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Phospholipase D (PLD) is a phospholipid-modifying 
enzyme that plays a pivotal role in many cellular functions, 
such as rearrangement of the actin cytoskeleton, vesicle 
trafficking, mitogenesis, and cell survival (Fang et al. 2001; 
Kam and Exton 2001; Cazzolli et al. 2006; Oude Weernink 
et al. 2007). Two major mammalian isoforms of PLD have 
been identified, PLD1 (Hammond et al. 1995) and PLD2 
(Colley, Sung, et al. 1997).

Both isoforms are widely expressed in a variety of tissues 
and cells (Gibbs and Meier 2000; Vorland et a1. 2008). 
PLD1 and PLD2 share approximately 50% homology in the 
conserved catalytic core and are more variable at the N- and 
C-termini (Liscovitch et al. 2000; Exton 2002). PLD2 has a 
higher basal activity than PLD1 (Chen and Exton 2004). 
PLD hydrolyzes the terminal phosphodiester bond of phos-
phatidylcholine, the predominant membrane phospholipid, 
to produce phosphatidic acid (PA) and choline. The produc-
tion of PA is highly regulated by a number of intracellular 

factors, including phosphoinositides, Rho, Arf, and a variety 
of GTPases. Furthermore, PA can be converted to other 
potentially bioactive lipids, such as diacylglycerol (DAG) 
and lysophosphatidic acid (LPA), which act as second mes-
sengers in many cellular responses (Jenkins and Frohman 
2005). PLD2 is reported to localize to the plasma membrane 
(Colley, Altshuller, et al. 1997; Du et al. 2004) and to the 
Golgi complex (Freyberg et al. 2002) and to be associated 
with β-actin (Lee et al. 2001).
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Summary

The current study examined the role of PLD2 in the maintenance of mast cell structure. Phospholipase D (PLD) catalyzes 
hydrolysis of phosphatidylcholine to produce choline and phosphatidic acid (PA). PLD has two isoforms, PLD1 and PLD2, 
which vary in expression and localization depending on the cell type. The mast cell line RBL-2H3 was transfected to 
overexpress catalytically active (PLD2CA) and inactive (PLD2CI) forms of PLD2. The results of this study show that PLD2CI 
cells have a distinct star-shaped morphology, whereas PLD2CA and RBL-2H3 cells are spindle shaped. In PLD2CI cells, the 
Golgi complex was also disorganized with dilated cisternae, and more Golgi-associated vesicles were present as compared 
with the PLD2CA and RBL-2H3 cells. Treatment with exogenous PA led to the restoration of the wild-type Golgi complex 
phenotype in PLD2CI cells. Conversely, treatment of RBL-2H3 and PLD2CA cells with 1% 1-Butanol led to a disruption of 
the Golgi complex. The distribution of acidic compartments, including secretory granules and lysosomes, was also modified 
in PLD2CI cells, where they concentrated in the perinuclear region. These results suggest that the PA produced by PLD2 
plays an important role in regulating cell morphology in mast cells. (J Histochem Cytochem 60:386–396, 2012)
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Mast cells are involved in a variety of allergic and inflam-
matory disorders (Galli et al. 2008). These cells bind IgE to 
the high-affinity receptor for IgE (FcεRI) on the cell surface. 
In the presence of specific antigen, FcεRI is cross-linked, 
thus activating the cell and releasing the preformed inflam-
matory mediators contained in secretory granules and gener-
ating other inflammatory lipids and cytokines. PLD is 
thought to play an essential role in mast cell degranulation 
(Dinh and Kennerly 1991; Way et al. 2000) and can be acti-
vated in isolated mast cells as well as in cultured RBL-2H3 
mast cells by a variety of stimulants, including antigen (Lin 
and Gilfillan 1992; Kumada et al. 1994; Hitomi et al. 2004).

Most previous investigations on PLD in mast cells have 
focused on its role in signal transduction via FcεRI. Previous 
studies have shown that PLD1, but not PLD2, is a negative 
regulator of mast cell degranulation (Hitomi et al. 2004). PLD2 
had a higher basal activity than PLD1 but did not respond to 
antigenic stimulation. During the course of the previous inves-
tigation (Hitomi et al. 2004), it was noted that there were mor-
phological changes in the cells that overexpressed the 
dominant-negative catalytically inactive form of PLD1b. 
Therefore, it was of interest to determine if PLD2 also plays a 
role in maintaining the structure of RBL-2H3 mast cells. Cell 
lines overexpressing catalytically active and catalytically inac-
tive forms of PLD2 showed increases in both forms of PLD2 
(Hitomi et al. 2004). The results of the present study indicate 
that the production of PA by PLD2 contributes to the basic cell 
morphology, maintenance of the Golgi complex, and distribu-
tion of lysosomes and secretory granules in mast cells.

