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ABSTRACT Macrophages and dendritic cells continuously survey their environment in search 
of foreign particles and soluble antigens. Such surveillance involves the ongoing extension of 
actin-rich protrusions and the consequent formation of phagosomes and macropinosomes. 
The signals inducing this constitutive cytoskeletal remodeling have not been defined. We 
report that, unlike nonphagocytic cells, macrophages and immature dendritic cells have ele-
vated levels of phosphatidic acid (PA) in their plasma membrane. The plasmalemmal PA is 
synthesized by phosphorylation of diacylglycerol, which is in turn generated by a G protein–
stimulated phospholipase C. Inhibition of diacylglycerol kinase activity results in the detach-
ment of T-cell lymphoma invasion and metastasis–inducing protein 1 (TIAM1)—a Rac guanine 
exchange factor—from the plasma membrane, thereby depressing Rac activity and abolishing 
the constitutive ruffling and macropinocytosis that characterize macrophages and immature 
dendritic cells. Accumulation of PA and binding of TIAM1 to the membrane require the activ-
ity of phosphatidylinositol-4,5-bisphosphate 3-kinase. Thus a distinctive, constitutive pathway 
of PA biosynthesis promotes the actin remodeling required for immune surveillance.

constantly probe and sample the extracellular milieu for antigens. 
Particulate antigens are engulfed by phagocytosis, whereas soluble 
ones are internalized by macropinocytosis. Both processes are 
driven by actin polymerization initiated by activation of Rho-family 
GTPases. The membrane ruffling that underlies macropinosome for-
mation occurs continuously and is particularly vigorous in immature 
dendritic cells (iDCs). Phagocytosis, by contrast, is believed to be a 
receptor-initiated process. However, evidence indicates that both 
macrophages and dendritic cells probe their surroundings for par-
ticulate targets by emitting extensions even before receptor en-
gagement (West et al., 2000; Flannagan et al., 2010). Like phagocy-
tosis itself, this spontaneous probing process is also actin 
mediated.

What triggers the ongoing extension of ruffles and filopodia in 
unstimulated phagocytes is not clear. We considered the possible 
involvement of phospholipids, which play a crucial role in controlling 
actin remodeling and undergo uniquely active conversions in 
phagocytic cells (Yeung and Grinstein, 2007). In particular, we inves-
tigated the role of phosphatidic acid (PA), which promotes actin po-
lymerization by several means (Zhang and Du, 2009): it induces the 
dissociation of Rac from its Rho-specific guanine nucleotide disso-
ciation inhibitor (GDI; Abramovici et al., 2009), aids in recruiting Rac 
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INTRODUCTION
Macrophages and dendritic cells are professional phagocytes and 
antigen-presenting cells that provide immune surveillance and 
bridge the innate and adaptive immune systems. To this end, they 
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to the plasma membrane (Stace and Ktistakis, 2006), and also acti-
vates the Rac guanine exchange factor (GEF), DOCK2 (Nishikimi 
et al., 2009). In addition, PA contributes to the recruitment and acti-
vation of phosphatidylinositol 4-phosphate 5-kinase (PtdIns(4)P5K; 
Roach et al., 2012); phosphatidylinositol 4,5-bisphosphate (Pt-
dIns(4,5)P2), the product of this kinase, facilitates actin polymeriza-
tion by increasing the concentration of monomeric actin and con-
trolling the severing of filaments (Zhang et al., 2012).

Although genetically encoded fluorescent probes have been 
used successfully to monitor the dynamics of other phospholipids, 
detection of PA in live cells has been uniquely challenging, perhaps 
because it is a minor, rapidly interconvertible species. A probe based 
on the PA-binding domain of Raf1 has been used with some success 
(Rizzo et al., 2000) but appears to lack the sensitivity needed to de-
tect low levels of the phospholipid. Another protein domain, identi-
fied in the yeast protein Spo20p, also binds PA selectively (Nakanishi 
et al., 2004; Kassas et al., 2012). Here we use a construct consisting 
of two tandem repeats of the Spo20p domain fused to a nuclear 
export signal to visualize PA in macrophages and iDCs. Microscopy 
studies performed using this probe, in combination with mass spec-
trometry and enzymatic determinations, reveal that phagocytes are 
uniquely rich in plasmalemmal PA. Phosphorylation of diacylglycerol 
(DAG) by DAG kinase(s) (DGKs) is primarily responsible for the for-
mation of this basal PA, which is necessary for the constitutive ruffling 
that underlies macropinocytosis.

RESULTS
Plasmalemmal PA in macrophages and iDCs
We used a tandem repeat of the Spo20p51–91 domain fused to green 
fluorescent protein (GFP) as a genetically encoded probe for PA 
(Zeniou-Meyer et al., 2007; Du and Frohman, 2009; see Materials 
and Methods). When expressed in macrophage-like RAW264.7 or 
J774 cells, the probe (called GFP–tandem phosphatidic acid–bind-
ing domain of Spo20p [2PABD] hereafter) associates with the plasma 
membrane (Figure 1A), implying that PA is particularly abundant in 
this compartment; this conclusion is in agreement with mass spec-
trometric determinations in RAW264.7 cells (Andreyev et al., 2010). 
A smaller fraction of the probe bound the nuclear/endoplasmic re-
ticulum (ER) membrane, where PA serves as a precursor for glycero-
phospholipid synthesis. Of importance, the plasmalemmal enrich-
ment of PA occurred also in primary myeloid cells. This was verified 
by introducing the plasmid encoding GFP-2PABD into bone mar-
row–derived murine iDCs by electroporation. In keeping with the 
findings using cell lines, the PA probe was found overwhelmingly at 
the plasma membrane (Figure 1C and Supplemental Movie S1). By 
contrast, in nonphagocytic cells such as epithelioid HeLa or kidney-
derived HEK293 cells, PA localized to the nuclear/ER membrane 
and inside the nucleus, but the majority was cytosolic (Figure 1B). Of 
note, little PA was detected at the plasma membrane, which was 
demarcated using a plasmalemmal marker, PM–red fluorescent pro-
tein (RFP; Figure 1C). The failure of the probe to bind to the plasma-
lemma in HeLa and HEK293 cells reflects the scarcity of PA in this 
compartment rather than abnormal behavior of the probe in these 
cells. This was validated by addition of exogenous PA, which parti-
tioned into the plasma membrane and caused a rapid and extensive 
relocalization of the GFP-2PABD construct to the plasmalemma 

FIGURE 1: PA is elevated at the plasma membrane of macrophages 
and iDCs. (A) RAW264.7 macrophages transiently transfected with 
GFP-2PABD. A representative optical section obtained by confocal 
microscopy is illustrated. (B) HeLa cells transiently cotransfected with 
GFP-2PABD and PM-RFP were examined as in A. (C) Quantification of 
the fluorescence intensity of GFP-2PABD at the plasma membrane 
relative to that of the cytosol in various cell types. Data are means ± 
SE of at least three individual experiments; a minimum of 100 cells 
were quantified per cell type. (D) HeLa cells were transiently 
transfected with GFP-2PABD, and images were acquired before and 
10 min after addition of exogenous PA. (E) Representative confocal 
fluorescence image of live HeLa cells transiently cotransfected with 
GFP-2PABD and HA-tagged PLD2. Scale bars, 5 μm. (F) Quantification 
of the fluorescence intensity of GFP-2PABD at the plasma membrane 
relative to that in the cytosol in HeLa cells transiently transfected with 
the indicated PLD constructs or exposed to 100 μM exogenous PA. 
Data are means ± SE of at least three individual experiments; a 
minimum of 100 cells were quantified per condition. (G) Quantification 

of the PA content of cell lysates, determined using the enzymatic 
assay described in Materials and Methods. Data are means ± SE of at 
least three individual experiments for each cell type. (H) Quantification 
of PA content of cell lysates by mass spectrometry. Data are means ± 
SE of at least three individual experiments.
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that DGK activity is the predominant source of constitutive plas-
malemmal PA production in phagocytes.

