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Introduction
Cellular membranes in mammalian cells are dynamic and fluid
structures that undergo dramatic structural and functional
changes during the cell cycle, including the complete
breakdown and reformation of the nuclear envelope and the
fragmentation and stack reformation of the Golgi membrane
(Burke and Ellenberg, 2002; Colanzi et al., 2003).
Phosphatidylcholines (PCs) are a main component of cellular
membrane phospholipids and their metabolism varies
throughout the cell cycle (Jackowski, 1996; Lykidis and
Jackowski, 2001). Cells in G1 rapidly synthesize and degrade
PCs, while still maintaining a constant total membrane
phospholipid mass (Jackowski, 1994). By contrast, PC turnover
ceases in S phase to allow the cells to double their membrane-
phospholipid content in preparation for cell division. Finally,
even though cellular membranes are undergoing dramatic
structural changes in G2 and M, the synthesis and degradation
of membrane phospholipid components are at their lowest at
this point in the cell cycle (Jackowski, 1994; Jackowski, 1996).

Although it is not clear why mammalian cells experience
such a rapid phospholipid turnover during G1, it has become

evident that this process is regulated through the coordination
of the opposing actions of CTP:phosphocholine
cytidylyltransferase (CCT) and the group VIA Ca2+-
independent-phospholipase A2 (iPLA2, also known as iPLA2�)
(Baburina and Jackowski, 1999; Barbour et al., 1999). iPLA2
hydrolyzes the sn-2 fatty-acyl bond of phospholipids to liberate
free fatty acids and lysophospholipids (Ma and Turk, 2001).
Because the sn-2 of phospholipids are preferentially linked to
polyunsaturated fatty acids, it is possible that this reaction is
important to regulate the ratio of saturated to unsaturated
hydrocarbon chains in the phospholipids and to control the
fluidity of cellular membranes.

We previously found that inhibiting iPLA2 disrupts this
phospholipid turnover and induces a p53-dependent cell-cycle
arrest in G1 (Zhang et al., 2006). Our finding suggests that, not
only is G1 phospholipid turnover a programmed cellular event
required for S-phase entry but also the progress of this turnover
is monitored by a p53-dependent checkpoint. Activation of p53
to prevent cells from inappropriately entering the S phase of
the cell cycle may be one way cellular membranes regulate
DNA replication.

The G1 phase of the cell cycle is marked by the rapid
turnover of phospholipids. This turnover is regulated by
CTP:phosphocholine-cytidylyltransferase (CCT) and
group VIA Ca2+-independent-phospholipase A2 (iPLA2).
We previously reported that inhibition of iPLA2 arrests
cells in G1 phase of the cell cycle by activating the p53-p21
checkpoint. Here we further characterize the mechanism of
p53 activation. We show that specific inhibition of iPLA2
induces a time dependent phosphorylation of Ser15 in p53
in the absence of DNA damage. This phosphorylation
requires the kinase ataxia-telangiectasia and Rad-3-related
(ATR) but not the ataxia-telangiectasia-mutated (ATM)
kinase. Moreover, we identify in cell membranes a
significant increase of phosphatidylcholines (PCs)
containing chains of polyunsaturated fatty acids and a
decrease of PCs containing saturated fatty acids in
response to inhibition of iPLA2. The time course of
phosphorylation of Ser15 in p53 correlates with increasing

