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Abstract

The Ras-extracellular signal-regulated kinases (ERK) cascade is an important signaling
module in cells. One regulator of the Ras-ERK cascade is phosphatidic acid (PA) generated by
phospholipase D (PLD) and diacylglycerol kinase (DGK). Using a newly developed PA biosensor,
PASS (Phosphatidic Acid biosensor with Superior Sensitivity), we found that PA was generated
sequentially by PLD and DGK in epidermal growth factor (EGF)-stimulated HCC1806 breast
cancer cells. Inhibition of PLD2, one of the two PLD members, was sufficient to eliminate most of
the PA production, whereas inhibition of DGK decreased PA production only at the later stages of
EGF stimulation, suggesting that PLD?2 is prior to DGK activation. The temporal production of PA
by PLD2 is important for the nuclear activation of ERK. While inhibition of both PLD and DGK
had no effect on the overall ERK activity, inhibition of PLD2, but not PLD1 or DGK, blocked the
nuclear ERK activity in several cancer cell lines. The decrease of active ERK in the nucleus
inhibited the activation of Elkl, an ERK nuclear target, leading to decreased proliferation of
HCCI1806 cells. Together, these findings reveal that PA production by PLD2 determines the output

of ERK in cancer cell growth factor signaling.

Key words: ERK, PASS, phosphatidic acid, phospholipase D, PLD2.



42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

Introduction

Phosphatidic acid (PA) has attracted increasing attention in recent years due to its roles as a
signaling molecule and as a central intermediate in the synthesis of membrane lipids (1-3). PA can
be produced by multiple enzymes, including two well-known families of enzymes: phospholipase D
(PLD) and diacylglycerol kinase (DGK) (4-7). In mammalian cells, there are two PLD family
members, PLD1 and PLD2, which differ strikingly in subcellular localization and function (5,7).
The mammalian DGK family consists of 10 members, classified into five different subtypes
characterized by different regulatory domains (6). It has been proposed that activation of distinct
PA-generating enzymes at different times and in different subcellular compartments determines the

specific cellular functions of PA, including cell proliferation, survival and migration (1,5).

One of the most important intracellular signaling pathways involves the cascade of Ras, Raf,
MEK, and the extracellular signal-regulated kinases 1 and 2 (ERK1/2, referred to as ERK herein)
(8,9). Activated ERK can either remain in the cytoplasm or translocate to the nucleus, where it
phosphorylates and activates a number of proteins that control proliferation, differentiation,
survival, apoptosis and development (8-10). The precise outcome of stimulating the Ras-ERK
cascade depends on the duration, strength, and localization of the signals (8,10,11). It has been
reported that PA is involved in the regulation of the Ras-ERK pathway in fibroblasts and
lymphocytes (4,12-14). However, the mechanisms whereby PA regulates the Ras-ERK cascade
appear to be very distinct in different cell types. Moreover, it remains unknown how growth factors
activate different PA-generating enzymes, i.e., PLD and DGK, and whether PA generated from
different sources regulates the Ras-ERK cascade in the same manner. Importantly, signaling by
growth factors such as epidermal growth factor receptor (EGFR) and the Ras-ERK cascade is
frequently upregulated in many types of cancer (15,16). Interestingly, the PA-generating enzymes,

PLD and DGK, have also been reported to be critical for proliferation, migration and survival of
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cancer cells (6,7,17). It is not clear how and why dysregulation of the Ras-ERK cascade by PA

contributes to cancer initiation and progression.

To study the functions of PA, it is critical to faithfully monitor its spatiotemporal
production. Traditionally, PA levels have been measured using biochemical methods such as thin
layer chromatography (TLC) and high-performance liquid chromatography (18). In recent years,
identification and quantification of various lipids, including PA, have become more simple and
sensitive with substantially improved mass spectrometry analyses (19,20). However, all these
biochemical techniques measure only the total cellular PA level, and cannot reveal the intracellular
locations of PA production. In addition, when PA is measured by biochemical methods, the
relatively high level of PA on the surface of the ER, where it is used as a precursor for the synthesis
of phospholipids and triglycerides (TAG) (3,21), may mask the changes of the comparatively less
abundant PA generated during signaling at the plasma membrane and other intracellular organelles.
As an alternative method, changes in phospholipid levels can be detected by using fluorescently-
tagged protein domains that bind specifically to certain lipids. For example, PH domains from PLCo
and AKT have been used widely to monitor phosphatidylinositol 4,5-bisphosphate (PI1(4,5)P,) and
phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3), respectively (18,22). Such reagents have
greatly advanced our understanding of the dynamics and functions of phosphatidylinositides.
However, despite great interest (23), we still lack a PA biosensor with the specificity and sensitivity
comparable to those of the phosphatidylinositide probes.

