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Abstract
Phospholipase D2 (PLD2), one of the two mammalian members of the PLD family, has been
implicated in cell proliferation, transformation, tumor progression and survival. However, as precise
mechanistic details are still unknown, we investigated here if the PLD2 isoform would signal through
the PI3K/AKT pathway. Transient expression of PLD2 in COS7 cells with either the WT or with a
Y179F mutant, resulted in an increased basal phosphorylation of AKT in residues T308 and S473, in
a PI3K-dependent manner. Transfection of PLD2-Y179F (but not the wild type) caused an increased
(>2-fold) DNA synthesis even in the absence of extracellular stimuli. Other signaling mechanisms
downstream such PLD/PI3K dependence (that might lead to DNA synthesis regulation), were further
studied. PLD2-Y179F caused an increase in phosphorylation of p42/p44ERK and in the expression
of G0/G1 phase transition markers, p21CIP and PCNA, and these effects, too, were dependent on
PI3K. Interestingly, Akt once activated, enabled the phosphorylation of PLD2 on residue T175, an
effect that was inhibited by LY296004. Lastly, if PLD2-Y179F is further mutated in residue K758
(PLD2 Y179F-K758R), which renders inactive a catalytic site, DNA synthesis is then abrogated,
indicating that the activity of the enzyme (i.e. synthesis of PA) is necessary for the observed effects.
In conclusion, the unavailability of residue Y179 on PLD2 to become phosphorylated leads to an
augmentation of DNA synthesis concomitantly with MEK and AKT phosphorylation, in a process
that is dependent on PI3K and independent of any extracellular stimuli. This might be critical for the
maintenance of the PLD2-regulated proliferative status.
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INTRODUCTION
Phospholipase D (PLD) hydrolyzes phosphatidylcholine to produce phosphatidic acid (PA)
and choline. PA is subsequently converted to lyso-PA by phospholipase A2 or to diacylglycerol
(DAG) by phosphatidate phosphohydrolase [1]. Both PA and lyso-PA are mitogenic
intracellular messengers, and DAG, via direct stimulation of PKC, is also associated with cell
proliferation [2]. PLD plays a role in growth factor-induced cellular proliferation [3–6] and
facilitates oncogenic transformation [7–10]. Endogenous PLD activity is significantly
increased in several types of cancers [11–15], as well as in cell lines transformed with
oncogenes [4,5,8,10,16–19]. PLD may participate in the activation of p42/44ERK via Raf-1

*Address all correspondence to: Julian Gomez-Cambronero, Ph.D., Cell Biology and Physiology, Wright State University School of
Medicine, 3640 Colonel Glenn Highway, Dayton, OH 45435, USA.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Cell Signal. Author manuscript; available in PMC 2009 January 1.

Published in final edited form as:
Cell Signal. 2008 January ; 20(1): 176–185.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



translocation to the plasma membrane [20–23], as well as in the survival signaling mediated
by PI3K/AKT activation [24]. Although the precise mechanisms involving the isoform PLD2
in cell proliferation and survival are still unknown, recent evidence suggests that residues
Y169 and Y179 serve to recruit the Grb2/Sos complex and that PLD2-Y169 is involved in Ras/
MAPK activation [25,26].

PI3Ks phosphorylate cell membrane phosphatidylinositols to generate PIP3. PIP3 then recruits
AKT to the membrane where it is sequentially phosphorylated on T308 and S473 [27,28]. Once
activated, AKT modulates downstream effectors relevant to the regulation of cell growth
(i.e. Raf/MEK, mTOR/p70S6K), cell cycle progression and cell proliferation (i.e. p21CIP1/
PCNA), or apoptosis (i.e. Bad, caspase 9, Mdm2) [29–32]. Interestingly, most of these effectors
can also be regulated by PLD [16,21,22,25,33–36]. Furthermore, AKT and bacterial PLD
interact [37] and PLD plays a critical role in the PI3K-dependent activation of AKT [38–42].
The addition of exogenous bacterial PLD to CHO cells results in AKT activation in a PA- and
PI3K-dependent manner [43].

