
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cross sections (7–10 µm- thick) of tissue from at least 3 different mice from each group at 

10× magnification, respectively. C, E, G, Histology of SCID mice injected with MDA-

MB-231 shControl cells. D, F, H, I, Histology of SCID mice injected with MDA-MB-231 

shPLD2 cells. Black and yellow arrowhead denotes presence of pleural carcinoma. I, 2× 

magnification. G–H, Scale bar = 200 µm. C–F, I, Scale bar = 1 mm.
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Figure 3. A MCF-7 Cancer Cell Line Stably Overexpressing Recombinant Human PLD2 shows 
enhanced cancer cell invasion
A, Simplified scheme of MIEG-PLD2 mRNA. B–D, Immunofluorescence of GFP in 

puromycin-resistant, stable MCF-7·pMIEG cells overexpressing either GFP vector, PLD1 or 

PLD2. E, Western-blot analyses of cell lysates. F, Effect of PLD overexpression on cell 

proliferation. G, Effect of PLD overexpression on PLD activity. H-I, Effect of PLD 

overexpression on physiological functions (cell invasion and chemotaxis, respectively). 

Triplicate results are mean ± SEM. * denotes statistically significant (p<0.05) increases 

respect to controls.
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Figure 4. PLD2 overexpression of SCID mouse metastastic breast cancer model increases tumor 
size
Metastatic breast cancer cells MCF-7·pMIEG were implanted into the mammary fat pad of 

SCID mice. A, Primary tumor onset (# days post-injection) of SCID mice injected with 

MCF-7·pMIEG (either GFP, PLD1 or PLD2) stable cell lines. B, Effect of PLD 

overexpression on growth curves of primary tumor volume (mm3) in the PLD-

xenotransplanted SCID mice. C, Increase in the number of metastatic tumors generated in 

PLD-xenotransplanted SCID mice. The symbols * and # denote statistically significant 

(p<0.05) differences (increases or decreases, respectively) between samples and controls. D–
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L, Representative histology images of lung sections (D–F), primary tumor sections (G–I) or 

metastatic axillary tumor sections (J-L) detected by hematoxylin-eosin staining of 3–4 

different cross sections (7–10 µm- thick) of tissue from at least 3 different mice from each 

group at 10× magnification, respectively. D, G, J, Histology of SCID mice injected with 

MCF-7·pMIEG GFP cells. E, H, K, Histology of SCID mice injected with MCF-7·pMIEG 

PLD1 cells. F, I, L, Histology of SCID mice injected with MCF-7·pMIEG PLD2 cells. 

Black and white arrowhead denotes presence of pleural carcinoma (D); black and yellow 

arrowheads point at multifocal perivascular metastatic carcinomas in the lung parenchyma 

(F). D–F, Scale bar = 200 µm. G-L, Scale bar = 1 mm.
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Figure 5. Small-molecule inhibitors, FIPI, NOPT and apigenin, inhibit cell invasion of two breast 
cancer cell lines, which correlates to a decreased PLD2 activity independent of cell proliferation
Exponentially growing cells in culture were used for these experiments. A, Relative 

difference of cell invasiveness of highly invasive MDA-MB-231 compared to less invasive 

MCF-7 cells in response to 3 nM EGF. B–D, Effect of small molecule inhibitors on cell 

invasion. B, FIPI dose response. C, NOPT dose response. D, Apigenin dose response. 

Triplicate results are mean ± SEM. B inset, FIPI schematic. C inset, NOPT schematic. D 

inset, Apigenin inset. E, Time dependent effect of FIPI or NOPT on endogenous PLD 

activity after incubation for 5 min or for 30 min with the inhibitors prior to the enzymatic 
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assay. F, Time dependent effects of small molecule inhibitors (300 nM concentration of 

each) on MDA-MB-231 cell proliferation. G, Effect of 300 nM concentration of each 

inhibitor on cell invasion or lipase assay (at 30 min) of MDA-MB-231 cancer cells 

overexpressing recombinant PLD2-WT. Triplicate results are mean ± SEM. The symbols * 

and # denote statistically significant (p<0.05) differences (increases or decreases, 

respectively) between samples and controls.
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Figure 6. Small-molecule inhibitors reduce tumor size on SCID mouse metastastic breast cancer 
model
A, Schematic drawing of Alzet pump implantation in SCID mice. B, Photographic 

representation of surgical area on SCID mice after Alzet pump implantation. C, Delayed 

primary tumor onset (# days post-injection) for SCID mice xenotransplanted with MDA-

MB-231 cells in the presence of small molecule inhibitors. D, Decreased primary tumor 

volume (mm3) following dosing of xenotransplanted SCID mice with small molecule 

inhibitors. E, Reduction in the number of secondary tumors of xenotransplanted SCID mice 
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in the presence of inhibitors. Triplicate results are mean ± SEM. The symbols * and # denote 

statistically significant (p<0.05) differences (increases or decreases, respectively) between 

samples and controls. F–O, Representative histology images of lung sections (F–I), primary 

tumor sections (J–M) or secondary tumor sections (N–O) detected by hematoxylin-eosin 

staining of 3–4 different cross sections (7–10 µm- thick) of tissue from at least 3 different 

mice from each group at 10× or 2× magnification, respectively. Black and yellow arrowhead 

denotes presence of small focal metastatic perivascular lung carcinomas (F); black and 

white arrow heads point at small 2–20 cell carcinoma emboli in the alveolar walls (H–I). F-

I, Scale bar = 200 µm. J–O, Scale bar = 1 mm.
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Figure 7. The mechanism that regulates PLD-mediated cell invasion and metastasis involves PA, 
Rac2 and Grb2
A, PA sensor used for transfection into MDA-MB-231 or MCF-7 cells. B, 

Immunofluorescence of PA sensor expression. White arrowheads denote PA sensor 

localized to a membranous surface that contained PA. C, Cell invasion of MCF-7 cells 

stably expressing lipase-inactive constructs (PLD1-K866R or PLD2-K758R). D, Tumor size 

of mice injected with MCF-7 cells stably expressing PLD2, a WASp construct or a 

combination of the two. E, EGF-mediated cell invasion in cells that overexpress PLD2, 
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Grb2 and Rac2 constructs (WT and SH2-binding deficient). F, PLD2, Grb2 and Rac2 

protein expression in MDA-MB-231 cells. G, EGF-mediated cell invasion in cells silenced 

with siRNA for Grb2 and/or PLD2 or with siRNA for Rac2.
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Figure 8. Model for the mechanism that regulates PLD-mediated metastasis
A, Cell invasion (MTLn3) or cell migration (HL60 and AML14) following overexpression 

of signaling molecules in three cancer cell lines other than MDA’s or MCF’s. Astericks 

represent significant increase (p<0.05). B, Model that summarizes graphically the findings 

of this study (histological samples are from Figs. 4F and 6F).
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