Materials and Methods
Cells

RBL-2H3 cells, a rat mast cell line (Barsumian et al. 1981), 
as well as RBL-2H3 cells transfected to overexpress cata-
lytically active PLD2 (PLD2CA; clone D2-WT-1) or cata-
lytically inactive PLD2 (PLD2CI; clone D2/K758R-1) 
(generously provided by Reuben P. Siraganian, MD, PhD, 
National Institutes of Health, Bethesda, MD) were used in 
this study. All cells were grown as monolayers in Dulbecco’s 
modified Eagle’s medium (DMEM; Invitrogen, GIBCO, 
Carlsbad, CA) supplemented with 15% fetal calf serum 
(Invitrogen), 0.434 mg/ml glutamine, and an antibiotic-
antimycotic mixture containing 100 units/ml penicillin, 100 
µg/ml streptomycin, and 0.25 µg/ml amphotericin B 
(Invitrogen). Transfected cells were selected with geneticin 
(0.4 mg/ml) (Sigma-Aldrich; St. Louis, MO).

Antibodies, Fluorescent Markers, and Stains
The following primary antibodies were used: mouse mAb 
anti-GM-130 (4 µg/ml, Clone 35/GM130; BD Transduction 
Laboratories, San Jose, CA), mouse mAb anti-β-tubulin 

(0.75 µg/ml; Chemicon International, Billerica, MA), 
Phalloidin–Alexa 488 (1:100; Invitrogen), and rabbit poly-
clonal anti-PLD2 Internal (0.5 µg/ml, produced against a 
peptide corresponding to residues 476–486 derived from a 
mouse PLD2; Invitrogen). The lower concentration was 
used for Western blots and the higher concentration for 
immunofluorescence. The following secondary antibody 
used for Western blot was purchased from Jackson 
ImmunoResearch Laboratories (Port Washington, PA): goat 
anti-rabbit IgG–horseradish peroxidase (HRP) (1:20,000). 
The following secondary antibodies were used for immu-
nofluorescence: goat anti-mouse IgG F(ab′)2–Alexa 
488/594 (1:300 in PBS; Invitrogen, Molecular Probes) and 
goat anti-rabbit IgG F(ab′)2–Alexa 488 (1:300 in PBS; 
Invitrogen, Molecular Probes). The tracer LysoTracker red 
DND99 (Invitrogen, Molecular Probes) was used at 75 nM. 
Alcian Blue (1% Alcian Blue in 120 mM hydrochloric acid, 
pH 1.0) was used to stain secretory granules.

Microscopy
For all microscopic assays, except transmission electron 
microscopy, 3 × 104 cells were plated onto 13-mm cover-
slips and cultured overnight prior to use.

Differential Interference Contrast Microscopy
Cells fixed in 2% glutaraldehyde (Electron Microscopy 
Sciences; Hatfield, PA) were examined using an Olympus 
BX50 microscope (Olympus America; Melville, NY) 
equipped for differential interference contrast (DIC) 
microscopy. Images were collected using a Nikon DXM 
1200 digital camera (Nikon USA; Melville, NY).

Fluorescence Microscopy
Cells were rinsed in PBS, fixed for 20 min with 2% form-
aldehyde (EM Sciences) in PBS, rinsed again, and permea-
bilized with 0.01% saponin (Sigma-Aldrich) in PBS for 20 
min. Next, cells were rinsed twice in PBS and incubated for 
30 min at room temperature in PBS containing 1% BSA 
(Sigma-Aldrich) and 5 µg/ml donkey-IgG (Jackson 
ImmunoResearch). Cells were then labeled with primary 
antibodies diluted in PBS containing 1% BSA for 1 hr at 
room temperature. They were rinsed in PBS, followed by 
incubation for 45 min at room temperature with the second-
ary antibodies diluted in PBS. Cells were then rinsed in 
PBS and mounted with Fluoromount-G (EM Sciences). 
Cells incubated without primary antibody served as con-
trols. All controls were negative. For experiments with 
LysoTracker, unfixed cells were incubated for 1 hr at 37C 
with LysoTracker in DMEM. All samples were analyzed 
using a LEICA TCS-NT scanning confocal microscope 
(Leica Microsystems; Heidelberg, Germany).
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Alcian Blue Staining