Transient expression of PLD inhibits drug-induced apoptosis via the activation of PI3K/AKT
and extracellular signal-regulated kinase (ERK) survival signaling pathways [36,41,44]. The
present study was undertaken to investigate the molecular mechanisms implicated in PLD2-
mediated de novo DNA synthesis and to find out whether or not they involve the PI3K/AKT
signaling cascade and cell cycle progression, independently of extracellular stimuli.

MATERIAL & METHODS
Materials, cells and antibodies

COS-7 and RAW-264.7 cells and media were from ATCC (Manassas, VA); antibodies against
T308 or S473-phosphorylated AKT, T202/Y204-phosphorylated p42/44ERK, AKT, p42/44ERK,
and myc were from Cell Signaling Inc. (Beverly, MA). Anti-PCNA and p21CIP1 antibodies
were from Biolegend (San Diego, CA). Anti-myc coupled to agarose beads was from Santa
Cruz Biotech (Santa Cruz, CA). DMEM was from Sigma (St. Louis, MO); Lipofectamine, Plus
reagent, Opti-MEM reduced serum medium were from Invitrogen (Carlsbad, CA); reagents
for nucleofection were from Amaxa (Gaithersburg, MD); Scintiverse II scintillation cocktail
was purchased from Fisher (Pittsburgh, PA); electrophoresis chemicals were from Bio-Rad
Laboratories (Richmond, CA). Precast 4–20% polyacrylamide gels were from Pierce
Biotechnology, Inc. (Rockford, IL). LY294002 and PD98059 were from Calbiochem (San
Diego, CA).

Mutagenesis of pcDNA-mycPLD2
The pcDNA-mycPLD2 construct was used as a template to create point mutants following the
QuickChange II Site-Directed mutagenesis protocol (Stratagene, La Jolla, CA). MycPLD2-
Y179F was created by using the following sense primer: 5′-TC TTG ACC ATG TCT TTC
TTT CGA AAC TAC CAT GCC-3′. Note the simultaneous introduction of a BstB I restriction
site by silent mutation (underlined) together with the desired missense mutation for screening
purposes. Restriction enzyme analysis of the PLD2-Y179F mutant was performed by PCR
amplification of the region containing the expected mutation (sense: 5′-GCT TGA CTC ACG
GCG ACT TTT C-3′, antisense: 5′-CAC CTC TTG GAC CAG CGA TAA CA-3′). The single
transition of adenine (A) in position 536 to thymidine (T) (A536T) of the PLD2 cDNA (which
introduces the Y179F mutation and the BstB I site. Positive digestion of the PCR fragment
from Y179F cDNA inidcates the presence of the mutation. The catalytically inactive double
mutant Y179F-K758R was created using pcDNA-mycPLD2 Y179F as a template and the
K758R mutagenic primer 5′-TC TAC ATC CAC AGC AGG GTG CTC ATC GCA G-3′. All
oligos and their reverse complements were PAGE/HPLC purified (Integrated DNA
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Technologies, Coralville, IA). Molecular identity of pcDNA-mycPLD2 mutants were
confirmed by PCR, restriction digestion and direct sequence analysis (Cleveland Genomics,
Cleveland OH).

Transient transfection of COS7 or RAW-267.4 cells
COS7 were routinely transfected following lipofectamine-based procedures as described in
detail elsewhere [45]. RAW cells were nucleofected with the Amaxa-based (Gaithersburg,
MD) electroporation cuvette with 2×106 cells/100 µl in nucleofector solution V. Cells were
"zapped" in program D-32 (as per the manufacturer’s instructions) after which they were
resuspended in 1 ml DMEM + 20% FBS and immediately plated into six-well plates. Cells
were incubated at 37 °C for 48 hr, then harvested and used for the experiments described herein.