In the present study, we report the development of a specific and sensitive PA biosensor.
Using this new tool, we demonstrate that PA production is differentially controlled by PLD and
DGK in epidermal growth factor (EGF) signaling, and that PA generated by PLD?2 is critical for the
nuclear activity of ERK and proliferation in cancer cells. Our findings reveal that PLD2-generated

PA determines the signaling output of ERK.
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Experimental procedures

General reagents and antibodies —o-tubulin, Flag, phospho- and total ERK1/2 antibodies,
Phosphatidylserine (PS), and the PLD inhibitor 5-Fluoro-2-indolyl des-chlorohalopemide (FIPI)
(PLDi) were from Sigma-Aldrich (St. Louis, MO) (24). The inhibitors for PLD1/2 (VU0155056),
PLD1 (PLDli, VU0359595), and PLD2 (PLD2i, VU0285655-1) were from Avanti Polar Lipids
(Alabaster, AL) (25). The DGK inhibitor R59022 (DGKi) was from Calbiochem (La Jolla, CA).
EGFR, phospho- and total Elk1, phospho- and total Fral, total c-Fos and phospho-Rsk antibodies,
were from Cell Signaling Technology (Danvers, MA). Mouse GST, phospho-c-Fos and PLDI
rabbit monoclonal antibodies were from Abcam (Cambridge, MA). PLD2 rabbit polyclonal
antibody was kindly provided by Dr. Y. Banno (Gifu University of Tokyo, Gifu, Japan). Goat anti-
mouse and anti-rabbit IgGs conjugated with Alexa 680 were from Invitrogen. Goat anti-mouse and
anti-rabbit IgGs conjugated with IRDye 800CW were from Rockland Immunochemicals
(Gilbertsville, PA). 1,2-Dilauroyl-sn-glycero-3-phosphate (DLPA) was from Echelon (Salt Lake

City, UT).

Construction of plasmids — To generate EGFP-PASS, a nuclear export sequence (NES) derived
from protein kinase A inhibitor (PKI)-¢t (26) was added between EGFP and Spo20-PABD cloned in
pEGFP-C1 (27,28). PASS tagged with monomeric GFP or RFP (mGFP or mRFP) was generated by
replacing EGFP in the EGFP-PASS with mGFP or mRFP using Age I and BsrG 1 sites. Different
tags did not change the localization of PASS. All PASS constructs used in the current study are
tagged with monomeric GFP and RFP. GST-PASS-His was generated by inserting PASS and a pair
of oligos encoding 6xHis into the BamH 1 site of pGEX-4T1 from GE Healthcare Biosciences
(Pittsburgh, PA). The 4E mutant was generated by site-directed mutagenesis using the QuikChange
kit from Agilent Technologies (Santa Clara, CA). The lentiviral vectors carrying GFP-PASS and
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RFP-PASS were subcloned into the Nke 1 and BamH 1 sites of pCDH-CMV-MCS and pCDH-
CMV-MCS-EF1-Puro from System Biosciences (Mountain View, CA), respectively. The shRNAs
for PLD1 and PLD2 characterized in the previous publications (12,28-31) were subcloned into the
lentiviral vector pLKO.1.

Bacterial expression, purification of recombinant PASS, and liposome pulldown assay -
Expression and purification of GST-PASS-His using Ni**-chelate chromatography from Qiagen
(Valencia, CA) were as described before (32). All purified recombinant proteins used in our
experiments are >95% pure, as judged by Coomassie Blue stained SDS-PAGE (polyacrylamide gel
electrophoresis) gels. The purified proteins were used within one week. The preparation of
liposomes has been previously described (32,33). POPC (phosphatidylcholine), DOPE
(Phosphatidylethanolamine), and POPA (phosphatidic acid) were from Avanti Polar Lipids,
phosphatidylinositol 4,5-bisphosphate (P1(4,5)P,) and phosphatidylinositol 3,4,5-trisphosphate (PI(3,
4,5)P3) were purchased from Matreya (Pleasant Gap, PA).

Cell culture and treatment — Cell culture media were from Thermo Fisher (Waltham, MA).
Sera were from Invitrogen (Carlsbad, CA). All cell lines were from ATCC (Manassas, VA). CHO
cells were grown in Ham's F12 medium. HCC1806 and HCC827 cells were grown in RPMI-1640
medium. MDA-MB-468 and A431 cells were grown in Dulbecco's Modified Eagle's Medium. BT-
20 cells were grown in Eagle's Minimum Essential Medium. All media were supplemented with
10% fetal bovine serum. For inhibitor treatment, cells were pre-incubated with dimethyl sulfoxide
(DMSO) or inhibitors for 1 hr. Transient transfection in CHO cells was done using the deacylated
polyethylenimine reagent (PEI) (34). Unless specified, cells were serum-starved overnight and then
stimulated with 100 nM PMA, 100 uM PA (DLPA), 100 uM PS, or 100 ng/ml EGF for the

indicated time. For cell proliferation measurements, cells were seeded in 6-well plates in RPMI-
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1640 media containing 0.1 % FBS and 5 ng/ml EGF in the presence of DMSO or inhibitors, or in
the presence of control and PLD shRNAs. Viable cells were measured by trypan blue exclusion.

Lentivirus production and transduction - The delivery of expression constructs in HCC1806
cells was through lentiviral infection. Viruses were generated in TLA-293T cells from Thermo
Fisher by co-transfecting four plasmids including the lentiviral vector, pMDLg/pRRE, pRSV-Rev
and pMD2.G using Lipofectamine and Plus reagent from Invitrogen. At 48 hours and 72 hours post-
transfection, virus-containing supernatants were collected for infection. The cells were used for
experiments 2-3 days postinfection.

Western blot analysis — Fluorescently labeled secondary antibodies were used for Western blot,
and detected by the LI-COR Odyssey Infrared Imaging System from LI-COR Biotechnology
(Lincoln, NE). Band intensity was quantified using the program supplied by the manufacturer. The
bands on Western blots were defined by identical region of interest, and measured as integrated
pixel intensity for all samples. The background was determined by measuring the average pixel

intensity of a user-defined area.