Cells were fixed with Carnoy’s solution (3% chloroform, 
1% acetic acid, and 6% ethanol) for 15 min at room tem-
perature and stained with Alcian blue for 15 min at room 
temperature. Cells were then rinsed twice in 70% ethanol 
and once in Milli-Q water (Millipore; Billerica, MA). Cells 
were counterstained with Weigert’s Fucsin-Resorcin (1% 
basic fucsin, 2% resorcin, 90% ethanol, 240 mM hydro-
chloric acid, and 30% FeCl

3
) for 15 min at room tempera-

ture; dehydrated in a graded ethanol series; cleared in 
xylol:ethanol, xylol; and mounted with Permount (Fisher 
Scientific; Hanover Park, IL). Cells were examined with an 
Olympus BX50 microscope (Olympus America) equipped 
with a Spot RT3 digital camera (Spot Imaging Solutions; 
Sterling Heights, MI).

Scanning Electron Microscopy (SEM)
Cells were rinsed in warm PBS (37C) and fixed in 2% glu-
taraldehyde (Ladd Research Industries; Burlington, VT) in 
warm PBS for 2 hr at room temperature. Cells were post-
fixed in 1% OsO

4
 (EM Sciences) for 2 hr, rinsed in Milli-Q 

water, and incubated with a saturated solution of thiocarbo-
hydrazide (EM Sciences), followed by 1% OsO

4
. This step 

was repeated once. The cells were dehydrated in a graded 
ethanol series and critically point-dried with liquid CO

2
 in 

a BAL-TEC CPD 030 Critical-Point Dryer (BAL-TEC AG; 
Balzers, Liechtenstein), mounted on aluminum stubs with 
silver paint (EM Sciences), and coated with gold in a BAL-
TEC SCD 050 Sputter Coater (BAL-TEC AG). Samples 
were examined with a JEOL JSM-5200 scanning electron 
microscope (JEOL, Ltd.; Tokyo, Japan).

Transmission Electron Microscopy (TEM)
Cells were plated at 2 × 105 cells/well in 6-well tissue cul-
ture plates and cultured for 3 days before fixation. Media 
were changed 16 to 24 hr before fixation. In some experi-
ments, cells were treated with phosphatidic acid (10 mg/ml; 
Sigma-Aldrich) for 24 hr at 37C and in other experiments 
with 1% 1-Butanol (Merck KGaA; Darmstadt, Germany) 
for 20 min at 37C. Cells were fixed in 2% glutaraldehyde 
(Ladd Research) plus 2% formaldehyde (EM Sciences) in 
0.1 M cacodylate buffer (pH 7.4), containing 0.05% CaCl

2
 

for 1 hr at room temperature. Cells were postfixed in 1% 
OsO

4
 (EM Sciences) in 0.1 M cacodylate buffer (pH 7.4) 

for 2 hr, rinsed in Milli-Q water, and dehydrated in a graded 
ethanol series. Cells were removed from the tissue culture 
plates with propylene oxide and embedded in EMBED 812 
(EM Sciences). Thin sections were cut with a diamond 
knife, mounted on copper grids, and stained for 10 min 
each in Reynolds’s lead citrate (Reynolds 1963) and 0.5% 
aqueous uranyl acetate, then examined with a Philips EM 

208 transmission electron microscope (Fei Company; 
Eindhoven, Holland).