Myc immunoprecipitation
Transiently or mock-transfected COS7 cells were lysed in lysis buffer [50 mM Tris-HCl pH
7.5, 1 mM EDTA, 1 mM EGTA, 0.5 mM sodium orthovanadate, 0.1% β-mercaptoethanol, 1%
Triton X-100, 1% deoxycholic acid, 50 mM sodium fluoride, 5 mM sodium pyrophosphate,
10 mM sodium β-glycerolphosphate plus freshly added protease/phosphatase inhibitors (0.1
mM PMSF, 1 µg/ml aprotinin, 1 µg/ml pepstatin, 1 µg/ml leupeptin, 1 µM microcystin)] and
about 500 µg of protein were incubated overnight with 50 µg anti-myc/Agarose in a final
volume of 500 µl lysis buffer/inhibitors with gentle rotation. Agarose beads were spun-down
at 12,000×g and washed 5 times with ice-cold lysis buffer/inhibitors, resuspended in loading
buffer, boiled 5, subjected to SDS-PAGE and transferred to PDVF membranes. Western blots
were developed by the ECL method (Amersham, UK).

ERK and AKT phosphorylation and general immunodetection
Specific p42/44ERK and AKT phosphorylation was analyzed by immuno-detecting the
phosphorylation state of residues T202/Y204 or T308/S473, respectively. Transiently transfected
COS7 cells were lysed in lysis buffer (plus protease and phosphatase inhibitors). About 75 µg
of protein were resolved in 4–20% SDS-PAGE. Gels were transfered to PDVF membranes and
developed by the ECL method (Amersham, UK).

[3H]-Thymidine incorporation
Newly synthezised (de novo) DNA was estimated by [3H]-thymidine incorporation into
cellular DNA as described recently. Briefly, mycPLD2-transfected COS7 cells growing in 6
well plates were treated with 0.6 µCi/ml/well [3H]-thymidine for ~16 h. Cells were washed
twice with ice-cold PBS and precipitated with 5% TCA. Precipitated cellular DNA was washed
twice with 5% TCA and solubilized by adding 550 µl/well of 12.5 N NaOH. Precipitable
[3H]-DNA was measured by scintillation counting.

Immunofluorescence
Expression of pcDNA-mycPLD2 (WT or Y179F), were analyzed by immunofluorescence
following procedures as described in detail elsewhere [26]. Cells were treated with 2 µg/ml
anti-myc antibodies and with 0.5 µg/ml FITC-conjugated secondary antibody and, lastly, with
DAPI for nuclear staining.

Statistical analysis
The analysis of multiple intergroup differences in each experiment was conducted by one-way
analysis of variance followed by Student test. A p<0.05 was used as the criterion of statistical
significance.
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RESULTS
PLD2 regulates basal AKT phosphorylation

In order to investigate if PLD2 would modulate cell survival and proliferation through the
AKT/PI3K pathway, we transiently transfected COS7 cells with PLD2 Y179F, a mutant known
to increase DNA synthesis in this cell line [25,26]. The expression levels and localization of
PLD2 WT did not differ from PLD2 Y179F, as shown in Figure 1A. Further, the level of
endogenous PLD2 in COS-7 cells is very low as compared to the overexpressed counterpart
(Fig. 1B). When COS7 cells were transfected with either the WT or Y179F constructs, we
observed that AKT phosphorylation increased in residues T308 and S473, as evidenced by the
slow migrating AKT form (band "b") detected with two anti-phospho-AKT antibodies (Figure
1C,F). Of note, this was observed without growth factor or serum stimulation of the cells. Basal
and PLD2-driven AKT phosphorylation in residues T308/S473 was completely eliminated when
COS7 cells were incubated in the presence of the PI3K inhibitor LY294002 (Figure 1D,G),
suggesting that PLD2-WT increases AKT phosphorylation in a PI3K-dependent manner. The
blocking effect of the PI3K inhibitor was not due to decreased expression of the constructs in
COS7 cells treated with the inhibitor, since mycPLD2 (either WT or Y179F) were expressed
at comparable levels in whole cell lysates. They did not affect cell viability either, that remained
>90% as assayed by the trypan blue exclusion test (not shown). Figure 1E,H show positive
controls for Akt phosphorylation that are comparable to those presented for COS-7 cells.