levels of PCs containing polyunsaturated fatty acids. We
further demonstrate that the PCs with linoleic acid in their
sn-2 position (18:2n6) induce phosphorylation of Ser15 in
p53 in an ATR-dependent manner. Our findings establish
that cells can regulate the levels of polyunsaturated
fatty acids in phospholipids through iPLA2-mediated
deacylation of PCs. Disruption of this regulation increases
the proportions of PCs containing polyunsaturated fatty
acids and activates the ATR-p53 signalling pathway.
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The p53 pathway coordinates DNA repair, cell-
cycle arrest, apoptosis and senescence to preserve
genomic stability and prevent tumor formation in
response to cellular insults (Campisi, 2005;
Vogelstein et al., 2000). p53 levels are tightly
controlled in unstressed mammalian cells through a
continuous cycle of ubiquitylation and degradation
by the 26S proteasome, regulated primarily through
the interaction of p53 with the ring-finger ubiquitin
E3 ligase MDM2 (Yang et al., 2004). Whereas most
studies on p53 have focused on its role in preserving
genomic stability (Bode and Dong, 2004), recent
work suggests that p53 might also be important for
the glucose-availability cell cycle checkpoint (Jones
et al., 2005), for energy control and metabolism
(Bensaad et al., 2006; Matoba et al., 2006) and for
G1 phospholipid homeostasis (Zhang et al., 2006).

Post-translational modifications of p53, including
phosphorylation and acetylation, are common ways to
activate p53 in response to DNA damage (Bode and
Dong, 2004; Gu et al., 2004). In this study we
investigate how p53 is activated in response to the
perturbation of phospholipid homeostasis. We used
lipidomic analysis to determine whether and how
phospholipid profiles change after iPLA2 inhibition.
We found that iPLA2 inhibition induces the
phosphorylation of p53 at Ser15 (hereafter referred
to as p53S15) in an ATR-dependent manner.
Furthermore, we identified a significant increase in
PCs containing polyunsaturated fatty acids and a
decrease in PCs containing saturated fatty acids in cell
membranes following iPLA2 inhibition. We propose
that iPLA2 regulates cell membrane fluidity by
controlling the levels of polyunsaturated fatty acids in
PCs and that an increase of the ratio of polyunsaturated
to saturated fatty acids in PCs activates ATR.

Results
Inhibition of iPLA2 induces the rapid
phosphorylation of p53 at Ser15
We have recently reported that inhibiting iPLA2
activates the p53-p21 pathway and arrests the cell
cycle in G1 (Zhang et al., 2006). To gain further insight into
the mechanism of p53 activation, we investigated whether
inhibition of iPLA2 induces phosphorylation of p53 at Ser15,
a phosphorylation that commonly occurs in response to DNA
damage (Bode and Dong, 2004). As shown in Fig. 1A,
inhibition of iPLA2 by the iPLA2-specific inhibitor bromoenol
lactone (BEL) induced both the phosphorylation of p53 at
Ser15 and the accumulation of p53 protein in a concentration-
dependent fashion. To confirm that this p53 phosphorylation is
specifically caused by iPLA2 inhibition, we silenced the
expression of iPLA2 with iPLA2-specific siRNA. As shown in
Fig. 1B, silencing of iPLA2 in HCT116 cells also induced
phosphorylation of p53 at Ser15.

We further examined the time course of BEL-induced
phosphorylation of p53 at Ser15. Not only were we able to
detect p53S15 phosphorylation after 30 minutes of BEL
treatment, this phosphorylation continued to increase with
time. This increase was accompanied by a corresponding rise
in the total amount of p53 protein (Fig. 1C,D). Both p21 and

MDM2 are transcriptional targets of p53 (Barak et al., 1993).
As shown in Fig. 1D, MDM2 accumulates in response to
p53S15 phosphorylation. These results suggest that, although
other post-translational modifications might also be involved,
phosphorylation of p53 at Ser15 activates p53 and causes it to
accumulate in response to inhibition of iPLA2.

To test whether this pathway exists in primary cells, we
treated human primary foreskin fibroblasts with 10 or 15 �M
BEL for 10 hours and assessed the phosphorylation status of
p53. As shown in Fig. 1E, inhibition of iPLA2 by BEL also
induced phosphorylation of p53 at Ser15 in human primary
cells, confirming the biological significance of this pathway.