SDS-PAGE and Immunoblotting
For immunoblotting, whole-cell lysates of 106 cells from 
each cell line were washed twice with ice-cold PBS and 
immediately lysed with hot sample buffer (125 mM Tris-
HCl [pH 6.8], 4% SDS, 10% glycerol, 0.006% bromophe-
nol blue, and 1.8% β-mercaptoethanol) for 5 min at 70C. 
The samples were then sonicated for 10 sec on ice, and 
protease inhibitor cocktail (Sigma-Aldrich) was added to a 
final concentration of 1%, 30 µl/lane was loaded, and the 
proteins were separated electrophoretically on 10% poly-
acrylamide gels and transferred to Hybond membranes (GE 
Healthcare Life Sciences; Piscataway, NJ). After transfer, 
the membranes were blocked for 1 hr at room temperature 
in TBS (0.05 M Tris-HCl, 0.15 M NaCl [pH7.5], with 
0.05% Tween 20) containing 5% BSA. After blocking, the 
membranes were incubated for 1 hr at room temperature 
with anti-PLD2 diluted in TBS. After washing with TBS, 
the membranes were incubated with secondary antibody for 
45 min at room temperature. Membranes were then washed 
in TBS and developed using chemiluminescence (ECL-GE 
Healthcare). Mean optical density of the blots was deter-
mined using Adobe Photoshop 7.0 (Adobe Systems; San 
Jose, CA).

Detection of PLD2 mRNAs by Real-Time 
PCR
Total RNA was purified from each cell line using the 
RNeasy Mini kit (Qiagen; Valencia, CA) according to the 
manufacturer’s instructions. For mRNA analysis, 20 ng 
RNA was subjected to real-time RT-PCR using QuantiFast 
SYBR Green RT-PCR (Qiagen). For all RT-PCR analysis, 
actin mRNA was used to normalize RNA inputs. Primer 
sequences are as follows: mouse PLD2 forward (5′-ATGA 
CTGTAACCCAGACGGCACTC-3′) and reverse (5′-CAG 
CTCCTGAAAGTGTCGGAATTT-3′); actin forward (5′-T 
TGTCGACGACGAGCG-3′) and reverse (5′-GCACAGA 
GCCTCGCCTT-3′).

Image Analysis
PLD2 fluorescence intensity was quantified using Image-
Pro Plus, ver. 7.0 (Media Cybernetics; Silver Spring, MD). 
To normalize fluorescence intensity, individual cells were 
selected with the freehand tool, and the mean fluorescence 
intensity was divided by the mean area of the cells. A 
minimum of 5 fields/cell line were analyzed. Volume ren-
derings were obtained by analysis of Z-series of GM130-
stained confocal images using ImageJ software (http://rsb.
info.nih.gov/ij/; National Institutes of Health, Bethesda, 
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MD). The analysis was expressed as 3D images of the 
Golgi complex. For the measurement of Golgi areas, the 
Golgi complexes were immunostained with anti-GM130. 
The boundary of the Golgi complex was delineated using 
the drawing tool in the Image-Pro Plus and the area of the 
Golgi complex determined. A minimum of 60 cells/cell line 
was analyzed.

For the measurement of the granule size, the diameter 
and the area of each individual granule were measured on 
TEM images using Image-Pro Plus. A minimum of 25 gran-
ules/cell line were analyzed.

Statistics
Results were expressed as means ± SD unless indicated 
otherwise. Differences between groups were assessed by 
unpaired, two-tailed Student’s t-test; p<0.05 was consid-
ered significant.

Results
The expression and distribution of PLD2 varied among the 
three cell lines (Fig. 1). PLD2 mRNA was quantified by 
real-time qPCR, and the total amount of transcripts was 
significantly higher in PLD2CA and PLD2CI cells when 

compared with RBL-2H3 cells (Fig. 1A). The protein 
expression of PLD2 among the three cell lines generally 
reflected the levels of the transcripts (Fig. 1B). The expres-
sion of PLD2 was significantly higher in PLD2CI cells as 
compared with RBL-2H3 cells, whereas PLD2CA cells 
expressed only slightly more PLD2 than did the wild-type 
cells. The differences in expression may be a reflection of 
turnover rates. The three cell lines also showed differences 
in the distribution of PLD2 (Fig. 1C). In RBL-2H3 and 
PLD2CA cells, PLD2 was dispersed in a punctate pattern 
throughout the cytoplasm and followed the outline of the 
plasma membrane. In contrast, in PLD2CI cells, PLD2 was 
concentrated in the cell body. The normalized fluorescence 
intensity showed that PLD2CA and PLD2CI cells both had 
similar levels of fluorescence that were significantly higher 
than in the RBL-2H3 cells (Fig. 1D).