PLD2 Y179F regulates DNA synthesis in a PI3K/AKT-dependent manner
PLD2 has been described to be located upstream of PI3K/AKT signaling [24]. Thus, basal
PI3K activity may be necessary for PLD2 Y179F-induced de novo DNA synthesis. As shown
in Figure 2A, COS7 cells overexpressing PLD2 Y179F have increased DNA synthesis when
compared to WT-transfected cells, as demonstrated previously [25]. However, LY294002 or
wortmannin blocked PLD2 Y179F-induced [3H]-thymidine incorporation, without affecting
de novo DNA synthesis (Figs. 2B,C), suggesting that AKT activation and PLD2 Y179F
functionality are PI3K-dependent. The blocking effect of both PI3K inhibitors was not due to
decreased expression of the constructs in COS7 cells treated with the inhibitors, since
mycPLD2 WT or Y179F were expressed at comparable levels in whole cell lysates (Figure
2D). They did not affect cell viability either, as assayed by the trypan blue exclusion test (not
shown). The effect of PLD2-Y179F on DNA synthesis was observed in cells other than COS-7.
Fig. 2E shows an increase thymidine incorporation with PLD2-Y179F in cells overexpressing
the protein (Fig. 2F), making the initial observation more general. Together, these results
suggest that AKT may regulate the cell fate (survival vs. DNA synthesis) via PLD2 Y179F.
The possibility that PLD2 Y179F may be a substrate for AKT was investigated next.

PLD2 as a putative AKT substrate
To ascertain whether PLD2 could be a substrate for PLD2-driven phosphorylation of AKT,
Western blotting experiments were performed with a polyclonal phospho-(S/T)-AKT kinase
substrate antibody. This antibody recognizes peptides and proteins containing phospho-(S/T)
preceded by R at position n-3 and/or n-5 [RXRXX(pS/pT)], the suggested consensus site for AKT
kinase phosphorylation (Fig. 3A) [46–48]. As shown in Figure 3B, the AKT substrate antibody
detected a band corresponding to immunoprecipitated mycPLD2 WT (~106 kDa), suggesting
that PLD2 WT is phosphorylated in S/T within a consensus site for AKT kinase
phosphorylation. Although mycPLD2 WT and Y179F were recognized by the antibody,
mycPLD2 Y179F provided a stronger signal (Figure 3B). This PLD2 phosphorylation appears
to be dependent on the PI3K/AKT activation, since LY294002 completely abolished AKT
kinase substrate phosphorylation of mycPLD2 WT or Y179F (Fig. 3B, left panel). These results
suggest that PLD2 is a substrate of activated AKT kinase and that mycPLD2 Y179F is the
better substrate of the two.
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Manual analysis of eukaryotic PLD protein sequences revealed that T175, conserved only in
mammalian PLD2s (Figure 3C), is encoded within the context 170LNRLLT175, a potential target
for activated AKT [48]. Based on this, residue T175 in pcDNA-mycPLD2 WT or Y179F was
mutated to A175 by site-directed mutagenesis and transfected into COS7 cells. As shown in
Figure 3D, the anti-AKT kinase substrate antibody did not detect immunoprecipitated
mycPLD2 T175 mutants, providing immunological evidence that PLD2-stimulated AKT is in
turn phosphorylating PLD2 Y179F in residue T175, and it does so more efficiently than
mycPLD2 WT.

Both mycPLD2 T175 mutants were also tested for their ability to increase [3H]-thymidine
incorporation in COS7 cells. As shown in Figure 3E, transient expression of mycPLD2 WT or
T175 mutants did not stimulate de novo DNA synthesis when compared to mycPLD2 Y179F.
These results suggest that residue T175, encoded within the potential consensus site for AKT-
mediated phosphorylation (170LNRLLT175), is a key participant of mycPLD2 Y179F-induced
de novo DNA synthesis.

PLD2-Y179F regulates DNA synthesis via Mek activation
We next set out to determine the signaling mechanism by which PLD2-Y179F might regulate
DNA synthesis. AKT activates the Raf/Mek signaling cascade and regulates the equilibrium
between cell cycle arrest and proliferation [29] and overexpression of PLD2 Y179F
phosphorylates p42/44ERK inducing DNA synthesis [25]. Hence, we tested the impact of
LY294002-induced PI3K/AKT inhibition on mycPLD2 Y179F-mediated p42/44ERK

phosphorylation. Transient expression of PLD2 Y179F resulted in increased phosphorylation
of p42/44ERK (Figs. 4A,C). However, this effect was not observed in the presence of LY294002
(Figs. 4B,D), suggesting that mycPLD2-Y179F phosphorylates and activates p42/44ERK in a
PI3K-dependent manner. Both constructs were expressed at comparable levels in whole cell
lysates and did not affect cell viability (not shown).