Expression and localization of DGK isoforms
Ten different members of the DGK family have been described 
(Sakane et al., 2007). We tested whether one or more of these are 
expressed in macrophages and whether they localize to the plasma 
membrane. Strikingly, using reverse transcription (RT)-PCR, we 
found that all 10 DGKs are present in RAW264.7 macrophages 
(Figure 3A). Expression of GFP-tagged versions of the DGKs was 
used to assess their subcellular distribution. Of the six GFP-tagged 
DGKs tested, DGKβ, DGKγ, and DGKζ were found at the plasma 
membrane of otherwise untreated RAW264.7 cells (Figure 3, B–E). 
The expression and localization of multiple DGK isoforms support 
the hypothesis that these enzymes are responsible for plasmalem-
mal PA production.

PA production depends on phospholipase C activity
The rapid accumulation of DAG in cells treated with DGKi I suggests 
that ongoing DAG generation is obscured by its rapid conversion to 
PA by DGK. Because at rest the concentration of plasmalemmal PA 
remains constant, this implies that PA synthesis is matched by its 
conversion to further products. If such a dynamic steady state indeed 
exists, it follows that inhibition of DAG production should result in a 
concomitant depletion of PA. Indeed, inhibition of phospholipase C 
(PLC), which is most commonly responsible for DAG production at 
the plasma membrane, by the PLC inhibitor U73122 decreased the 
PA content of RAW264.7 cells (Figure 4A). Using the converse ap-
proach—addition of the PLC activator ionomycin to HeLa cells—
caused a transient accumulation of the PA probe at the plasma mem-
brane (Figure 4, B and C, and Supplemental Movie S2).

Thirteen PLC family members have been identified (Bunney and 
Katan, 2011). Their potential redundancy made identification of the 
responsible enzyme(s) by small interfering RNA–mediated silencing 
impractical. Instead we investigated whether any of the isoforms 
were located at the plasma membrane in resting macrophages. 
PLCγ1 and PLCγ2, which play an important role during phagocyto-
sis, were not localized to the plasma membrane under unstimulated 
conditions: PLCγ1-GFP and PLCγ2-GFP were largely cytosolic, and 
immunofluorescence determinations similarly failed to detect en-
dogenous PLCγ1 or PLCγ2 at the membrane (Supplemental Figure 
S1). We next tested PLCβ isoforms. PLCβ1-GFP and PLCβ3–cyan 
fluorescent protein (CFP) were present in the plasma membrane of 
RAW264.7 macrophages (Figure 4, D and E), and RT-PCR suggested 
that messages for both enzymes are generated by these cells (Figure 
4F). Moreover, PLCβ3 has been reported to regulate macrophage 
survival (Wang et al., 2008).

Activation of PLC and PtdIns(4,5)P2 3-kinase by G protein–
coupled receptors is required for synthesis of plasmalemmal 
PA in phagocytes
To analyze the possible involvement of PLCβ in DAG and PA gen-
eration, we took advantage of the fact that these isoforms are stimu-
lated by G protein–coupled receptors (GPCRs). To this end, we used 
pertussis toxin (PTX), which blocks Gi, Go, and Gt proteins from 
coupling with their cognate receptors. As illustrated in Figure 5D, 
PTX lowered the total PA content of RAW264.7 cells and caused the 
PA probe to dissociate from the plasma membrane (Figure 5, E and 
F). Furthermore, PTX caused detachment of PLCβ3-CFP from the 
plasma membrane (Figure 5F). We also tested the effect of an acti-
vator of GPCRs. Addition of aluminum fluoride to HeLa cells caused 
accumulation of plasmalemmal DAG that was accompanied by 

(Figure 1, D and F). Moreover, the probe could readily detect meta-
bolically generated PA at the membrane of HeLa cells, as shown in 
Figure 1E. For these experiments, cells were transfected with phos-
pholipase D2 (PLD2), which localizes to the plasma membrane, 
where it displays high basal activity; expression of this isoform re-
cruited the PA probe to the membrane. This effect was not observed 
when a catalytically inactive mutant was transfected (Figure 1F). 
Moreover, the distribution of the probe remained similarly unaf-
fected when PLD1 was expressed. Unlike PLD2, this isoform is found 
mainly in endocytic and Golgi compartments and is relatively inac-
tive at rest (Du et al., 2003).

PA is an essential precursor for glycerophospholipid and triglyc-
eride synthesis that occur in endomembranes (Bohdanowicz and 
Grinstein, 2013). Because phagocytes displayed unusually high PA 
at the plasma membrane, in addition to the fraction detected in 
endomembranes, we predicted that their total PA content per cell 
would be higher than that of nonmyeloid cells. Two methods were 
used to test this prediction: mass spectrometry and an enzymatic 
assay in which PA is metabolized to generate a fluorescent product 
(see Materials and Methods; Morita et al., 2009). As illustrated in 
Figure 1G, the latter assay indicated that, when normalized per unit 
protein, macrophage-like cells indeed contain considerably more 
PA than do nonmyeloid cells. Furthermore, we also quantified PA by 
mass spectrometry. These determinations confirmed that the total 
PA—expressed per total phospholipid—was greater in phagocytic 
than in nonphagocytic cells (Figure 1H).

Plasmalemmal PA is produced by DGK
PLD activity is an acknowledged source of PA (Yeung and Grinstein, 
2007). We therefore assessed its contribution to the pool of PA pres-
ent constitutively in the membrane of phagocytes. Neither 1-butanol 
nor 5-fluoro-2-indolyl des-chlorohalopemide (FIPI), two well-docu-
mented antagonists of PLD-mediated PA production, had a signifi-
cant effect on the membrane partition of the GFP-2PABD probe 
(Figure 2, A and B), and neither compound decreased the total con-
tent of PA, as measured using the aforementioned enzymatic assay 
(Figure 2C). The effectiveness of the inhibitors was verified using 
HeLa cells transfected with PLD2; in this instance, both 1-butanol 
and FIPI displaced the GFP-2PABD probe from the plasma mem-
brane (Figure 2, D and E). Furthermore, the catalytically inactive mu-
tants of PLD1 and PLD2, which are often used as dominant-negative 
antagonists of endogenous PLD, failed to decrease the plasmalem-
mal PA in RAW264.7 cells (Figure 2B).