It then became of interest to examine if the differences in 
PLD2 expression were reflected in alterations in the mor-
phology of these cells (Fig. 2). Wild-type RBL-2H3, 
PLD2CA, and PLD2CI cells were initially characterized by 
SEM. RBL-2H3 cells were fusiform (spindle shaped), and 
by SEM, it could be seen that the surface was covered with 
fine microvilli. The PLD2CA cells were also fusiform but 
with long cytoplasmatic extensions. By SEM, the PLD2CA 
cells showed the same fusiform morphology as the 

Figure 1. Expression and distribution 
of PLD2. The levels of PLD2 transcripts 
were measured in RBL-2H3, PLD2CA, 
and PLD2CI cells. PLD2CA and 
PLD2CI cells had significantly higher 
levels of transcripts than did RBL-2H3 
cells (*=p<0.05) (A). Lysates of RBL-
2H3, PLD2CA, and PLD2CI cells were 
immunoblotted for PLD2 using an 
antibody against the internal sequence 
of PLD2 (B) and the resulting 
bands quantified. The PLDCI cells 
expressed significantly higher levels 
of PLD2 (*=p<0.05). Differences in 
the intracellular distribution of PLD2 
were also seen (C). In RBL-2H3 and 
PLD2CA cell lines, PLD2 was localized 
throughout the cell cytoplasm, whereas 
in PLD2CI cells, PLD2 appeared to be 
localized mainly in the cell body. PLD2, 
green. The fluorescence intensity seen 
in PLD2CA and PLD2CI cells was 
significantly higher than that of the 
RBL-2H3 cells (*=p<0.05).
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RBL-2H3 cells. In contrast, the PLD2CI cells differed from 
the other cell lines due to the presence of numerous cyto-
plasmatic extensions resulting in a characteristic star-
shaped morphology. The distribution of cytoskeletal 
components in these cell lines was also examined. In 
RBL-2H3 and PLD2CA cells, the actin filaments followed 
the plasma membrane and the microvilli on the cell surface. 
In the PLD2CI cells, the actin filaments were also found 
under the plasma membrane, following the star-shaped 
form of the cell and in the microvilli. The microtubules in 
RBL-2H3 and PLD2CA cells were organized into long, 
straight bundles, giving the cell its fusiform shape. The 
microtubule distribution in the PLD2CI cells was altered 
when compared with the other cell lines. In PLD2CI cells, 
the microtubules were arranged in a basket-like form in the 
cell body and radiated throughout the numerous cytoplas-
matic extensions in these star-shaped cells. Thus, overex-
pression of the catalytically inactive form of PLD2 appears 
to have a dramatic effect on the morphology of these cells.

Because the organization of the Golgi complex is depen-
dent on the cytoskeleton (Thyberg and Moskalewski 1999), 

the Golgi complex was also analyzed (Fig. 3A). In the 
RBL-2H3 and PLD2CA cells, the Golgi complex was com-
pact and juxtanuclear in location. In PLD2CI cells, the 
Golgi complex was disorganized and dispersed. Volume 
rendering of the Golgi complex verified the observations 
made by fluorescence microscopy. This observation was 
further confirmed by quantifying the area of the Golgi com-
plex in the various cell lines (Fig. 3B). The area occupied by 
the Golgi complex in the PLD2CA cells was significantly 
less than the RBL-2H3 cells, whereas the area occupied by 
the Golgi complex in the PLD2CI cells was significantly 
greater than the other two cell lines.

By TEM (Fig. 4), the Golgi complex in RBL-2H3 and 
PLD2CA cells was seen to be compact and close to the 
nucleus, with thin parallel cisternae. In PLD2CI cells, the 
Golgi complex was dispersed throughout the cytoplasm, 
with dilated cisternae and numerous dilated Golgi-
associated vesicles that were absent in the other cell lines. 
Because of the differences seen in the morphology of the 
Golgi complex in the PLD2CI cells, it was of interest to 
investigate whether PA produced by PLD was involved in 