On the other hand, PD98059 (Mek inhibitor) treatment of COS7 failed to inhibit mycPLD2
Y179F-induced basal phosphorylation of AKT in S473 (Figure 4E), but inhibited PLD2 Y179F-
induced DNA synthesis (Figure 4F). These results suggest that AKT activation is located
upstream of Mek and that Mek participates in PLD2 Y179F-induced DNA synthesis.

PLD2 Y179F regulates p21CIP1 and PCNA expression in a PI3K-dependent manner
To continue analyzing the mechanism of PLD2-Y179F regulation of DNA synthesis, we based
our next series experiments in the known fact that AKT promotes cell survival through
regulation of key effectors that directly or indirectly regulate the G0/G1 to S phase transition,
such as p21CIP1 or PCNA [30–32,49,50]. Moreover, overexpression of PLD2 Y179F in COS7
cells correlated with increase expression of PCNA [25], a marker of cells committed to the S
phase of the cell cycle [51]. Therefore, the role of PLD2 Y179F in the regulation of p21CIP1

and PCNA expression was investigated. As shown in Figures 5A,C, mock- or mycPLD2 WT-
transfected COS7 cells did not significantly change the steady state levels of p21CIP1 or PCNA
expression under basal conditions. Conversely, COS7 cells transiently expressing mycPLD2-
Y179F produced an increase in p21CIP1 or PCNA expression. However, LY294002 completely
blocked the mycPLD2 Y179F-induced effects (Figs. 5B,D). These results suggest that
mycPLD2-Y179F promotes S phase entry and that mycPLD2 WT promotes cell survival,
probably by arresting cells in G0/G1 through regulation of the cyclin-dependent kinase inhibitor
p21CIP1/PCNA in a PI3K/AKT dependent manner.

PLD2 Y179F-induced DNA synthesis is PA-dependent
Lastly, we wanted to ascertain if the effect of PLD2-Y179F on DNA synthesis would require
the activity of the enzyme (i.e. catalysis of PC and PA generation). The following observations
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prompted us to investigate the role of PLD on PLD2 Y179F-induced DNA synthesis: i) PLD2
Y179F increases AKT phosphorylation and DNA synthesis and PCNA expression in a PI3K-
dependent manner; ii) PLD2 Y179F-mediated phosphorylation of p42/44ERK is not dependent
on PI3K; iii) PA binds the catalytic subunit of PI3K [52]; and iv) PA increases DNA synthesis
when added exogenously [53]. Accordingly, the impact of PA generation on DNA synthesis
and AKT phosphorylation was tested in COS7 cells transiently expressing PLD2-Y179F, is a
fully active enzyme [25] or PLD2 Y179F/K758R, a catalytically inactive mutant. As shown
in Figure 5, transient expression of mycPLD2 Y179F-K758R resulted in neither increased de
novo DNA synthesis, AKT phosphorylation in S473, nor PCNA upregulation. Since PLD2-WT
and -Y179F induce phosphorylation of AKT in a PI3K-dependent manner, but only PLD2
Y179F promotes DNA synthesis, these results indicate that PLD2-generated PA is involved
in the PI3K-mediated activation of AKT.

DISCUSSION
Conclusive evidence implicating PI3K in PLD2 signaling has remained elusive. We present
here data indicating that there is a link between PLD2 and PI3K-mediated signaling, that further
affects cell cycle progression and DNA synthesis. The relevance of PLD2 in cell proliferation
has been reported earlier [reviewed in [2,43]]. Transient expression of PLD2 WT per se does
not increase de novo DNA synthesis [3,25], but provides survival signals by phosphorylation
of AKT in a PI3K-dependent manner [24,38–42] thus preventing uncontrolled cell proliferation
[32]. We show here that transient expression of PLD2 WT or Y179F in COS7 cells resulted
in increased AKT phosphorylation in residues T308/S473 in a PI3K-dependent manner.
However, PLD2-Y179F, but not PLD2-WT, led to an increase in DNA synthesis. This
prompted us to study its mechanisms and relevance.