The preceding results suggest that a pathway other than PLD is 
responsible for PA formation in the membrane of phagocytes. We 
next tested the role of DGKs, which catalyze the phosphorylation of 
DAG into PA. In stark contrast to PLD antagonists, diacylglycerol ki-
nase inhibitor I (DGKi I; also called R59022) prompted dissociation 
of the PA probe from the plasma membrane of RAW264.7 cells 
(Figure 2F) and myeloid cells (Supplemental Movie S1). The probe 
detached rapidly from the membrane after addition of DGKi I, with 
a half-life of ∼80 s (Figure 2G), implying rapid turnover of PA. Etha-
nol, the vehicle used to dissolve DGKi I, was without effect. Two 
lines of evidence indicate that the inhibitor indeed precluded DGK 
activity rather than interfered by other means with the binding of the 
PA probe. First, in parallel with the decrease in PA, DGKi I caused 
plasmalemmal accumulation of DAG, monitored using the C1 do-
main of protein kinase Cδ (Figure 2F, bottom). Second, addition of 
exogenous PA to cells treated with DGKi I restored binding of GFP-
2PABD to the membrane (Figure 2H). Moreover, as shown in Figure 
2C, DGKi I also reduced the total PA content of the cells by 54%, 
measured biochemically. Taken together, these results suggest 
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recruitment of the PA probe (Figure 5, B 
and C, and Supplemental Movie S3).

The pronounced effect of PTX on plas-
malemmal PA biosynthesis, as well as the 
sensitivity of PLCβ isoforms to this toxin, led 
us to question whether other key lipid inter-
mediates upstream of PA synthesis were 
also affected by PTX treatment. We there-
fore examined the distribution of DAG (the 
substrate of DGKs), PtdIns(4,5)P2 (the pri-
mary substrate of PLCβ), and PtdIns(3,4,5)P3 
(which regulates the targeting and activity of 
PLC isoforms), using fluorescently tagged 
biosensors. As shown in Figure 5E, expo-
sure to PTX had no discernible effect on the 
cellular localization of PH-PLCδ-GFP and 
GFP-C1PKC (PKC, protein kinase C) sensors 
for PtdIns(4,5)P2 and DAG, respectively. In 
contrast, the toxin caused dissociation of 
PH-Akt-GFP (a probe for PtdIns(3,4,5)P3) 
from the plasma membrane, where it was 
found to be enriched in ruffles. Modest 
amounts of PtdIns(3,4,5)P3 had been de-
tected earlier in the membrane of unstimu-
lated macrophages, which increase mark-
edly during phagocytosis (Vieira et al., 
2001).

The shared sensitivity of PA and Pt-
dIns(3,4,5)P3 formation to PTX raised the 
possibility that these events might be caus-
ally linked. Indeed, PtdIns(3,4,5)P3 was 
shown to target to the membrane and stim-
ulate the activity of a variety of PLC isoforms, 
including PLCβ3 (Zhang et al., 2009). We 
therefore used phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3K) inhibitors to 
test whether PtdIns(3,4,5)P3 is in fact re-
quired for the constitutive accumulation of 
PA at the plasma membrane of phagocytes. 
We verified the effectiveness of the PI3K in-
hibitor LY294002 by measuring the displace-
ment of the PX domain of p40phox (a probe 
for PtdIns(3)P) from endomembranes (Figure 
5A). In parallel with inhibition of PI3K activ-
ity, LY294002 caused detachment of the PA 
probe GFP-2PABD from the plasma mem-
brane. Addition of exogenous PA restored 
plasmalemmal localization of GFP-2PABD to 

FIGURE 2: Plasmalemmal PA is generated by DGK. (A) RAW264.7 macrophages transiently 
transfected with GFP-2PABD or (D, E) HeLa cells cotransfected with GFP-2PABD and HA-PLD2 
were examined by confocal microscopy immediately before and 10 min after treatment with 
(A, D) 0.3% 1-butanol or (E) 750 nM FIPI. Insets here and elsewhere show magnifications of the 
area denoted by the dashed line. (B) Quantification of the fluorescence intensity of GFP-2PABD 
at the plasma membrane of RAW264.7 macrophages relative to that of the cytosol. Data are 
means ± SE of at least three individual experiments; a minimum of 50 cells were quantified per 
condition. (C) Quantification of the PA content of RAW264.7 cell lysates using the enzymatic 
assay. Data are means ± SE of at least three individual experiments. (F) RAW264.7 macrophages 
cotransfected with GFP-2PABD and mCherry-C1PKC were examined by confocal microscopy 
before or 10 min after treatment with 30 μM DGKi I. (G) Quantitation of the fluorescence 
intensity of GFP-2PABD at the plasma membrane of RAW264.7 macrophages as a function of 

time after exposure to 30 μM DGKi I. 
Plasmalemmal fluorescence was normalized 
to the initial value to enable comparison 
between experiments. Data are means ± 
SEM of six independent determinations. 
(H) RAW264.7 macrophages transfected with 
GFP-2PABD were examined by confocal 
microscopy before, 10 min after treatment 
with 30 μM DGKi I, and a further 10 min after 
the subsequent addition of 100 μM PA. 
Images in A, D, F, and H are representative of 
at least three experiments of each kind. Scale 
bars, 5 μm.
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PA production depends on PtdIns(4,5)P2
PtdIns(4,5)P2 is the preferred substrate of most mammalian PLCs. 
To determine whether PtdIns(4,5)P2 was required for plasmalemmal 
PA production, we used a rapamycin heterodimerization system to 
recruit to the plasma membrane the phosphatase domain of synap-
tojanin, which can hydrolyze PtdIns(4,5)P2. The system consists of 
two separate constructs. One is soluble and includes both the phos-
phatase and rapamycin-binding domains. The second construct is 
associated with the plasmalemma and binds to another moiety of 
rapamycin. Addition of rapamycin brings the phosphatase to the 
membrane by promoting the complementary interaction between 
rapamycin-binding domains in the cytosolic and plasmalemmal con-
structs (Figure 6A). As shown in Figure 6, B and D, recruitment of the 
phosphatase caused dissociation of the GFP-2PABD from the mem-
brane, indicating that the continuous formation of PA required the 
presence of PtdIns(4,5)P2. That the effect of rapamycin was due to 
depletion of PtdIns(4,5)P2 was confirmed by using a catalytically in-
active mutant of the phosphatase. Rapamycin-induced recruitment 
of this mutant had no discernible effect on PA (Figure 6, C and D).

PA is necessary for the plasmalemmal Rac activity that 
underlies membrane ruffling
PA can regulate Rac activity (Abramovici et al., 2009; Nishikimi et al., 
2009), a monomeric GTPase key to membrane ruffle formation 
(West et al., 2000; Flannagan et al., 2010). It seemed plausible that 
PA was involved in the constitutive ruffling that macrophages and 
iDCs undergo in the course of immune surveillance. Indeed, plas-
malemmal PA abundance closely parallels ruffling, as RAW264.7 
and iDCs—which have more PA—ruffle much more actively than 
HeLa cells (Supplemental Movie S4). We therefore tested how 
membrane ruffling was affected when PA production was impaired. 
Inhibition of DGK activity depressed both the rate and extent of 
ruffle formation in iDCs (Figure 7, A and B). The ruffling index in 
these cells, measured as in Araki et al. (1996), decreased by 65%, 
and this was accompanied by a decrease in the actin-rich frilled pro-
trusions believed to underlie ruffle formation (Figure 7C). Note that 
the total F-actin content of the cells—measured by extracting bound 
phalloidin with methanol—was unaffected by the DGK inhibitor 
(Supplemental Figure S3A), indicating that its effect was specifically 
on ruffling and not a wholesale inhibition of actin polymerization. 
Indeed, some RAW264.7 cells treated with the DGK inhibitor exhib-
ited bundles of actin reminiscent of stress fibers (Supplemental 
Figure S3B), suggesting an alteration of the equilibrium between 
Rho and Rac activity.