Inhibition of iPLA2 by BEL does not induce DNA damage
Most reports on Ser15 phosphorylation of p53 are focused on
the effects of DNA-damage inducers. To evaluate whether
iPLA2-inhibition causes similar DNA damage, we used
western blotting to measure the phosphorylation of histone
H2AX at Ser139, a marker for DNA breaks (Fernandez-

Fig. 1. Inhibition of iPLA2 induces phosphorylation of p53 at Ser15. (A) Dose-
dependent induction of p53 phosphorylation at Ser15 (p53-P) by BEL.
HCT116 cells were prepared and treated with BEL for 6 hours. The cell lysates
were prepared and the levels of p53-P and total p53 were determined by
western blotting. Actin was used as an internal protein control. (B) siRNA
silencing of iPLA2 expression induced phosphorylation of p53. HCT116 cells
were transfected with mock, scramble siRNA and siRNA specifically targeting
iPLA2. The samples were analyzed by western blotting for iPLA2, p53-P and
actin. (C) Time course of BEL-induced p53-P in HCT116 cells. HCT116 cells
were treated with 15 �M BEL for the times indicated. p53-P levels were
assessed at each time point by western blotting. (D) BEL-induced p53
activation and MDM2 expression. HCT116 cells were incubated with BEL
(12.5 �M) or vehicle for up to 20 hours and the levels of p53, p53-P and
MDM2 were analyzed by western blotting. (E) BEL-induced p53
phosphorylation in primary human foreskin fibroblast BJ PD27 cells. BJ PD27
cells were prepared and treated with BEL for 10 hours. The cell lysates were
prepared and the levels of iPLA2, p53-P and actin were determined by western
blotting.
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Capetillo et al., 2004; Rogakou et al., 1998). As shown in Fig.
2A, treatment of HCT116 cells with BEL for 8 hours induced
phosphorylation of p53 at Ser15 in a concentration-dependent
fashion. This phosphorylation correlated with the enhanced
induction and functional activation of p53 as measured by
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increasing amounts of transcription of the p53 target p21
(CDKN1A). However, we did not detect any phosphorylation
of H2AX at Ser139 in HCT116-p53+/+ cells, even after 28
hours of treatment with 12.5 �M BEL (Fig. 2A). By contrast,
doxorubicin (Dox), a DNA-damaging agent known to activate

Fig. 2. Detection of DNA
damage by phosphorylation of
H2AX at ser 139, TUNEL, and
comet assay. (A) Western blot
analyses of H2AX-P. HCT116
cells were treated with
increasing concentration of BEL
for 8 or 28 hours. H2AX-P and
p53-P, p21, total p53 and PCNA
levels were analyzed by western
blotting. Cells treated with
doxorubicin (Dox) (1 �g/ml) for
28 hours were used as a positive
control for dsDNA breaks.
(B) Western blot analysis of
H2AX-P in HCT116-p21–/–

cells. HCT116-p21–/– cells were
treated with increasing
concentrations of BEL for 8
hours and H2AX-P levels were
analyzed by western blotting.
HCT116-p21–/– cells were next
incubated with and without
caspase inhibitor (Z-VAD-FMK,
20 �M) for 30 minutes as
indicated before being
continuously cultured in the
presence or absence of 12.5 �M
BEL for 6 hours. H2AX-P levels
in these cells were analyzed by
western blotting.
(C) Immunofluorescent staining
of H2AX-P in multiple HCT116
cells. Cells were treated with
vehicle (control), Dox (0.2
�g/ml) for 8 hours, BEL (12.5
�M) for 8 hours. Samples were
stained for DAPI (blue) and
H2AX-P (red) and analyzed by
a confocal microscope at �20
magnification. Merged cells are
shown in pink.
(D) Immunofluorescent staining
of H2AX-P in a single nucleus.
BEL (12.5 �M, 8 hours) and
Dox (0.2 �g/ml, 8 hours) treated
cells were stained with anti-
H2AX-P antibody (red) and
DAPI (blue), and individual
cells were analyzed using a
confocal microscope at �100
magnification. Merging of H2AX-P and DAPI staining in the nucleus appears pink. (E) TUNEL analysis in HCT116 cells. HCT116 cells were
treated with 50 J/m2 UV light and BEL (10 and 15 �M) for 8 hours, and stained using TUNEL (green) and DAPI (blue) followed by the
confocal fluorescence microscopy analysis at �63 magnification. Merging of TUNEL and DAPI staining in the nucleus appear light blue.
(F) Comet assay to detect DNA damage in individual cells. HCT116 cells were treated with vehicle (control), 50 J/m2 of UV light, and 10 �M
BEL for 8 hours, respectively. The cells were subjected to an analysis by comet assay. The upper panel showed the results visualized by a
fluorescent microscope. The cells with UV light treatment showed the typical ‘comet pattern’ of damaged DNA. The lower panel showed the
plot of tail moments (TM) analyzed by the CometScore. More than 50 cells were scored in each condition. There was no significant difference
between the BEL treatment and the control. *, significant difference of UV-light treatment from the control or BEL treatment.
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p53 through phosphorylation of Ser15 (Kurz et al., 2004),
dramatically increased levels of both phosphorylated p53 and
H2AX (p53-P and H2AX-P, respectively) (Fig. 2A).