Confocal microscopy — All images were captured with a 60X oil-immersion objective on a
Nikon Al confocal microscope (Melville, NY). Fields with moderate cell confluence were selected
for measurement. For visualizing GFP and RFP fluorescence of PASS, cells grown on coverslips
were transiently transfected (CHO cells) or infected with lentiviruses (HCC1806 cells), and then
directly fixed in 4% paraformaldehyde in PBS for 10 minutes at room temperature. After several
PBS washes, the coverslips were mounted onto slides using 4% propyl gallate mounting solution.
The fluorescent images of GFP and RFP of random fields were collected. For each treatment, at
least five fields, including more than 50 cells, were quantified. Cells with saturated exposure were
not used for quantification. The change in the plasma membrane localization was quantified using

the line pixel intensity histogram in NIH Image J as described previously (22). A line was randomly
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drawn to span a large area of the cytoplasm, but not the nucleus. The pixel intensity of the two most
outside peaks represented the PASS on the plasma membrane, while the average value between

represented that in the cytoplasm.

For pERK staining, cells were stained with a pERK1/2 antibody/Alexa 594-conjugated goat
anti-mouse secondary antibody and DAPI after cold methanol fixation at -20°C for 10 minutes.
After defining the nuclei with DAPI staining, the cytoplasmic and nuclear areas were manually
marked, and then measured for the fluorescent intensity of pERK staining using NIH Image J. The

change of pERK localization was represented as the ratio of pERK in the nucleus and cytoplasm.

Statistics — All statistical differences were evaluated between control and each of the treatments

using two-tailed student’s t-test. All data are shown as mean + SD.

Results

Development of a sensitive PA biosensor

To study the regulation and functions of PA in distinct cellular compartments, it is important
to precisely monitor the spatial and temporal production of PA. Currently, the most widely used PA
biosensor is the PA-binding domain derived from a yeast protein Spo20 (Spo20-PABD) (23,28,35).
However, green fluorescent protein (GFP)-tagged Spo20-PABD only responded to strong stimuli
such as phorbol-12-myristate-13-acetate (PMA) (24) and depolarizing concentrations of potassium
(35), or some cellular processes such as cell replating (28). We were unable to detect changes of PA
levels in cells stimulated with ligands for membrane receptors using this PA biosensor. Even in
cells stimulated with PMA, a potent activator of PLD activity (36,37), the membrane localization of
GFP-Spo20-PABD was barely visible in most cells unless the images were overexposed. These

results seem contradictory to the original reports that Spo20-PABD binds to PA with exceptional
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sensitivity and specificity in vitro (23,38,39). Since GFP-Spo20-PABD predominantly localizes to
the nucleus, we reason that the nuclear localization prevents it from accessing PA molecules on the
plasma membrane or other cytoplasmic organelles. To improve the sensitivity of Spo20-PABD, we
added a nuclear export sequence (NES) derived from protein kinase A inhibitor-o. (PKI-o;) (26) to
the N-terminus of the Spo20-PABD (Fig. 1A), and named the resulting construct PASS
(Phosphatidic Acid biosensor with Superior Sensitivity) due to its exceptional sensitivity to detect
the cellular PA levels (further demonstrated in Figs. 2 and 3). We first tested whether the addition of
NES affected the binding specificity of PA in vitro using recombinant PASS protein purified from
E. coli and synthetic liposomes. As controls, we also included liposomes containing PI(4,5)P, or
PI(3,4,5)Ps, since the original Spo20-PABD also showed some binding to these lipids (23,38). As
expected, we found that PASS specifically bound to PA-containing liposomes in a concentration-
dependent manner (Fig. 1B). In sharp contrast, PASS bound to PI(4,5)P,- or PI(3,4,5)Ps-containing
liposomes with much lower affinity (Fig. 1B). These results are consistent with the previous finding
that Spo20-PABD binds to PA selectively, and confirm that addition of the NES does not change

the PA-binding specificity of PASS.

We next tested whether PASS can be used to measure PA levels in intact CHO cells when
fused with either a green fluorescent protein (GFP) or red fluorescent protein (RFP). PLD activity is
very low-to-undetectable in unstimulated (basal) CHO cells, but can be elevated by stimulation with
PMA or by overexpression of PLD2 (24,28,40). As observed before, the original GFP-Spo20-
PABD mainly localized to the nucleus in both basal and PMA-stimulated conditions ((28,35) Fig.
2A). Two other PA biosensors, GFP-Rafl-PABD (27,41) and GFP-Sos1-PH (12), localized to the
cytoplasm in basal conditions, and only partially translocated to membranes in PMA-stimulated
conditions (Fig 2A). In addition, GFP-Raf1-PABD often aggregated in some cells (Fig 2A), and