We confirmed and extended the ruffling index and phalloidin 
determinations using an independent method based on total inter-
nal reflection fluorescence (TIRF) microscopy. RAW264.7 cells stably 
expressing glycophosphatidylinositol-anchored GFP, an exofacial 
marker, were suspended and allowed to settle onto a coverslip 
coated with bovine serum albumin (for details see Flannagan et al., 
2010). Once the cells made contact with the coverslip, dynamic 
membrane protrusions were readily visible in the focal (TIRF) plane 
(Figure 7D and Supplemental Movie S5). Integration of the fluores-
cence over time provided a robust measure of ruffling activity. As 
expected, when quantified in this manner, ruffling was inhibited by 
latrunculin B, an actin-polymerization antagonist. More important, 
profound inhibition was also recorded in cells treated with DGKi I or 
PTX (Figure 7, D and E).

We verified that the inhibition of ruffling was caused by interfer-
ence with Rac, using a construct consisting of the p21-binding do-
main of p21-activated kinase (PBD-PAK) tagged with yellow fluores-
cent protein (YFP). PAK-PBD-YFP is used routinely as an indicator of 

the membrane, implying that LY294002 does not directly interfere 
with the ability of the probe to recognize PA (Figure 5A, bottom). 
This finding also implies that the GFP-2PABD probe does not re-
quire PtdIns(3,4,5)P3 to associate with the membrane. Accordingly, 
by stimulating PI3K, insulin recruits PH-Akt-RFP, but not GFP-2PABD, 
to the plasma membrane of HeLa cells (Supplemental Figure S2A). 
Conversely, DGKi I causes GFP-2PABD, but not PH-Akt-RFP, to dis-
sociate from the plasma membrane of RAW264.7 cells (Supplemen-
tal Figure S2B). Taken together, these findings indicate that the 
novel GFP-2PABD probe recognizes PA but not PtdIns(3,4,5)P3.

The preceding observations support the notion that constitutive 
production of PA at the plasma membrane depends on the activity 
of PI3K and PLCβ, both of which are in turn regulated by PTX-sensi-
tive G proteins. Although these results provide convincing evidence 
of the involvement of PTX-sensitive GPCRs, we were unable to pin-
point the precise receptor(s) involved. Inhibitors of sphingosine 
1-phosphate, lysophosphatidic acid, prostaglandin, or P2Y recep-
tors were without effect on the membrane association of the GFP-
2PABD probe (data not shown). Similarly, serum starvation for 6 h 
had no discernible effect, and we could not detect autocrine or 
paracrine factors by incubating HeLa cells with conditioned medium 
used to culture RAW264.7 cells. It is possible that more than one 
GPCR or an orphan GPCR stimulates plasmalemmal DAG and PA 
production in phagocytic cells.

FIGURE 3: Expression of DGK isoforms in macrophages. 
(A) Transcription of all 10 DGK isoforms was validated by 
RT-PCR using mRNA extracted from RAW264.7 macrophages. 
(B–D) RAW264.7 macrophages were transiently transfected with 
(B) DGKβ-GFP, (C) DGKγ-GFP, or (D) DGKζ-GFP and examined by 
confocal microscopy. Scale bars, 5 μm. (E) Quantification of 
fluorescence of the different DGK isoforms at the plasma membrane 
relative to that in the cytosol. Data are means ± SE of at least three 
individual experiments; a minimum of 100 cells were quantified per 
condition.
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(Nishikimi et al., 2009). Another GEF, T-cell 
lymphoma invasion and metastasis–inducing 
protein 1 (TIAM1), was identified as an im-
portant activator of Rac in macrophages 
(Mizrahi et al., 2005). Like DOCK2, TIAM1 
contains a polybasic domain, consisting of 
five consecutive arginines, near its C-termi-
nus. We therefore investigated whether PA 
contributes to its association with the mem-
brane. As shown in Figure 8A, the GFP-
tagged version of TIAM1 constitutively local-
izes to the plasma membrane of macrophages 
and is particularly noticeable at ruffles. Addi-
tion of the DGK inhibitor caused this Rac 
GEF to detach from the membrane while 
concomitantly terminating ruffling (Figure 8, 
A and C, and Supplemental Movie S7). Ad-
dition of exogenous PA rerecruited TIAM1-
GFP to the membrane and restored ruffling 
(Supplemental Movie S7, B). In contrast, ad-
dition of exogenous DAG to DGKi I–treated 
cells was unable to relocate TIAM1-GFP to 
the membrane (Figure 8C and Supplemental 
Movie S7, A). The inhibitory effect of DGKi I 
on TIAM1 was not due to a global effect on 
plasmalemmal surface charge, as indicated 
by the retention on the membrane of the 
cationic probe GFP-R-pre, described earlier 
(Yeung et al., 2006; Supplemental Figure 
S4). These findings indicate that not only 
DOCK2, but also TIAM1 could account for 
the constitutive, PA-dependent activity of 
Rac on the membrane of phagocytes.

Whereas addition of exogenous PA was sufficient to restore plas-
malemmal association of TIAM1 and membrane ruffling (Figure 8, A 
and C, and Supplemental Movie S7) in cells treated with DGKi I, it 
was insufficient to restore ruffling in cells exposed to PTX (Figure 7H 
and Supplemental Movie S6). Thus, although it is clear that PA is 
necessary for the association of TIAM1 with the plasma membrane, 
PTX seemingly interferes also with other components necessary for 
constitutive recruitment of TIAM1. Because PTX treatment led to a 
marked decrease in plasmalemmal PtdIns(3,4,5)P3 (Figure 5, E and 
F), we considered the possibility that this inositide was also required 
for the recruitment of TIAM1 to the plasma membrane (Ceccarelli 
et al., 2007). We therefore treated RAW264.7 macrophages coex-
pressing TIAM1-GFP and PX-mCherry with LY294002. As found 
when using the DAG kinase inhibitor (Figure 8A), PI3K inhibition re-
sulted in the displacement of TIAM1-GFP from the plasma mem-
brane (Figure 8, B and C). Of importance, inhibition of PI3K resulted 
in the concomitant impairment of membrane ruffling (Supplemental 
Movie S8). Taken together, these results imply that plasmalemmal 
PA and PtdIns(3,4,5)P3 need to be present simultaneously for opti-
mal recruitment of TIAM1.