We have previously shown that G1 arrest in response to
iPLA2 inhibition requires both p53 and p21. Cells without p21
become apoptotic (Zhang et al., 2006). Because it has also been
demonstrated that the initiation of DNA fragmentation during
apoptosis induces the phosphorylation of histone H2AX at
Ser139 (Rogakou et al., 2000), we reasoned that this
phosphorylation should be observed in HCT116 cells that do
not express p21 (HCT116-p21–/– cells) treated with BEL and
undergoing apoptosis. To test this, we incubated HCT116-
p21–/– cells with increasing concentrations of BEL and
analyzed the phosphorylation of H2AX at Ser139. As
predicted, we found that levels of H2AX-P in HCT116-p21–/–

were dependent on the concentration of BEL and that,
consistent with a previous report (Rogakou et al., 2000), this
phosphorylation can be blocked by caspase inhibitor (Fig. 2B).
These results strengthen our contention that BEL treatment
itself does not cause double-stranded (ds) DNA breaks in
HCT116 cells.

We next confirmed the results of our western blot analysis
by examining H2AX phosphorylation in situ with the more
sensitive methods of immunofluorescence and confocal
fluorescence microscopy. As shown in Fig. 2C (in a population
of cells) and Fig. 2D (in a single nucleus), DNA damage
induced by a low dose of doxorubicin can easily be detected
by immunofluorescence staining of H2AX-P. By contrast,
treatment of cells with 12.5 �M BEL for up to 8 hours did not
induce the phosphorylation of H2AX at Ser139. To confirm
that immunofluorescence staining of H2AX-P is sensitive
enough to detect even small amounts of dsDNA damage, we
treated the cells with a low dose of doxorubicin (0.2 �g/ml)
for 2 and 8 hours. We found that dsDNA damage can be
detected after only 2 hours of doxorubicin treatment even
though phosphorylation of p53 at Ser15 appears unchanged
during this time (see Fig. S1 in supplementary material). Taken
together, we concluded that Ser15 phosphorylation of p53 in
response to iPLA2 inhibition is unlikely to be due to dsDNA
damage in HCT116-p53+/+ cells.

We next used TUNEL assay to detect the free 3�-OH termini
of DNA breaks that might be caused by inhibition of iPLA2.
As shown in Fig. 2E, in contrast to cells treated with UV light,
cells treated with 10 �M or 15 �M BEL for 8 hours exhibited
little TUNEL staining. We then titrated the UV dose to ensure
that TUNEL staining is sensitive enough to detect the levels of
single-stranded (ss) DNA damage at which Ser15
phosphorylation of p53 is apparent. We found that 10 J/m2 UV
induces levels of ssDNA damage detectable by TUNEL even
though levels of p53-P appear unchanged (see Fig. S2 in
supplementary material).