Figure 2. PLD2 is important for maintaining cell structure and organization. By scanning electron microscopy (SEM), RBL-2H3 cells 
were spindle shaped and their surface was covered with short microvilli. PLD2CA cells had morphology similar to that of RBL-2H3 cells. 
The majority of PLD2CI cells were star shaped with multiple cytoplasmic extensions (arrows), and their surface was also covered with 
short microvilli. Analysis of the cytoskeleton following 3D reconstruction of fluorescent images showed that there were differences in 
the distribution of the cytoskeleton in the PLD2CI cells when compared with the RBL-2H3 and PLD2CA cells. Actin filaments in RBL-
2H3 and PLD2CA cells were under the plasma membrane following the spindle shape of the cells and in association with microvilli. Actin 
filaments were also seen in occasional ruffles. In PLD2CI cells, actin filaments followed the star shape of the cells and extended through 
the cytoplasmic projections. There were also numerous small actin containing projections on the surface of these cells. In RBL-2H3 and 
PLD2CA cells, microtubules (arrows) were organized into bundles that followed the fusiform shape of the cells, whereas in PLD2CI cells, 
the microtubules (arrows) in the cell body were more disorganized and appeared basket-like in the cell body.
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maintaining the structure of the Golgi complex. By TEM, it 
was possible to characterize the effects of treatment with PA 
or 1% 1-Butanol (Fig. 4). Treatment with PA in RBL-2H3 
and PLD2CA cells did not alter the organization of the 
Golgi complex. The Golgi complex in these cell lines 
remained well organized, with thin and flattened cisternae, 
whereas in PLD2CI cells, the treatment with PA led to a 
more organized Golgi complex. The Golgi complex recov-
ered its structural organization with parallel cisternae, and 
the number of Golgi-associated vesicles was reduced. To 
confirm that the lack of PA was responsible for the effects 
seen in the Golgi complex of the PLD2CI cells, the cell 
lines were treated with 1% 1-Butanol, which blocks the pro-
duction of PA synthesized from PLD. In RBL-2H3 and 
PLD2CA cells, the treatment with 1% 1-Butanol led to the 

dispersion of the Golgi complex and the Golgi cisternae, 
and some vesicles were dilated. It was also observed that 
the cisternae were no longer parallel in the PLD2CA cells 
but were curved in a horseshoe shape. The treatment of 
PLD2CI cells with 1% 1-Butanol led to dilation of the Golgi 
cisternae and an increase in the number of vesicles.

Because the Golgi complex is responsible for the produc-
tion of lysosomes, secretory granules, and their contents, the 
distribution and morphology of acidic compartments, 
including secretory granules and lysosomes, were evaluated 
with LysoTracker. RBL-2H3 and PLD2CA cells presented 
numerous acidic vesicles spread throughout the cytoplasm 
and cell projections (Fig. 5). In PLD2CI cells, the acidic 
vesicles were concentrated in the perinuclear region with 
few vesicles in the cell extensions. Staining with Alcian 

Figure 3. PLD2CI cells have 
alterations in the Golgi complex. 
In RBL-2H3 and PLD2CA cells, 
the Golgi complex was compact 
and localized juxtanuclearly, but in 
PLD2CI cells, the Golgi complex was 
more diffuse and spread throughout 
the cytoplasm. Volume rendering 
(VR) of the Golgi complex confirmed 
the differences in the size of the 
Golgi complex among the three cell 
lines. (B) Quantification of the area 
of the Golgi complex showed that 
PLD2CA cells had a smaller Golgi 
complex than the RBL-2H3 cells 
(*=p<0.05). The PLD2CI cells had a 
larger Golgi area when compared 
with the RBL-2H3 cells (*=p<0.05). 
GM130, red; DAPI, blue.
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blue, which stains the glycosaminoglycans present in the 
granules, showed that, in RBL-2H3 cells, the granules are 
present throughout the cytoplasm. In PLD2CA cells, the 
granules had the same distribution but appeared larger. The 
PLD2CI cells appear to have fewer, smaller granules that are 
concentrated near the nucleus. The morphology of the secre-
tory granules was further characterized by TEM. In 
RBL-2H3 and PLD2CA cells, the secretory granules were 
heterogeneous, whereas in PLD2CI cells, the granules had 
an electron lucid content. Quantification of granule diameter 
and area showed that cytoplamatic granules in the RBL-2H3 
and PLD2CA cells had the same overall size, whereas 
PLD2CI cells had significantly smaller granules when com-
pared with the other cell lines.

Discussion
In the present study, the importance of PLD2 in maintain-
ing cell structure and function was examined in stable mast 

cell lines (Hitomi et al. 2004) that overexpress the wild-
type or a dominant-negative form of PLD2. Overexpression 
of the catalytically inactive form of PLD2 appears to have 
a dramatic effect on the morphology of these cells, suggest-
ing that the production of PA by PLD2 contributes to struc-
tural maintenance of the cytoskeleton and the Golgi 
complex as well as influencing the distribution of lyso-
somes and secretory granules in mast cells. The morpho-
logical changes observed in the present study are most 
likely the result of low levels of PA in the PLD2CI cells as 
well as the interaction of PLD2 with the cytoskeleton.