The parallel behavior of TIAM1 and cell ruffling suggests that 
nucleotide exchange by Rac is the main determinant of actin remod-
eling under the conditions analyzed in the foregoing. If this is indeed 
the case, then expression of a recombinant exchange factor that 
permanently associates with the plasma membrane should bypass 
the requirement for PI3K and DGK signaling. To test this hypothesis, 
we expressed the GEF (tandem DH-PH) domain of TIAM1 joined by 
a flexible linker to the rapamycin-binding domain FKBP (Inoue et al., 
2005), tagged with enhanced YFP. A diagrammatic representation of 

Rac activity (Srinivasan et al., 2003). When expressed in RAW264.7 
cells, the construct accumulated in ruffles that formed spontane-
ously, consistent with Rac involvement (Figure 7G). Incubation with 
DGKi I reduced the number of PAK-PBD-YFP–enriched ruffles. PAK-
PBD-YFP also weakly associates with active Cdc42 (Srinivasan et al., 
2003). To ensure that Rac was in fact the target of modulation by PA, 
we also used an enzyme-linked immunosorbent assay that detects 
Rac activity specifically (Figure 7F). Unstimulated macrophages dis-
played readily detectable Rac activity that, as expected, was virtu-
ally eliminated by Clostridium difficile toxin B (CTB). Of importance, 
this resting activity was also markedly depressed by DGKi I. That Rac 
deactivation is accompanied by a decrease in plasmalemmal PA was 
verified by transiently cotransfecting constructs encoding PAK-PBD-
YFP and GFP-PABD before exposure of the cells to PTX. As demon-
strated in Figure 7H, PTX impaired membrane ruffling and led to 
displacement of PAK-PBD-YFP and GFP-2PABD form the plasma 
membrane. Whereas addition of exogenous PA rescued the associ-
ation of GFP-2PABD with the plasma membrane, this treatment was 
not sufficient to reactivate Rac or to induce de novo formation of 
membrane ruffles (Supplemental Movie S6), indicating that PA sig-
naling is necessary but not sufficient to support activation of plas-
malemmal Rac. Other, factors, likely including PtdIns(3,4,5)P3, are 
necessary to support Rac activation and constitutive ruffling.

Association of the Rac nucleotide-exchange factor, T-cell 
lymphoma invasion and metastasis–inducing protein 1, with 
the plasma membrane; role of PA and PtdIns(3,4,5)P3
PA was recently reported to promote the recruitment of DOCK2, a 
Rac-GEF, by interacting with a polybasic region at its C-terminal end 

FIGURE 4: PLC isoforms localize to the plasma membrane of macrophages, where they catalyze 
formation of intermediates of PA biosynthesis. (A) Quantification of PA content of RAW264.7 
macrophage lysates using the enzymatic assay. Cells were pretreated with 2 μM of the PLC 
inhibitor U73122 for 20 min or with vehicle (dimethyl sulfoxide [DMSO]) alone. Data are means ± 
SE of at least three individual experiments. (B) HeLa cells transiently transfected with GFP-
2PABD and treated with ionomycin were imaged by confocal microscopy. Scale bar, 5 μm. 
(C) Quantification of fluorescence at the plasma membrane of HeLa cells transiently transfected 
with GFP-2PABD and treated with DMSO alone or with 1 μM ionomycin for 2 min. Data are 
means ± SE of at least three individual experiments; a minimum of 20 cells were quantified per 
condition. (D, E) RAW264.7 macrophages were transiently transfected with (D) PLCβ1-GFP or 
(E) PLCβ3-CFP and imaged by confocal microscopy. (F) RT-PCR of PLCβ1 and β3 using mRNA 
from RAW264.7 macrophages.
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this construct (hereafter referred to as 
YF-TIAM1) is shown in Figure 8D, where it is 
compared with the full-length TIAM1-GFP. 
The YF-TIAM1 construct was cotransfected 
with LDR, its heterodimerization partner, 
which is targeted to the plasma membrane. 
In the absence of the dimerizing agent ra-
pamycin, YF-TIAM1 was entirely cytosolic 
(Figure 8E). However, upon addition of ra-
pamycin, YF-TIAM1 translocated to the 
plasma membrane, where it induced the for-
mation of extensive dorsal ruffles, in excess 
over those forming spontaneously. Most im-
portant, TIAM1 was recruited to phagocyte 
surfaces even when cells had been preincu-
bated for 20 min with fully inhibitory doses 
of DGKi or LY294002, and this was accom-
panied by equally pronounced dorsal ruf-
fling (Figure 8E). These data provide strong 
evidence that plasmalemmal association of 
TIAM1 (and/or other GEFs) is both neces-
sary and sufficient to induce membrane ruf-
fling in phagocytes.

PA is required for macropinocytosis
Membrane ruffling underlies macropinocy-
tosis. We therefore anticipated that inhibi-
tion of PA synthesis would also impair 
macropinosome formation. We tested this 
prediction by treating the phagocytes with 
DGKi I. Under control conditions, iDCs in-
ternalized labeled dextran into large vacu-
oles, likely macropinosomes (Figure 9A). On 
DGK inhibition the amount of dextran inter-
nalized decreased markedly, and uptake 
was associated with smaller vesicles, pre-
sumably endosomes (Figure 9, A and B). 
Although less active than iDCs, resting 
RAW264.7 cells also formed macropino-
somes spontaneously, and their formation 
was impaired by both DGKi I and the 
PLC inhibitor U73122 (Figure 9C). These 
observations support the notion that PA 

FIGURE 5: GPCR signaling and PI3K activity are required for synthesis of plasmalemmal PA in 
macrophages. (A) RAW264.7 macrophages were transiently cotransfected with constructs 
encoding GFP-2PABD, as well as PX-mCherry, a PtdIns(3)P fluorescent biosensor to monitor 
PI3K activity, and examined by confocal microscopy. Macrophages were treated with solvent 
only (DMSO; top), 100 μM LY294002 alone (middle), or LY294002 followed by addition of 
exogenous PA (bottom). (B) HeLa cells were transfected with GFP-2PABD and examined 
immediately before and 20 min after treatment with 50 μM aluminum fluoride. (C) Quantification 
of plasmalemmal fluorescence for experiments depicted in B. (D) Quantification of the PA 
content in RAW264.7 cell lysates before and after exposure to PTX. Data in C and D are means 
± SE of at least three individual experiments; a minimum of 50 cells were quantified per 
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condition. (E) RAW264.7 macrophages were 
transfected with GFP chimeric constructs 
encoding 2PABD, the PH domain of PLCδ 
(a probe for PtdIns(4,5)P2,), the PH domain 
of Akt (a probe for PtdIns(3,4,5)P3 and 
PtdIns(3,4)P2), or the C1 domain of PKCδ, 
a probe for DAG. The distribution of the 
corresponding lipids was monitored by 
confocal microscopy in otherwise untreated 
(Control; top) cells and in cells exposed to 
PTX for 16 h (bottom). Scale bars, 5 μm. 
(F) Quantification of plasma membrane 
fluorescence of RAW264.7 cells transfected 
with the lipid biosensors or with PLCβ3-CFP. 
Where indicated,  cells were pretreated with 
0.1 μg/ml PTX for 16 h. Data are means of at 
least three individual experiments; a 
minimum of 30 cells were quantified per 
condition.
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of 1-butanol or FIPI, or the expression of 
dominant-negative alleles of PLD1 or 
PLD2—failed to reduce the level of plas-
malemmal PA in phagocytes. These same 
conditions effectively suppressed PA levels 
induced by increased PLD activity in non-
phagocytic cells (Shen et al., 2001; Su et al., 
2009; see also Figure 2, B and D). Instead, 
our results indicate that phosphorylation of 
DAG is the primary source of the PA pro-
duced in the membrane of unstimulated 
macrophages and iDCs. The source of 
the DAG appears to be the hydrolysis of 
PtdIns(4,5)P2 by PLC: not only do PLC inhibi-
tors reduce the plasmalemmal PA, but so 
does the acute depletion of PtdIns(4,5)P2 by 
specific, recruitable phosphatases. Further-
more, our results suggest that PLCβ but not 
PLCγ is responsible for the production of 
DAG. PLCβ isoforms are generally regulated 
by G protein–coupled receptors, and the 
observation that PA formation is susceptible 
to PTX, a G-protein antagonist, supports the 
involvement of β-type PLCs.