induced cell toxicity when it was expressed for more than two days (not shown). In contrast, both
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GFP- and RFP-tagged PASS localized diffusely in the cytoplasm under nonstimulatory conditions,
but translocated to the plasma membrane and endosome-like vesicles upon PMA stimulation (Fig.
2B) when PLD was activated (29,33,42). Furthermore, the plasma membrane translocation of PASS
induced by PMA was blocked when PLD activity was inhibited by FIPI (24) (Fig. 2B). The
mutation of four lysine residues to glutamic acid (K66E, K68E, R71E, and K73E, called 4E
hereinafter) on the original Spo20-PABD disrupted its binding to PA (38). We generated the same
4E mutations in RFP-PASS. As expected, PMA stimulation caused the plasma membrane
translocation of the wild-type GFP-PASS, but not that of the PA-binding deficient mutant RFP-
PASS-4E (Fig. 2C). Another way to increase the cellular PA level is through overexpression of
PLD2, which has a high basal activity (42,43). As before, GFP-PASS, but not the RFP-PASS-4E
mutant, was recruited to the plasma membranes in CHO cells stably overexpressing mouse PLD2
(29) (Fig. 2D). In contrast, PASS localized diffusely in the cytoplasm, and only translocated to the
plasma membrane and intracellular vesicles upon PMA treatment in CHO cells stably
overexpressing human PLD1 (Fig 2D), which has a low basal activity and is activated by external
stimulation (30,36). The increased PASS localization on intracellular vesicles in PLDI-
overexpressing cells suggests the activation of PLD1 on these organelles, where the majority of
PLD1 is localized (7,33). Finally, we tested whether addition of exogenous PA to culture medium
was able to recruit GFP-PASS to the plasma membrane; PA can be rapidly incorporated into the
plasma membrane and can induce cellular responses (12,44,45). As expected, exogenously added
PA stimulated translocation of GFP- and RFP-PASS to the plasma membrane, but failed to induce
the translocation of RFP-PASS-4E (Fig. 2E). In contrast, external addition of another negatively
charged phospholipid, phosphatidylserine (PS), did not cause recruitment of GFP- and RFP-PASS

to the plasma membrane (Fig. 2E), further supporting the specificity of this biosensor.
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EGF regulation of temporal PA production in HCC1806 breast cancer cells

Our ultimate goal was to study PA dynamics during the course of growth factor stimulation.
Due to their poor sensitivity, we were not able to observe consistent membrane translocation of
several previously generated PA biosensors, i.e., GFP-Rafl-PABD, GFP-SOS-PH and GFP-Spo20-
PABD, in cells stimulated with EGF or other growth factors. Having established the specificity and
improved sensitivity of PASS, we used this probe to examinutee growth factor signaling in cancer
cells. We initially used HCC1806 cells, a good experimental model for EGF signaling and
aggressive triple-negative breast cancer (46,47). GFP-PASS diffusely localized in the cytoplasm of
serum-starved HCC1806 cells, but quickly translocated to the plasma membrane within 1 minute of
EGF stimulation (Fig. 3A and 3B), reaching maximal levels at 3 minutes. Most of the GFP-PASS
returned to the cytoplasm after 30 minutes (Fig. 3A and 3B). To our knowledge, PASS is the only
probe capable of detecting such dynamic changes in PA subcellular distribution in response to

physiological stimuli like growth factors.

Two major sources of PA are phosphatidylcholine and diacylglycerol (DAG), which are
used as the substrates by PLD and DGK, respectively. To determine the source of PA in response to
EGF, we treated cells with PLD or DGK inhibitors. Interestingly, PLD and DGK inhibitors showed
different effects on the EGF-dependent translocation of GFP-PASS. The PLD inhibitor FIPI almost
completely abolished the translocation of GFP-PASS to the membrane (Fig. 3A and 3B). In
contrast, the DGK inhibitor R59022 only blocked the late (> 3minutes), but not the early (1 minute)
component of GFP-PASS translocation (Fig. 3A and 3B). These results suggest that upon EGF
stimulation, PA is sequentially generated by PLD and DGK. To determine the PLD isoform
responsible for PA generation in response to EGF, we examined the localization of PASS in
HCCI1806 cells infected with lentiviruses carrying either control luciferase (Luc) small hairpin

RNAs (shRNAs) or shRNA targeting PLD1 or PLD2 (12,28,29), or treated with PLD isoform-
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specific inhibitors (25). Only PLD2 shRNA or inhibitor, but not the control, PLD1 shRNA or
inhibitor, blocked the plasma membrane translocation of PASS triggered by EGF stimulation (Fig.
3C-E). In addition, PLD2 was mainly localized on the plasma membrane in HCC1806 cells before
and after EGF stimulation, whereas PLD1 was mainly localized to perinuclear vesicles (Fig. 3F).

Taken together, these results suggest that PLD?2 is the predominant source of PA.

PLD2-generated PA is important for EGF-triggered nuclear ERK activation

Since PA regulates the Ras-ERK cascade in fibroblasts and lymphocytes (4,12-14), we
investigated whether PA generated from PLD and DGK also regulates ERK activation in cancer
cells. ERK activity (as measured by phosphorylated ERK1/2, pERK) was low in non-stimulated
HCCI1806 cells, and was not changed by treatments with the PLD and DGK inhibitors (Fig. 4A and
4B). EGF stimulation triggered a rapid increase in pERK levels, which reached a maximum at 3
minutes and was maintained for more than 2 hours. However, inhibition of either PLD or DGK did
not affect the formation of pERK level in EGF-stimulated HCC1806 cells, as measured by Western
blot analysis (Fig. 4A and 4B). Downregulation of the expression of PLD isoforms using shRNAs
also failed to affect ERK phosphorylation (Fig. 4C and 4D). We next assessed ERK activation and
localization by monitoring pERK in the nucleus and cytoplasm using quantitative fluorescence
microscopy. The staining of activated ERK (pERK) in untreated cells was already strong in the
cytoplasm 3 minutes after EGF stimulation, and by 6 minutes activated ERK became abundant in
the nucleus (Fig. 4E and 4F). Addition of PLD and DGK inhibitors did not affect ERK activation or
alter its kinetics of appearance in the cytoplasm. However, the PLD inhibitor significantly blocked
the appearance of nuclear pERK staining after 3 minutes of EGF stimulation. In contrast, the DGK
inhibitor only slightly decreased the nuclear pERK staining at all the time points tested (Fig. 4E and