Most of the AKT-dependent phosphorylations in response to PI3K activation occur in S or T
within the consensus sequence RXRXX(S/T) followed by any hydrophobic amino acid (i.e. M,
I, L, V, F, W or C) [48]. The requirement for R residues at position n-3 is very stringent, whereas
R at n-5 appears not to be so stringent [46–48]. The sequence 170LNRLLT175 located in the PX
domain of PLD2 thus conforms a putative consensus site for AKT kinase phosphorylation.
The results presented here provide evidence that PLD2 T175 is a substrate of activated AKT
kinase.

MycPLD2 Y179F appears to be a better substrate for AKT since a stronger signal with this
antibody was derived experimentally. Interestingly, residue T175 in PLD2 is located in the
sequence 169YLNRLLTMSFYRNY182 which overlaps with one of the two demonstrated
binding sites for the Grb2/Sos complex (underlined). Since residue Y169 in PLD2 is involved
in Ras/MAPK activation and de novo DNA synthesis [25], together, these information suggest
that mutation of Y179 may allow AKT kinase activity to phosphorylate T175 more efficiently,
thus regulating PLD2 mitogenic potential via PLD2 Y169-mediated engagement of the Grb2/
Sos/Ras/MAPK signaling cascade.

Transient expression of mycPLD2 Y179F increases p42/44ERK phosphorylation [25,26] and
AKT crosstalk with Raf modulating its function as a Mek activator [29,54,55]. MycPLD2
Y179F-mediated activation of p42/44ERK was dependent on PI3K activity suggesting that
PI3K/AKT is located upstream of p42/44ERK. Moreover, Mek activity also appears to be
required for PLD2 Y179F-induced DNA synthesis since PD98059-mediated Mek inhibition
blocked this effect, but not PLD2-mediated AKT phosphorylation. Hence, these results indicate
that the PI3K/AKT signaling cascade activated in response to PLD2 Y179F expression is in
turn regulating Mek/MAPK signaling and de novo DNA synthesis. The opposite situation
seems to be unlikely, since PLD2 Y179F-induced phosphorylation of AKT in residues T308/
S473 was not affected by Mek inhibition.
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AKT's targets known to regulate cell proliferation and transition from G0/G1 to S phase of the
cell cycle are in turn regulated by PLD2 Y179F expression. AKT regulates S phase entry by
direct phosphorylation of p21CIP1, preventing the formation of the complex p21CIP1/PCNA,
which results in an inhibition of de novo DNA synthesis [56]. Also PI3K activation negatively
regulates expression of p27KIP1 inducing DNA synthesis [57].

Exogenously added PA increases [3H]-thymidine incorporation [53]. In a phospholipid binding
assay that uses unsaturated fatty acids containing PA, it was demonstrated that PA binds to the
PI3K catalytic subunit, p110γ[52]. In neutrophils, PA also promotes tyrosine phosphorylation
of p85, the regulatory subunit of PI3K [58]. Moreover, the addition of exogenous bacterial
PLD to mammalian cells results in AKT activation in a PA- and PI3K-dependent manner
[37,43]. In agreement to these, our results indicate that PLD2-stimulated PI3K/AKT activation
is PA-dependent. Indeed, PLD2 Y179F-induced DNA synthesis, phosphorylation of S473 in
AKT and PCNA expression were not detected in COS7 cells expressing the catalytically
inactive mutant PLD2 Y179F-K758R.

As PLD2-generated PA may serve to integrate AKT activation and DNA synthesis, we would
like to propose the model depicted in Figure 7. In it, AKT is activated by PLD2 Y179F via
PA-mediated activation of PI3K resulting in a PLD2-mediated increase in DNA synthesis via
PLD2 Y169-mediated recruitment the Grb2/Sos complex, as demonstrated [25]. However, in
the presence of functional Y169 and Y179 residues in PLD2, AKT may not efficiently
phosphorylate T175 due to the binding of the second Grb2/Sos complex. This model may
provide a short-loop feedback mechanism in which AKT-mediated phosphorylation of T175