DAG released by PLCs is phosphorylated 
by DGK. Strikingly, phagocytes express all 
10 known DGKs, and three of these were 
verified to be located at the plasma mem-
brane. Although the redundancy of DGKs 
prevented identification of the specific fam-
ily member(s) responsible for PA production, 
the effects of DGKi I clearly implied a role 
for these kinases. Two lines of evidence indi-
cate that the effects of the inhibitor were 
specific: the delocalization of the GFP-
2PABD induced by the inhibitor was re-
versed by addition of exogenous PA, and 
second, the reduction in PA was accompa-
nied by an elevation in plasmalemmal DAG. 
The latter also implies that PA turns over 
rapidly; even in cells at rest, PtdIns(4,5)P2 
must be continuously hydrolyzed by PLC 
and the resulting DAG converted to PA. The 
inhibition of PLC could thus be expected to 
increase PtdIns(4,5)P2. Accordingly, addition 
of PLC inhibitors is associated with increased 
cortical actin (Scott et al., 2005), which is a 
sensitive index of PtdIns(4,5)P2.

The accumulation of plasmalemmal PA seems to be essential 
for the constitutive ruffling of the membrane of phagocytes. This 
conclusion is supported directly by the inhibitory effects of DGKi I 
and indirectly by the inhibition caused by depletion of PtdIns(4,5)
P2 or inhibition of PLC. PA can modulate Rac activity and actin po-
lymerization in a variety of synergistic ways (Zhang and Du, 2009): 
it contributes to the recruitment and activation of PtdIns(4)P5K 
(Roach et al., 2012), stimulates the dissociation of Rac from its GDI 
(Abramovici et al., 2009), and aids in the recruitment of Rac to the 
membrane (Stace and Ktistakis, 2006) and to its activation by GEFs 
(Nishikimi et al., 2009). Yet, although necessary, PA is seemingly 
not sufficient to support membrane ruffling: overexpression of 
PLD2 induced production of PA in HeLa cells but did not elicit ruf-
fling. Moreover, although PA was abundant throughout the plasma 

production is necessary for constitutive macropinocytosis in mac-
rophages and iDCs.

DISCUSSION
Macrophages and iDCs are sentinels of the immune system, provid-
ing early defense against noxious agents. Their constant vigilance 
involves probing the environment for foreign antigens and invading 
microorganisms. Here we report that the actin polymerization that 
drives the membrane ruffling underlying such probing requires PA. 
Accordingly, macrophages and iDCs contain higher levels of plas-
malemmal PA than those found in nonphagocytic cells, such as HeLa 
and HEK293.

PLD is considered to be an important source of PA. Remarkably, 
a variety of manipulations designed to impair PLD activity—addition 

FIGURE 6: PtdIns(4,5)P2 is required for plasmalemmal PA production. (A) Experimental strategy: 
RAW264.7 macrophages were transiently transfected with two complementary rapamycin-
binding domains (LDR, which includes the membrane-targeting N-terminal sequence of Lyn and 
either active phosphatase-FKBP–RFP or phosphatase-dead-FKBP-RFP). Addition of rapamycin 
(black circle) induces translocation of the soluble FKBP domain–containing protein to the plasma 
membrane. The star indicates 5′-phosphatase activity at the plasma membrane. (B, C) RAW264.7 
macrophages transiently cotransfected with LDR, GFP-2PABD, and either (B) active phosphatase 
(PaseSynj1-FKBP-RFP) or (C) phosphatase-dead (PaseSynj1(D730A)-FKBP-RFP). Confocal images were 
acquired immediately before (B, left, and C, inset) or 15 min after addition of 1 μM rapamycin. 
Scale bars, 5 μm. D) Quantification of plasmalemmal GFP-2PABD fluorescence relative to that in 
the cytosol for experiments depicted in B and C. Data are means ± SE of at least three individual 
experiments; a minimum of 20 cells were quantified per condition.
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FIGURE 7: PA is required for steady-state ruffling. (A) Bone marrow–derived iDCs were imaged by differential 
interference contrast microscopy. Images were acquired immediately before and 15 min after treatment with 30 μM 
DGKi I. (B) Quantification of ruffling index of iDCs treated with either 30 μM DGKi I or solvent (ethanol [EtOH]; 0.3%) 
alone. Data are means ± SE of three individual experiments; a minimum of 30 cells were quantified per condition. 
(C) RAW264.7 macrophages treated with EtOH (left) or 30 μM DGKi I (right) were fixed, stained with rhodamine–
phalloidin, and imaged by confocal microscopy. (D) RAW264.7 macrophages stably expressing GPI-linked GFP were 
pretreated with EtOH (top) or 30 μM DGKi I (bottom) for 20 min and allowed to settle onto bovine serum albumin–
coated coverslips. Images were acquired at 40-s intervals by TIRF microscopy. (E) Cumulative fluorescence of the 
contact area of macrophages stably expressing GPI-linked GFP, integrated in the TIRF plane. Cells were treated with 
30 μM DGKi I, 0.1 μg/mL PTX, 5 μM latrunculin B, or vehicle (EtOH) only, as indicated. Data are means ± SE of at least 
three individual experiments; a minimum of 10 cells were quantified per condition. Inset shows the mean slopes ± SE. 
(F) Quantification of active Rac detected in RAW264.7 cell lysates using an enzyme-linked immunosorbent assay. Cells 
were pretreated with 30 μM DGKi I for 20 min, 50 ng/ml Clostridium toxin B (CTB) for 1 h, or solvent (EtOH alone). Data 
are means ± SE of five individual experiments. (G) RAW264.7 cells transiently cotransfected with mCherry-C1PKC and 
PAK-PBD-YFP were imaged by confocal microscopy immediately before and 10 min after addition of 30 μM DGKi I. 
Insets show corresponding DIC images. (H) RAW264.7 macrophages were transiently transfected with either PAK-PBD-
YFP or GFP-2PABD and incubated with 0.1 μg/ml PTX overnight (middle and right) or left otherwise untreated (left). 
Where indicated, 100 μM PA was added to the culture medium 20 min before analysis by differential interference 
contrast (top) or confocal (middle and bottom) microscopy. Scale bars, 5 μm.
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the simultaneous formation of ruffle-like extensions in HeLa 
cells (Supplemental Movie S3). The GPCRs may reside sufficiently 
upstream in the signaling pathway, enabling them to enlist addi-
tional regulators of ruffling such as PI3K and/or Ras GTPases. 

membrane of macrophages and iDCs, ruffles formed only in local-
ized areas. Clearly, other factors are permissive to the response. 
Of interest, aluminum fluoride, an activator of G proteins, pro-
moted the recruitment of the PA probe to the membrane and 

FIGURE 8: DGK- and PI3K-derived lipid signals are necessary for the constitutive association of TIAM1 with the 
phagocyte membrane. (A) RAW264.7 macrophages transiently cotransfected with mCherry-C1PKC and TIAM1-GFP were 
imaged immediately before and 10 min after addition of 30 μM DGKi I. (B) RAW264.7 macrophages transiently 
transfected with either PX-mCherry or TIAM1-GFP were fixed immediately before or after exposure to 100 μM 
LY294002 and imaged by confocal microscopy. Scale bars, 5 μm. (C) Quantification of fluorescence at the plasma 
membrane of macrophages transiently transfected with TIAM1-GFP and treated with 0.3% ethanol, 30 μM DGKi I, 
30 μM DGKi I plus 100 μM PA, 30 μM DGKi I plus 100 μM DAG, 0.1% DMSO, or 100 μM LY294002. Data are means ± SE 
of at least three individual experiments; a minimum of 30 cells were quantified per condition. (D) Modular domain 
architecture of TIAM1-GFP (top) and YF-TIAM1 (bottom). The former is composed of the full-length, wild-type sequence 
of TIAM1 fused to GFP, whereas the latter comprises only the tandem DH and PH domains of TIAM1 coupled to a 
rapamycin-binding domain (FKBP) and EYFP by a flexible linker. (E) RAW264.7 macrophages transfected with YF-TIAM1 
were pretreated with DMSO (vehicle control), 1 μM rapamycin, or a combination of rapamycin and 30 μM DGKi I or 
rapamycin and 100 μM LY294002 before being fixed, permeabilized, and stained with Alexa 647–phalloidin. Top, single 
confocal sections that show redistribution of YF-TIAM1 upon exposure to rapamycin; bottom, Z-projections of multiple 
confocal sections that illustrate actin staining within extensive dorsal ruffles. Arrows point to macrophages transfected 
with YF-TIAM1. Scale bars, 10 μm.