4F).
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We then examined which PLD isoform was responsible for regulating nuclear ERK activity
using shRNAs. While expression of Luc and PLD1 shRNAs did not change the nuclear and
cytoplasmic distribution of pERK in cells stimulated with EGF, PLD2 shRNA inhibited the
appearance of nuclear pERK staining (Fig. 4G and 4H), as found in cells treated with pan-PLD
inhibitor. To further confirm that PA is responsible for PLD2 regulation of nuclear ERK activity,
we treated HCC1806 cells with both PLD2 inhibitor and different concentrations of PA. Addition of
exogenous PA rescued the decrease in pERK staining in a dose-dependent manner (Fig. 41 and 4J).
These results suggest that PLD2 activity is required for the nuclear translocation of activated ERK.
Activations of EGFR on the plasma membrane and endosomes lead to selective activation of ERK
on different subcellular compartments or distinct biological activities (8,10,48,49). Previous studies
in fibroblasts found that overexpression of catalytically inactive mutants for PLD1 and PLD2
blocked the activation of ERK by inhibiting the endocytosis of EGFR (50). To determine if PLD2
regulates ERK activation in the nucleus through modulating EGFR endocytosis in HCC1806 cells,
we also examined the localization of EGFR in the presence and absence of PLD2 inhibitor. PLD2
inhibitor treatment did not seem to affect the localization of EGFR before and after EGF stimulation
(Fig 4K). This result, together with the dominant plasma membrane localization of PLD2 and PASS
(Fig 3), suggest that PLD2 regulation of the nuclear ERK activity is independent of EGFR
endocytosis.

We then addressed the question whether PLD2 also controls the activation of ERK in the
nucleus in other cancer cells treated with EGF. Both PLD2 inhibitor and shRNAs significantly
blocked the nuclear staining of pERK in all four cancer cell lines we tested: HCC827 (lung cancer),
MDA-MB-468 and BT-20 (breast cancer), and A431 (skin cancer) (Fig. 5), suggesting that PLD2

regulation of nuclear ERK activity is a universal phenomenon in cancer cells.
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Inhibition of PLD2 suppressed the activity of Elk1 and cell proliferation in HCC1806 cells
After translocation into the nucleus, active ERK phosphorylates several proteins involved in
transcriptional regulation. One of the best studied ERK targets in the nucleus is Elk1 (11,51).
Consistent with the decrease in pERK in the nucleus, we found that the PLD inhibitor caused a
decrease in Elk1 phosphorylation, whereas the DGK inhibitor did not (Fig. 6A and 6B). Moreover,
only PLD2 shRNA but not PLD1 shRNA, inhibited Elkl phosphorylation (Fig. 6C and 6D),
supporting our findings that PLD2 is specifically required for ERK activity in the nucleus in
HCC1806 cells. We also checked the phosphorylation of other ERK substrates. Without
phosphorylation, c-Fos and Fral, the other two nuclear substrates of ERK, undergo rapid
degradation; c-Fos and Fral are stabilized when phosphorylated by ERK (52-54). As expected, EGF
stimulation increased both phosphorylation and total protein levels of c-Fos and Fral, which were
inhibited by PLD but not DGK inhibitor treatment (Fig. 6E and 6F). In contrast, inhibition of PLD
and DGK had no effect on phosphorylation and total protein levels of a cytoplasmic substrate of

ERK, Rsk (8,11) (Fig. 6E and 6F).

Phosphorylation of ERK nuclear targets increases their affinity for the serum response
factor, and thus enhances transcription of proliferation-promoting (16,51). The observation that
PLD?2 inhibition decreased the activity of Elkl, c-Fos and Fral, implies that PLD2 activity is
required for cell proliferation. To test this hypothesis, we examined cell proliferation in HCC1806
cells in the presence of inhibitors or shRNAs. As expected, the rate of cell proliferation
corresponded to the phosphorylation and protein levels of Elk1, c-Fos and Fral. Cells treated with a
PLD1 inhibitor, DGK inhibitor, or expressing PLD1 shRNA showed similar proliferation rates as
the controls (Fig. 7). However, cells treated with the PLD2 inhibitor or expressing PLD2 shRNA
displayed marked decrease in cell proliferation (Fig. 7). These results suggest that PLD2 regulates

cell proliferation through modulating the activity of nuclear ERK and its nuclear substrates in
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Discussion
The new biosensor PASS offers a useful tool to study phospholipid signaling

The ability to precisely monitor the dynamics of PA in different subcellular locations is
important for understanding the role of PA signaling in cells. We and others have developed several
PA biosensors, i.e., the PA-binding region of Raf-1 (Rafl-PABD) (41) and Spo20-PABD (28,35),
the Sosl PH domain (12), and the Pii FRET biosensors derived from Dock2 and Sos1-PH (55).
However, compared to the phosphoinositide probes, none of these PA biosensors has been widely
used, because they either lack sufficient sensitivity, require a special microscopy setup, or only
monitor PA production in certain membrane compartments. The PA biosensor PASS developed in
the current study has circumvented these problems. The specificity of PASS as a PA biosensor has
been validated by a series of in vitro and in vivo experiments: (1) it bound to PA with high affinity
and specificity, as shown by a liposome-pull-down assay using the purified recombinant protein; (2)
increasing cellular PA levels by PMA stimulation, exogenous addition of PA, or by overexpression
of PLD2 promoted the plasma membrane binding of PASS tagged with either GFP or RFP; (3)
association of PASS with the membrane was abolished by treatment with PLD inhibitors and
expression of PLD2 shRNA; (4) point mutations that disrupt PA binding in vitro inhibited the

recruitment of PASS to the membrane.