One of the striking features of the PLD2CI cells was the 
alteration in their shape. In contrast to the fusiform shape of 
the wild-type RBL-2H3 cells and the PLD2CA cells, most 
of the PLD2CI cells were star shaped with long cytoplasmic 
extensions. The shape of the cells correlated with the distri-
bution of actin fibers and microtubules. Rat embryo fibro-
blasts overexpressing PLD2 also exhibited numerous cell 
projections and filopodia (Colley, Sung, et al. 1997). PLD2 

Figure 4. By transmission electron microscopy (TEM), the RBL-2H3 and PLD2CA cells had a well-organized Golgi complex, with their 
cisternae showing the typical arrangement of flattened saccules (arrows). The Golgi complex of the PLD2CI cells was dispersed in the 
cytoplasm, and the cisternae were disorganized and dilated (arrow). There was also an increase in the number of Golgi-associated vesicles 
in the PLD2CI cells. By TEM, treatment of RBL-2H3 cells with 10 mg/ml PA for 24 hr did not alter the morphology of Golgi complex. 
However, treatment with 1% 1-Butanol for 20 min led to the disorganization of the Golgi complex and dilated cisternae. Treatment of 
PLD2CA cells with phosphatidic acid (PA) did not alter the organization of the Golgi complex. In these cells, treatment with1% 1-Butanol 
also resulted in the disorganization of the Golgi complex and dilation of the cisternae. Treatment with PA in PLD2CI cells led to a 
decrease in the size of the Golgi complex cisternae and number of Golgi-associated vesicles (arrows), but treatment with 1% 1-Butanol 
did not alter the structure of the Golgi complex (arrows). G, Golgi complex; N, nucleus.
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is also known to contribute to stimulus-induced cytoskeletal 
reorganization (Iyer and Kusner 1999; Liscovitch et al. 
1999). In RBL-2H3 cells, activation of ARF6 by antigen 
and continual PLD2 activity were both necessary for actin 
cytoskeletal rearrangements (O’Luanaigh et al. 2002). The 
reorganization of the actin cytoskeleton following PLD 
stimulation was first demonstrated in cultured fibroblasts 
stimulated by LPA or by the addition of exogenous PA (Ha 
and Exton 1993; Ha et al. 1994).

Although the roles of PLD in general and PLD1 specifi-
cally in cytoskeletal reorganization have been extensively 
studied, little is known about the specific role of PLD2 in 
this process (McDermott 2004; Morris 2007; Oude 
Weernink et al. 2007). In human umbilical vein endothelial 
cells (HUV-EC), PLD2 has recently been shown to have an 
important role in stress fiber formation and in the permea-
bility of endothelial cell layers. This change in endothelial 
permeability appears to be linked to PA-induced cytoskele-
tal rearrangement as well as activation of the Raf-MEK-
ERK1/2 signaling pathway. Activation of this pathway then 

downregulates the expression of occludin, a tight junction 
structural protein (Zeiller et al. 2009). The activity of PLD2 
itself may be controlled by binding to cytoskeletal compo-
nents. β-Actin binds directly to PLD2 at amino acids 613 to 
723 and inhibits its activity (Lee et al. 2001). PLD2 also 
directly interacts with tubulin by binding PLD2 at amino 
acids 476 to 612. Binding of tubulin to PLD2 also inhibits 
PLD2 activity, and this activity is inversely proportional to 
the concentration of monomeric tubulin (Chae et al. 2005). 
Thus, the cytoskeleton itself can regulate the production of 
PA by PLD, controlling the level and the cellular location of 
PA necessary to modify cytoskeleton organization (Exton 
2002; Rudge and Wakelam 2009).