Ph
al

lo
id

in
 6

33
YF

-T
ia

m
1



1710 | M. Bohdanowicz et al. Molecular Biology of the Cell

24 h after transfection. Bone marrow–de-
rived iDCs were generated from 6- to 
8-wk-old female, wild-type C57BL/6 mice, 
according to Lutz et al. (1999). These pri-
mary cells were electroporated with 1 μg 
of plasmid cDNA using Ingenio electropo-
ration solution (Mirus, Madison, WI) 
and used 8 h after electroporation with a 
Nucleofector I (Amaxa, Allendale, NJ). 
RAW264.7 macrophages stably expressing 
glycophosphatidylinositol (GPI)-linked GFP 
were described earlier (Flannagan et al., 
2010). The plasmid encoding GFP-2PABD 
consisted of GFP fused to a tandem repeat 
of the PA-binding domain of Spo20p re-
ported before (Zeniou-Meyer et al., 2007; 
Du and Frohman, 2009), which was modi-
fied by adding at the N-terminus a nuclear 
export sequence derived from protein ki-
nase A inhibitor-α (unpublished data). 
Plasmids encoding HA-PLD1, HA-PLD2, 
HA-PLD1(K898R), and HA-PLD2(K758R) 
were from John Brumell (Hospital for Sick 

Children, Toronto, Canada). PLCβ1-GFP and PLCβ3-CFP were 
gifts from Theresa Filtz (Oregon State University, Corvallis, OR; 
Zhang et al., 2006). The rapamycin heterodimerization constructs 
(LDR, phosphatase-FKBP-RFP, and phosphatase-dead-FKBP-RFP) 
were from Gilbert Di Paolo (Columbia University, New York, NY; 
Chang-Ileto et al., 2011). The recruitable form of TIAM1 was ob-
tained from Addgene (Cambridge, MA; plasmid 20154). PM-RFP, 
mCherry-C1 domain (PKCδ), PAK-PBD-YFP, PLCγ1-GFP, PLCγ2-
GFP, TIAM1-GFP, GFP-R-pre, DGKα-GFP, DGKβ-GFP, DGKγ-GFP, 
DGKδ-GFP, DGKε-GFP, and DGKζ-GFP were described earlier 
(Shindo et al., 2003; Yeung et al., 2006; Flannagan et al., 2010, 
2012). PLCγ1 (2822) and PLCγ2 (3872) antibodies were from Cell 
Signaling (Boston, MA) and used to probe cells fixed in 4% para-
formaldehyde (Electron Microscopy Sciences, Hatfield, PA). DGKi 
I (R59022; 30 μM in ethanol) and PTX (0.1 μg/ml overnight) were 
from Enzo Biochem (Farmingdale, NY). FIPI (750 nM), rapamycin 
(1 μM), U73122 (2 μM), and latrunculin B (5 μM) were from Sigma-
Aldrich (St. Louis, MO). Insulin was from Eli Lilly (Toronto, Canada). 
Phorbol-12-myristate-13-acetate (0.1 μM) was from BioShop (Bur-
lington, Canada). CTB (50 ng/ml in serum-free media for 1 h) was 
from Techlab (Blacksburg, VA). Rhodamine phalloidin and 70-kDa 
tetramethylrhodamine-dextran were from Molecular Probes 
(Eugene, OR). Ionomycin (0.1 μM) was from Calbiochem (San Diego, 
CA). PA (l-α-phosphatidic acid; 840074) and DAG (1,2-dioctanoyl-
sn-glycerol; 800800) were from Avanti (Alabaster, AL); they were 
dried of chloroform under a stream of N2 and made up to 100 μM 
with media containing 4 mg of essentially fatty acid–free albumin 
(Sigma-Aldrich). All other chemicals were from Sigma-Aldrich, in-
cluding NaF (30 mM) and AlCl3 (50 μM), which were added to 
media to produce AlF3.

RT-PCR
To detect expression of the 10 DGKs and the two PLCβ isoforms of 
interest, we purified total cellular RNA from RAW264.7 macrophages 
with an RNeasy Mini Kit (Qiagen, Toronto, Canada), as instructed by 
the manufacturer. Purified total RNA was subsequently reverse tran-
scribed and exponentially amplified using a OneStep RT-PCR kit 
(Qiagen). RNA was isolated from 8 × 105 RAW264.7 macrophages, 
and 1 μg of purified RNA was used as template for each reverse 

Accordingly, we found that PtdIns(3,4,5)P3 was detectable in the 
membrane of otherwise unstimulated macrophages and that its 
presence was also eliminated by PTX. Our data suggest that Pt-
dIns(3,4,5)P3, generated by the ongoing activity of a PTX-sensitive 
GPCR, plays at least two distinct roles in the genesis of membrane 
ruffling: it appears to be required for the recruitment to the mem-
brane of TIAM1, which has an N-terminal PH domain known to 
bind PtdIns(3,4,5)P3 (Figure 8; Ceccarelli et al., 2007), and it most 
likely also contributes to the plasmalemmal recruitment and activa-
tion of PLCβ isoforms (Zhang et al., 2006).

The formation of PA- and PtdIns(3,4,5)P3-dependent ruffles on 
the surface of phagocytes fulfills two functions: they 1) underpin the 
formation of macropinosomes and 2) aid in probing the environ-
ment for phagocytic targets (Flannagan et al., 2010), enabling the 
cells to dynamically extend their reach. However, the high basal 
level of PA may potentiate other key functions of myeloid cells. 
Neutrophil chemotaxis, which is similarly sensitive to PTX, requires 
membrane extension before integrin-mediated attachment to the 
substratum. In addition, because exocytosis is stimulated by PA in 
some cells (Zeniou-Meyer et al., 2007), the secretion of cytokines 
and antimicrobial factors might also be facilitated in phagocytes. 
Finally, because PA can regulate mTOR activity (Fang et al., 2001), it 
might influence the longevity of the phagocytes.

In summary, we found that the basal levels of PA vary greatly 
among cell types, being exceptionally high in phagocytes. This high 
level of PA, together with PtdIns(3,4,5)P3, is critical for the continu-
ous membrane ruffling that underlies the specialized function of 
macrophages and iDCs in immune surveillance.