in PLD2 may result in the regulation of Y179-mediated recruitment of the Grb2/Sos complex
resulting in the modulation of DNA synthesis vs. survival signals.
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Figure 1. PLD2-Y179F increases AKT phosphorylation
(A). Immunofluorescence detection of PLD2 WT or Y179F expression in COS7 cells using a
FITC-conjugated anti-myc antibody against the myc-tag. (B). Western blot showing
endogenous and overexpressed proteins, developed with anti-PLD2 antibodies. (C–E). PLD2-
dependent increase of AKT phosphorylation. Shown are representative experiments obtained
in lysates from COS7 cells Control (mock-transfected) and transiently expressing PLD2 (WT
or Y179F) incubated overnight in the absence (C) or presence (D) of 25 uM LY294002. Cell
lysates were subjected to SDS-PAGE, transfered to PDVF membranes and the expression
levels of mycPLD2, AKT and p-AKT (AKT phosphorylated in T308 or S473) analyzed by using
specific antibodies. Positive Controls (Calyculin A-treated total lysates of Jurkat cell grown in
10% FBS) were also included (E). Arrows refer to the mobility shift in AKT phosphorylation
(a = dephospho form, b = phospho form). (F–H). Densitometric analysis in arbitrary units
expressed as mean ± SEM (n=3) of the optical density of the immunoblots normalized to total
AKT signal (pAKT/AKT) for Control (F), LY294002-treated (G) or Positive Controls (H).
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Figure 2. PLD2-Y179F increases DNA synthesis in a PI3K-dependent manner
(A, B and C). PLD2 Y179F-dependent increase of de novo DNA synthesis. COS7 cells
transiently expressing pcDNA-mycPLD2 WT or Y179F were incubated in serum-free media
16 hs in the presence of 0.6 uCi/ml [3H]-thymidine (A), 25 uM LY294002 (B) or Wortmannin
(C). [3H]-thymidine incorporation into newly synthesized DNA is expressed as cpm/well
(mean ± SEM, n=5, *p<0.001 vs. untreated Control). (D). Expression levels of PLD2 WT or
Y179F are maintained in spite of inhibitors treatments. COS7 cells were transiently transfected
with mycPLD2 WT or Y179F and incubated with vehicle (DMSO) or in the presence of 25
uM LY294002 or wortmannin. Shown are representative Western blots demonstrating
comparable expression levels of the plasmids. (E–F). Study in RAW-264 macrophages of
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expression of PLD2 (wt and mutant) showing thymidine incorporation (E) and
immunofluorescence pattern of protein intracellular expression, developed with TRITC-anti-
myc antibodies (nuclei stained with DAPI).
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Figure 3. MycPLD2 T175 is a substrate of AKT and mycPLD2 T175 mutants cannot increase de
novo DNA synthesis
(A). Protein sequence alignment of known AKT substrates showing the sequence
neighborhood of the AKT consensus phosphorylation site RXRXX(S/T)-Hyb, where Hyb stands
for any hydrophobic residue. (B). Immunoprecipitation of mycPLD2 WT and Y179F. COS7
cells transiently expressing mycPLD2 WT or Y179F were incubated in the presence of vehicle
(DMSO) or 25 M LY294002 overnight. Whole lysates were obtained, immunoprecipitated
using a myc antibody coupled to agarose beads and resolved by SDS-PAGE. The
immunological presence of mycPLD2 and phosphorylated AKT kinase substrate in mycPLD2
was revealed by using an anti-myc antibody or a polyclonal antibody directed against the
sequence RXRXX(pS/pT), respectively. Shown is a representative experiment done in triplicate.
(C). Protein sequence alignment of eukaryotic PLDs showing mammalian PLD2 conservation
of residue T175 within the context LXRXXT. (D). AKT-dependent phosphorylation of mycPLD2
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WT, T175A and T175A-Y179F. COS7 cells transiently expressing mycPLD2 WT or T175