The most significant improvement of PASS is its exceptional sensitivity. We have attempted
to use several previously developed PA biosensors, i.e. Rafl-PABD, Spo20-PABD and Sos1-PH, to
monitor PA levels in various cells. However, only a small fraction of these biosensors, if any,
translocated to membranes upon PMA (Fig 2A) and growth factor stimulation. PASS is by far the

only PA biosensor that quickly responds to stimulation and binds to the plasma membrane of the
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various cell types that we have tested. In addition, GFP- Rafl-PABD also aggregates in cells and
causes cell toxicity. The binding of Sos1-PH to both PI(4,5)P, and PA also limits its use as a PA-
specific biosensor (12). To increase PA detection, previous PA biosensors derived from Spo20-
PABD contain tandem repeats of Spo20-PABD (35,56). We find that PASS described in our current
work (contain one copy of Spo20-PABD fused to NES) responds to stimulation equally well or
better while having lower background membrane binding. In addition, we also observed that PASS
labeling of some intracellular vesicles, presumably endosomes, are further increased by PLDI
overexpression in PMA-stimulated cells (Fig. 2). These results support the previous findings that
PLD and DGK function on both the plasma membrane and endosomes (4-7). Moreover, a tandem
repeat version of PASS labels also the endoplasmic reticulum in macrophages, HeLa, and HEK293
cells (57). This is particularly interesting since PASS is the only PA biosensor currently known to
label the PA pool at the endoplasmic reticulum, which is the site of phospholipid and triglyceride
synthesis (3). Finally, when paired with specific membrane markers, the new biosensor may also be
used for fluorescence lifetime imaging microscopy-Forster resonance energy transfer (FLIM-FRET)
or FRET analysis to examine the production of PA in different membrane domains. Compared to
the Pii FRET sensors (55), the pairing of PASS with an independent membrane marker should
provide a more reliable assessment of the sites of PA production. It is noteworthy that, to increase
their sensitivity, the Pii biosensors are targeted to the plasma membrane through the C-terminus of
K-Ras (55). Since the C-terminus of K-Ras only resides in a subdomain of the plasma membrane
(58,59), the Pii biosensors cannot, in principle, monitor the PA generated in other plasma membrane

domains or in intracellular organelles.

Differential activation and functions of PLD and DGK in growth factor signaling in cancer

cells
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In mammalian cells, there are two PLD family members and ten members in the DGK
family (4-7). It has been unclear how different PA-generating enzymes contribute to PA production
upon activation of a particular signaling pathway, and whether different sources of PA perform the
same functions. An important finding from our experiments is that EGF triggers a sequential
activation of PLD and DGK in distinct membrane nanodomains. Moreover, our results also suggest
that DGK activation may be dependent on PLD activity. It is likely that, as an early event in EGF
signaling, PLD2 activation is required for the activation of DGK or for the production of DAG, the
substrate of DGK. More work is still needed to further investigate the crosstalk between PLD and
DGK. These include monitoring the production of both PA and DAG using PASS and DAG
biosensors, and examining the spatiotemporal activation of their downstream signaling pathways, in
cells where PLD or DGK is inhibited individually, or simultaneously. In combination with small
molecule inhibitors and RNA interference, the newly developed PASS should be a useful tool in
determining the regulation of individual PA-generating enzymes and of their cellular functions in

different physiological and pathological conditions.

PLD and DGK differentially regulate Ras-ERK signaling in cancer cells

Various mechanisms are thought to ensure the specific outcomes of Ras-ERK signaling (60).
However, little is known about how and why the activation of the Ras-ERK components in separate
cellular compartments might be regulated. Previous studies have suggested that the site where Ras
is activated dictates the nature of the downstream signals and of subsequent biological outputs
elicited (60-62). For example, Ras activated on the plasma membrane led to the translocation of
activated ERK to the nucleus, whereas active ERK was restricted to the Golgi when Ras was
activated in that compartment (63). These findings are also consistent with the observation that Ras

activated on the Golgi was fully dispensable for proliferation and transformation (61). Interestingly,
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we found that PLD2 activity is important for the translocation of activated ERK to the nucleus in
cancer cells upon growth factor stimulation. In this regard, it is important to note that at the early
stages of EGF stimulation PA is generated by PLD2, but not by DGK. Growth factor activation of
ERK on the plasma membrane requires the binding of Raf, MEK and ERK to the scaffold protein
KSR1 (9,64). However, only activated MEK and ERK transport to the nucleus (9,64), suggesting
that disassembly of the Raf/MEK/ERK/KSR1 complex is prerequisite to pERK nuclear
translocation. It is therefore conceivable that the stability of the Raf/MEK/ERK/KSR1 complex
determines the cytoplasmic and nuclear destination of the pERK, a mechanism similar to those used
to retain pERK on the endosomes by B-arrestin-2 and on the Golgi by another scaffold protein Sef
(63,64). Interestingly, PA binds to several components of the ERK cascade on the plasma
membrane, such as Sosl, Rafl and KSR1 (12,41,65). It is likely that PLD2-generated PA
association to Rafl, KSRI, or other scaffold proteins, potentially weakens their binding to MEK

and ERK, therefore allowing MEK/ERK nuclear translocation in cancer cells.