MATERIALS AND METHODS
Cell culture, plasmids, transfection, and reagents
RAW264.7 and J774 macrophages, HeLa cells, and HEK293 cells 
were obtained from the American Type Culture Collection (Manas-
sas, VA) and grown in RPMI medium supplemented with 5% heat-
inactivated fetal bovine serum (Wisent, St. Bruno, Canada). Cells 
seeded on glass coverslips were transfected with FuGENE HD 
(Roche, Mississauga, Canada) according to the manufacturer’s in-
structions. In brief, each well of a 12-well plate was treated with 
1 μg of plasmid cDNA and 3 μl of FuGENE HD. Cells were used 

FIGURE 9: PA is required for macropinocytosis. (A) Bone marrow–derived iDCs pretreated with 
0.3% EtOH (left) or 30 μM DGKi I (right) for 20 min were pulsed with tetramethylrhodamine 
(TMR)-dextran (70 KDa) for 1 h and imaged by confocal microscopy. Scale bars, 5 μm. 
(B, C) Quantification of the TMR-dextran fluorescence uptake. (B) iDCs were pretreated for 
20 min with the indicated concentrations of DGKi I or with vehicle only and then incubated with 
TMR-dextran for 1 h, followed by imaging as described. Data are means ± SE of three individual 
experiments; a minimum of 100 cells were quantified per condition. (C) RAW264.7 
macrophages were pretreated for 20 min with the indicated inhibitors or the corresponding 
solvents only and then incubated with TMR-Dextran for 1 h, followed by imaging as described. 
Data are means ± SE of three individual experiments; a minimum of 100 cells were quantified 
per condition.
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transcription reaction. We used isoform-specific primers (see the fol-
lowing list) for cDNA generation and allowed the reaction to proceed 
for 30 min at 55°C. Reverse transcriptase was inactivated and Taq 
polymerase was activated by increasing the reaction temperature to 
94°C for 4 min. PCR amplification was performed with the same iso-
form-specific primers as those used for reverse transcription at dena-
turing, annealing, and extension temperatures of 94 (30 s), 50 (30 s) 
and 68°C (1 min), respectively. The PCR cycle was iterated 33 times 
for every sample, excluding DGKβ, which underwent 40 cycles.

DGKα: forward, AAGGAAGCGTTGACAGCTGGAAGC; reverse, 
TTCTGGCCGGCCACCTTCTAGG

DGKβ: forward, CATCACCTACACCATGACAAACCAGG; reverse, 
CATTCGAGGTACTCTGCCACGTGC

DGKγ: forward, GCGCAACCAAGTGTTGCATGGT; reverse, 
AGACATTGGGCTCACTACTGCTGGC

DGKδ: forward, CAAGAGGAGGTACTTTAAGCTTCGAGGG; 
reverse, AATAGGTTGGCCGTGCATGGG

DGKε: forward, TTCTGCAGGCAGCAGTGTGGC; reverse, 
CATTACCTGTTCCCAGAGGTAAGACCG

DGKζ: forward, GACCAAGCGGCGCTTCCC; reverse, CAGCT-
GATGGCTACGATCTCCTTGC

DGKη: forward, GCAAACCAGCTCTTTCCAAAGGTGG; reverse, 
GCAGTTGTTTGTTGCCCTCACTGC

DGKθ: forward, AGTGCCTGAAGCAGGTGAAGACCC; reverse, 
AGGCAGTACCATGGAGCGTAGACG

DGKι: forward, GAGAATGCTGTGAATGGGGAGCAC; reverse, 
CCTTAATGATCCAGGTGGGCGG

DGKκ: forward, ACAATTGATCTGTCTCAAGTTGTTTTGGC; 
reverse, CCCTAGGGTCGCTCAGTGCCG

PLCβ1: forward, ACCTGCTGGCTCAGAACATGTCC; reverse, 
CCGCTCAGGTAGCGCATGAATCC

PLCβ3: forward, ACCTGGTGACCCTGCGTGTGG; reverse, 
CAGGACTCCAGCGCCGTCTCC

Analysis of phosphatidic acid by mass spectrometry
The lipids were extracted according to Folch et al. (1957) but omit-
ting the salt. For quantification of the PA species, a mixture of inter-
nal standards was added at the one-phase stage of extraction. The 
extract was evaporated and redissolved in chloroform/methanol 
(1:2, vol/vol) and infused (6 μl/min) into a Micromass Quattro micro 
triple-quadrupole mass spectrometer (Waters, Milford, MA) 
operated as described previously (Hermansson et al., 2005). The 
PA species were detected by scanning for precursors of m/z 153 
(Brügger et al., 1997) and then identified and quantified using 
LIMSA software (Haimi et al., 2006).

Enzymatic assay and Rac enzyme-linked immunosorbent 
assay
PA content was measured enzymatically with a total PA assay kit 
(Abnova, Taipei City, Taiwan) according to manufacturer’s instruc-
tions. In summary, for each sample, lipids were isolated from a con-
fluent T25 flask using chloroform–methanol extraction. The cellular 
lipids were digested with lipase. Glycerol 3-phosphate, the product 
of PA digestion, was selectively oxidized by glycerol 3-phosphate 
oxidase to produce hydrogen peroxide. In the presence of peroxi-
dase, the hydrogen peroxide levels were measured with Amplex red 
in a SpectraMax Gemini EM fluorescence microplate reader 
(Molecular Devices, Sunnyvale, CA). Before chloroform–methanol 
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extraction, the protein content of each sample was measured with a 
bicinchoninic acid assay (Thermo Scientific, Rockford, IL).

Rac activity was measured with a G-LISA kit against all three Rac 
isoforms (Cytoskeleton, Denver, CO) according to manufacturer’s 
instructions. In short, total cell lysates were equalized based on their 
protein concentrations and seeded on a well that bound active Rac. 
Cellular debris was washed away, and the bound Rac was probed 
with an anti-Rac antibody, followed by secondary antibody tagged 
with horseradish peroxidase. The signal was measured with a 
SpectraMax 190 absorbance microplate reader (Molecular Devices, 
Sunnyvale, CA) at 490 nm after incubation of the well with a detec-
tion reagent.

Microscopy and analysis
Cells on coverslips were transferred into 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid–buffered RPMI medium (Wisent). 
Differential interference contrast microscopy was performed on a 
DMIRE2 microscope (Leica, Solms, Germany) with Volocity 
(version 4.3.2; PerkinElmer, Waltham, MA). TIRF images were 
taken with a cell^TIRF system (Olympus, Tokyo, Japan) equipped 
with a 50-mW, 491-nm laser and a 150×/1.45 numerical aperture 
(NA) objective and operated by Volocity. All other images were 
captured using a spinning-disk confocal microscopy system 
(Quorum, Guelph, Canada) with a 63×/1.4 NA objective on an 
Axiovert 200M microscope (Zeiss, Toronto, Canada). Images were 
captured at 37°C with a back-thinned electron-multiplier ImagEM 
C9100-13 camera (Hamamatsu, Hamamatsu City, Japan) and 
Volocity.

Images were analyzed using Volocity (version 6.0.1) and ImageJ 
(National Institutes of Health, Bethesda, MD). The ruffling index 
was calculated according to previous methodology (Araki et al., 
1996). Statistical tests were performed in SPSS 17 (IBM, Armonk, 
NY), using the Kruskal–Wallis test with a Dunn’s correction for mul-
tiple comparisons where necessary. TIRF data were analyzed using 
polynomial fitting in Prism (GraphPad, La Jolla, CA).
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