In the current study, it was observed that the presence of 
the catalytically inactive form of PLD2 also resulted in 
changes in the Golgi complex, which can be explained by 
the low level of PA in these cells (Hitomi et al. 2004). PLD 
is known to be associated with the Golgi complex in many 
cell types (Freyberg et al. 2002; McDermott et al. 2004; 
Riebeling et al. 2009) and is involved with the transport of 

Figure 5. In the PLD2CI cells, 
secretory granules are altered. By 
LysoTracker staining, RBL-2H3 
and PLD2CA cells have acidic 
compartments distributed in the 
cellular body and the cellular 
extensions. In the PLD2CI cells, the 
acidic vesicles are concentrated in the 
perinuclear region with few vesicles in 
the cell extensions. In RBL-2H3 cells, 
the granules are dispersed through 
the cytoplasm. Staining with Alcian 
blue shows that in PLD2CA cells, the 
granules are larger and PLD2CI cells 
have smaller granules in comparison 
with RBL-2H3 cells. By transmission 
electron microscopy (TEM), RBL-
2H3 and PLD2CA cells contain 
electron-dense granules (arrows). 
However, in the PLD2CI cells, the 
granules are electron-lucid (arrows). 
The measurement of the granules size 
shows that in the PLD2CI cells, the 
granules are significantly smaller than 
those in RBL-2H3 and PLD2CA cells 
(*=p<0.05).
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Golgi-associated vesicles. The results of the present study 
agree with previous studies showing that PA and phosphati-
dylinositol 4,5-bisphosphate are required to maintain the 
structural integrity of the Golgi complex (Siddhanta et al. 
2000; Sweeney et al. 2002). In rat pituitary GH3 cells, 
>90% of the Golgi-associated PLD2 is localized to the rims 
of the Golgi cisternae and to Golgi-associated vesicles 
(Freyberg et al. 2002). The budding of COPI vesicles from 
the Golgi complex depends on PA produced by PLD2. PA is 
known to play a critical role in vesicle formation. Activation 
of PLD and the resultant PA production promotes a negative 
curvature of membranes, facilitating vesicle fission 
(McMahon and Gallop 2005; Cazzolli et al. 2006). In 
PLD2-depleted cells, budding COPI vesicles accumulate at 
the lateral rims of the Golgi cisternae, and the cis-Golgi is 
reduced and disorganized. COPI vesicle fission can be 
divided into two stages. In the early stage BARS 
(Brefeldin-A ADP-ribosylated substrate), PA and other 
COPI components are required for bud-neck constriction. 
The second step, in which the bud neck is cut, is dependent 
on PA generated by PLD2 (Yang et al. 2008). Inhibition of 
PLD2 also results in a mild disruption in the Golgi complex, 
similar to that reported in the current study.

PLD is an important regulator of secretion in mast cells 
(Choi, Chahdi, et al. 2002; Choi, Kim, et al. 2002). The dis-
tribution and morphology of lysosomes and secretory gran-
ules in the various cell lines can be related to the basal levels 
of PA produced in these cells (Hitomi et al. 2004). The low 
levels of PA in the PLD2CI cells affect the distribution of 
secretory granules and lysosomes. One possible explana-
tion for this change in distribution may be the effect of the 
catalytically inactive form of PLD2 on the actin cytoskele-
ton, as the actin cytoskeleton is known to play a role in 
vesicle transport (Pfeiffer et al. 1985; Kuznetsov et al. 
1992). In mast cells, activation via FcεRI stimulates actin 
polymerization (Sahara et al. 1990; Oka et al. 2002; 
Farquhar et al. 2007) and subsequent fusion of secretory 
granules with the plasma membrane and mediator release.

Another explanation for the change in distribution of 
acidic compartments seen in the PLD2CI cells may relate to 
the requirement for PA in vesicle formation. PLD2 has been 
shown to regulate the transport of vesicles between the trans 
Golgi network and the apical plasma membrane in human 
intestinal HT29-c119A cells. Although the exact mechanism 
of action is unclear, it is most likely related to the ability of 
PA to influence membrane curvature. Therefore, PLD2 may 
be controlling secretory vesicle formation at the Trans Golgi 
Network (TGN) level (Denmat-Ouisse et al. 2001) in a man-
ner similar to that seen for COPI vesicle formation (Yang et 
al. 2008). PA is considered a fusogenic lipid that participates 
in membrane fission and fusion (Kooijman et al. 2003; 
Cazzolli et al. 2006). These processes require a transitory 
reorganization of bilipid membranes that do not 

occur spontaneously (Lentz et al. 2000). Therefore, the local 
concentration of PA produced by PLD2 may be the deter-
mining factor in vesicle formation. The present study shows 
that the production of PA by PLD2 is essential for the regula-
tion of the structure and organization of RBL-2H3 mast 
cells. The exact mechanism by which PLD2 exerts its effects 
is not clearly understood but seems to be related, at least in 
part, to intracellular PA levels.
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