There are clear differences between the mechanisms through which PLD2-generated PA
regulates the Ras-ERK cascade in cancer cells and other cell types. In EGF-stimulated fibroblasts,
PLD2-generated PA directly regulates the activity of total Ras and ERK levels though Sosl, a Ras
guanine exchange factor (12), or Rafl (41). In lymphocyte function-associated antigen-1-stimulated
lymphocytes, PLD2-generated PA activates Ras indirectly when being converted to DAG by PA-
phosphatases, which then activates a different Ras guanine exchange factor-RasGRP1 (14). Our
findings that the precise control of PA production by PLD?2 is critical for the delivery of active ERK
to the nucleus of cancer cells contribute a mechanistic insight into many previous observations. It is
possible that different expression levels of MAPK components, such as Sosl, Rafl and scaffold
proteins, and PA-generating enzymes, such as PLD and DGK, in different cell types, may affect the

duration, magnitude, and compartmentalization of ERK, leading to different biological outcomes.
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PLD expression and activity are elevated in a variety of human cancer tissues (66-71) and human
cancer cell lines (72-76). Interestingly, high levels of PLD2 activity also correlate with more
aggressive cancer phenotypes (77). Moreover, it has been proposed that PLD2 could be a “driver”
in breast tumorigenesis, based on the relatively high rate of somatic mutation of PLD2 found in a
sequencing analysis of human breast cancer patients (78). Finally, consistent with elevated PLD
expression and activity, PLD has been reported to be important for cell proliferation, survival and
migration in many cancer cell lines (79,80). It is therefore important to clarify how upregulation of
PLD2 expression and activity may “rewire” the MAPK pathway in cancer cells. Further
understanding the unique role of PLD2 in cancer cell signaling may help us design strategies for the

treatment of human malignancies.

In summary, the present studies demonstrate that the new PA biosensor PASS is capable of
recognizing PA with unprecedented specificity and sensitivity, which allows us to monitor the
spatiotemporal changes of PA at the single-cell level. Analysis of cellular PA with this biosensor
revealed that EGF stimulation activates PLD2 and DGK sequentially. Because the spatiotemporal
production of PA by PLD2 is important for the nuclear ERK activity and proliferation, the use of

this novel probe should facilitate our research into the biology of both normal and cancerous cells.
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Figure Legends

Fig 1. Design of a new phosphatidic acid (PA) biosensor. (A) Schematic of the design of new PA
biosensors. To improve the PA accessibility, a nuclear export sequence (NES) derived from protein
kinase A inhibitor was added to either the N-terminus of Spo20-PABD, which was derived from
yeast t-SNEAR Spo20 protein. The new NES-Spo20-PABD is named PASS (Phosphatidic Acid
biosensor with Superior Sensitivity). PASS-4E is a mutant that four lysine residues were mutated to
glutamic acid (K66E, K68E, R71E, and K73E), which disrupted the PA binding of the original
Spo20-PABD (38). (B) PASS specifically binds to PA. Purified GST-PASS-His was mixed with
sucrose-loaded liposomes containing PA, phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,), and
phosphatidylinositol 3,4,5-bisphosphate (PI(3,4,5)P3;). After centrifugation, the pellets bound to

liposomes were analyzed by Western blot using a GST antibody.

Fig 2. PASS specifically monitors the changes in cellular PA levels. (A) Minimal membrane
localization of previous PA biosensors (GFP-Spo20-PABD, GFP-Sosl1-PH and Rafl-PABD) in
PMA-stimulated CHO cells. The original GFP-Spo20-PABD was dominantly localized in the
nucleus, and its plasma membrane localization was only observed in PMA-stimulated cells when
the images were overexposed. GFP-Rafl-PABD aggregates in some cells. (B) The majority of GFP-
and RFP-PASS is translocated to the plasma membrane upon PMA stimulation, which can be
inhibited by the PLD inhibitor FIPI (PLDi, 0.75uM). (C) PMA stimulation recruited GFP-PASS but
not RFP-PASS-4E to the plasma membrane. (D) Increased PLD activity recruited PASS to
membranes. Overexpression of PLD2 recruited GFP-PASS but not RFP-PASS-4E to the plasma
membrane in the same cells. Overexpression of PLDI1 increased the localization of PASS on
intracellular vesicles upon PMA stimulation (compared to B and C). (E) Delivery of synthetic PA

(100 uM), but not PS (100 uM), recruited PASS to the plasma membrane. (F) Quantification of the
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fluorescent intensity of PASS at the plasma membrane relative to that of the cytoplasm in the

experiment in B-E. N=3. *, p <0.001 versus GFP-PASS.

Fig 3. Temporal production of PA by PLD and DGK in EGF-stimulated HCC1806 breast cancer
cells. (A) Different effects of PLD and DGK inhibition on EGF-promoted plasma membrane
translocation of GFP-PASS. Cells were pre-incubated with either DMSO, PLD inhibitor FIPI
(PLDi, 0.75 uM) or DGK inhibitor (DGKi, 10 uM) for 1 hr, and then stimulated with EGF for the
indicated time. (B) Quantification of the fluorescent intensity of GFP-PASS at the plasma
membrane relative to that of the cytoplasm in the same experiment in A. N=3. * p < 0.01; ** p <
0.001 versus DMSO treatment at the same time points. (C) PLD2 is responsible for the generation
of PA on the plasma membrane. HCC1806 cells expressing GFP-PASS were infected with
lentiviruses carrying luciferase (Luc), PLD1 and PLD2 shRNAs, and stimulated with EGF for 3
min. (D) Western blot analysis of PLD1 and PLD2 knockdown. (E) Quantification of the
fluorescent intensity of GFP-PASS at the plasma membrane relative to that of the cytoplasm in the
same experiment in C and those treated with PLD1 and PLD2 inhibitor (PLD1i, 5 pM; PLD2i, 5
uM). N=3. ** p < 0.001 versus Luc shRNA or DMSO treatment. (F) PLD1 and PLD2 subcellular
localization in HCCI1806 cells. Cells expressing Flag-PLD1 or Flag-PLD2 stimulated with or

without EGF were stained with an anti-Flag antibody.