mutants were incubated in the presence of vehicle (DMSO) overnight. Whole lysates were
obtained, immunoprecipitated as indicated above and resolved by SDS-PAGE. The
immunological presence of mycPLD2 and phosphorylated AKT kinase substrate in mycPLD2
was revealed by using an anti-myc antibody or a polyclonal antibody directed against the
sequence RXRXX(pS/pT), respectively. Shown is a representative experiment done in triplicate.
(E). [3H]-thymidine incorporation into newly synthesized DNA in COS7 cells Control (mock
transfected) and transiently expressing PLD2 WT, T175A, Y179F or T175A-Y179F. Results
are expressed as mean ± SEM [n=5, *p<0.001 vs. Control (30,200 ± 1,894 cpm/well)].
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Figure 4. PI3K-regulation of p42/44ERK phosphorylation and Mek-mediated regulation of PLD2-
Y179F-induced de novo DNA synthesis
(A–D). Phosphorylation of p42/44ERK is PI3K-dependent. Mock- (Control) or mycPLD2 WT-
and Y179F-transfected COS7 cells were incubated in the absence (A) or presence (B) of 25
uM LY294002. Whole lysates were obtained, resolved by SDS-PAGE and transferred to PDVF
membranes. The immunological presence of mycPLD2, phosphorylated p42/44ERK and total
p42/44ERK were analyzed by using specific antibodies. Shown is a representative experiment
done in triplicate. (C and D). Densitometric analysis in arbitrary units expressed as mean ±
SEM (n=3) of the optical density of the immunoblots normalized to total p42/44ERK signal
(pp42/44ERK/p42/44ERK) for Control (C) or LY294002-treated cells (D). (E). Lack of an effect
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of Mek inhibitor PD98059 on PLD-induced AKT phosphorylation in residue S473. (F). [3H]-
thymidine incorporation into newly synthesized DNA in COS7 cells Control (mock
transfected) and transiently expressing PLD2 WT or Y179F. Results are expressed as mean ±
SEM [n=3, *p<0.001 vs. Control].
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Figure 5. PLD2-Y179F expression results in the releasing of the cell cycle arrest
PLD2 WT- or Y179F-mediated regulation of p21CIP1 or PCNA under basal conditions
(DMSO-treated) (A) or incubated in the presence of 25 uM LY294002 (B). COS7 cells Control
(mock-transfected) and transiently expressing PLD2 (WT or Y179F) were incubated overnight
in the presence or absence of the inhibitor. Cell lysates were subjected to SDS-PAGE,
transferred to PDVF membranes and the expression levels of mycPLD2, p21CIP1 or PCNA
simultaneously analyzed by Western blot using specific antibodies. Shown is a representative
experiment carried out in triplicate. (C,D). Densitometric analysis in arbitrary units expressed
as mean ± SEM (n=3) of the optical density of the immunoblots shown in A and B.
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Figure 6. PLD2-Y179F-induced de novo DNA synthesis, AKT phosphorylation and PCNA
expression depends on PLD2 catalysis
(A). Mock-transfected COS7 cells (Control) or transiently expressing PLD2 WT, Y179F or
the catalytically inactive mutant Y179F-K758R were incubated in the presence of 0.6 uCi/ml
[3H]-thymidine for 16 h. Precipitable DNA counts were then analyzed by scintillation counting.
Results are expressed as % of Control (29,789 ± 2,366 cpm/well) without transfection as mean
± SEM, n=3, *p<0.001. (B). Cell lysates of COS7 cells transiently expressing PLD2 WT,
Y179F or Y179F-K758R were obtained, resolved by SDS-PAGE and transferred to PDVF
membranes. The immunological presence of mycPLD2, phosphorylated AKT (S473) and
PCNA were analyzed by using specific antibodies. Shown is a representative experiment done
in triplicate. (C,D). Densitometric analysis in arbitrary units expressed as mean ± SEM (n=3)
of the optical density of the immunoblots shown in A and B.
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Figure 7. Proposed model of PLD2/PI3K/AKT functional interaction
DNA synthesis induced by PI3K-mediated AKT activation and regulation of the Mek signaling
cascade is driven by PLD2 Y179F overexpression. The figure shows a PLD2 region
encompassing the protein region involved in this study (amino acids Y169-Y182). Also, a critical
PLD2 residue for catalysis (K758) is depicted in the green box. As PA is produced by PLD2-
Y179F, it induces ERK and AKT activation, which are mediated by PI3K, all leading to an
increase in DNA synthesis. It is possible AKT would cross-talk to MEK (but not vice versa),
through phosphoryaltion of PLD2 on residue T175 as explained in the text.
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