Fig 4. PLD2 modulates the nuclear activity of ERK in EGF-stimulated cancer cells. (A) Inhibition
of either PLD (PLDi, 0.75 uM) or DGK (DGKi, 10 uM) has no effect on the global phosphorylation
of ERK in HCCI1806 cells. Serum-starved cells were pre-incubated with inhibitors, and then
stimulated with EGF for the indicated time. Phospho-ERK1/2 (pERK) and total ERK1/2 were

detected on the same membranes by LI-COR Odyssey infrared imaging system using a mouse
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monoclonal antibody and a rabbit polyclonal antibody, respectively. (B) Quantification of the
relative pixel intensity of pERK levels in the same experiment in A. pERK levels were normalized
by total ERK of the same samples. N=3. (C) Downregulation of PLD1 and PLD2 by shRNAs does
not affect the global activation of ERK. Serum-starved cells expressing luciferase (Luc), PLD1 or
PLD2, were stimulated with EGF for the indicated time. Phospho-ERK1/2 (pERK) and total
ERK1/2 were detected as described in A. (D) Quantification of the relative pixel intensity of pERK
levels in the same experiment in C. pERK levels were normalized by total ERK of the same
samples. N=3. (E) PLD inhibitor decreases the nuclear translocation of pERK. Cells grown on
coverslips were treated, stimulated for 0, 3, 6, 15, 30 and 60 min, as described in A, and stained for
a pERK antibody (only the images at 6 min of EGF stimulation are shown). (F) Quantification of
the fluorescent intensity of pERK in the nucleus relative to that of the cytoplasm in C. N=3. * p
<0.001 versus DMSO treatment at the same time points. (G) PLD2 knockdown decreases the
nuclear translocation of pERK. Cells expressing shRNAs were grown on coverslips, stimulated with
EGF for 6 min, and stained for a pERK antibody. (H) Quantification of the fluorescent intensity of
pERK in the nucleus relative to that of the cytoplasm in E. N=3. * p <0.001 versus Luc shRNA. (I)
Exogenous PA rescues reduced nuclear pERK staining caused by PLD2 inhibitor (5uM) in a dose-
dependent manner. Serum-starved cells were pre-treated by exogenous PA in indicated
concentrations 20 min before EGF stimulation. (J) Quantification of the fluorescent intensity of
pERK in the nucleus relative to that of the cytoplasm in I. N=3. *, p <0.01, **, p <0.001 versus cells
without PA addition. (K) PLD2 inhibition does not affect EGFR internalization. 1806 cells pre-
treated with DMSO or PLD?2 inhibitor (5uM) were stimulated with EGF for 0, 3, 6, 15, and 30 min,
and then stained for EGFR antibody. There is no difference in the localization of EGFR on the

plasma membrane and endosomes. Only results from 0 and 15 min are shown.
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Fig 5. PLD2 regulation of the nuclear ERK activity is a common mechanism of modulating EGF
signaling pathway in cancer cells. (A) Serum-starved cancer cells were pre-incubated with either
DMSO or PLD2 inhibitor (5uM), and then stimulated with EGF. The images shown were from the
time points of EGF stimulation at which pERK reached to the maximal levels, which varied in
different cancer cell lines, e.g., 6 min for HCC827, 6 min for MDA-MB-468, 3 min for A-431, and
3 min for BT-20. (C) Cancer cells expressing luciferase (Luc) control and PLD2 shRNAs were
stimulated with EGF as those in A. (B, D) Quantification of the fluorescent intensity of pERK in the
nucleus relative to that of the cytoplasm in A and C. N=3. *, p <0.001 versus DMSO or Luc shRNA

control in the same cell lines.

Fig 6. Inhibition of PLD2 decreases the phosphorylation and protein levels of ERK nuclear
substrates. Serum-starved HCC1806 cells pre-treated with inhibitors (A, E) or expressing shRNAs
(C) were stimulated with EGF for the indicated time. Total cell lysates were collected for Western
blot analyses of indicated proteins. (B, D, F) Quantification of the relative pixel intensity of
phosphorylated and total proteins in the same experiment in A, C and E. pElkl levels were
normalized by total Elk of the same samples. Phosphorylated and total levels of other proteins were
normalized by a-tubulin of the same samples. PLDi, 0.75 uM; DGKi, 10 uM. N=3. * p<0.01 versus

DMSO or Luc shRNA treatment at the same time points.

Fig 7. Inhibition of PLD2 decreases the proliferation of HCC1806 cells. (A) Inhibitor treatment.
(B) PLDI1 and PLD2 knockdown by shRNA expression. Cells were seeded in 6-well plates in
RPMI-1640 media containing 0.1 % FBS and 5 ng/ml EGF in the presence of DMSO or inhibitors

(PLDI1i, 5 uM; PLD2i, 5 uM; DGKi, 10 uM), or in the presence of control and PLD shRNAs.
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764  Viable cells were measured by trypan blue exclusion. N=3. * p < 0.05; **, p < 0.01; #, p < 0.001;

765  versus DMSO treatment or Luc shRNA at the same time points.
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