Finally, we confirmed the above results in individual cells
through the alkaline version of the comet assay, which can
detect a variety of DNA damage including single-strand
breaks, double-strand breaks, alkali-labile sites, incomplete
excision-repair sites and DNA crosslinks (Olive and Banath,
2006). As shown in Fig. 2F, although UV light caused the
‘comet’ migration pattern characteristic of relaxed DNA,
BEL treatment resulted in neither the relaxation of nuclear
DNA (sharp edge) nor the comet pattern. Quantitative
analysis of comet assay results showed that the tail moments

of BEL-treated cells were no different from those of the
controls but significantly different from those of UV light
treatment. Taken together, our data demonstrate that the
phosphorylation of p53 at Ser15 induced by iPLA2 inhibition
is independent from any type of DNA damage detectable by
current methods.

BEL-induced phosphorylation of p53 at Ser15 is caffeine
sensitive
BEL-induced p53-P can be detected after only 30 minutes of
BEL treatment (Fig. 1C). Such rapid phosphorylation suggests
the activation of upstream p53 kinases such as ataxia-
telangiectasia-mutated (ATM) kinase, or ataxia-telangiectasia-
or Rad-3-related- (ATR) kinase (Banin et al., 1998; Canman et
al., 1998; Tibbetts et al., 1999). We therefore examined levels
of p53-P after BEL treatment in the presence of caffeine, which
inhibits ATM and ATR kinase activities (Blasina et al., 1999;
Sarkaria et al., 1999). As shown in Fig. 3, not only was BEL-
induced p53-P reduced to near control levels by caffeine in
both human HCT116 cells (Fig. 3A) and rat pancreatic �-cell
line INS-1 cells (Fig. 3B), it was also accompanied by a
significant reduction in the expression of p21. These findings
suggest that perturbing G1 phospholipid homeostasis by
inhibiting iPLA2 in mammalian cells activates the ATM/ATR-
p53-p21 pathway. p21 then prevents CDK activation and
arrests the cells in the G1 phase of the cell cycle (Massague,
2004; Zhang et al., 2006). Interestingly, cells treated with both
caffeine and BEL exhibited higher levels of p53 and p21 than
control cells (Fig. 3A), suggesting the existence of a p53
phosphorylation-independent pathway that stabilizes p53 in
BEL-treated cells.

ATM is not required for phosphorylation of p53 at Ser15
in response to inhibition of iPLA2
ATM and ATR kinases increase cell viability after genotoxic
insult by phosphorylating p53 at Ser15 to initiate the G1-S
checkpoint (Canman et al., 1998; Delia et al., 2000; Tibbetts
et al., 1999). Because both kinases are inhibited by caffeine, it
is not possible to determine from our previous result which of
the two is activated through iPLA2 inhibition. We therefore

Fig. 3. BEL-induced phosphorylation of p53 is sensitive to caffeine.
(A) BEL-induced phosphorylation in HCT116 cells. HCT116 cells
were cultured in the presence and absence of 2.5 mM caffeine for 12
hours and continuously cultured in the presence or absence of 12.5
�M BEL for 12 hours. Cell lysates were analyzed for p53-P, p53,
p27 and p21 by western blotting. (B) BEL induced p53-P and
accumulation of p53 in rat pancreatic �-cell line INS-1 cells. INS-1
cells were treated as described in A and cell lysates were analyzed
for p53-P, p53, PCNA and actin by western blotting.
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compared levels of p53-P in response to BEL treatment in
ATM-deficient cells (ATM–/–, GM01526 cells) with those in
wild-type cells (ATM+/+, GM01805 cells). As shown in Fig.
4A, treatment with BEL for 4 and 8 hours induced essentially
the same levels of p53-P and total p53 protein in ATM–/– cells
as in ATM+/+ cells. This finding suggests that ATM does not
play a major role in phosphorylation of p53 at Ser15 in
response to perturbation of G1 phospholipid homeostasis.

We next investigated the effect of caffeine in ATM–/– cells
treated with BEL. As shown in Fig. 4B, BEL-induced
phosphorylation of p53 at Ser15 was blocked by caffeine in
these cells. Interestingly, although BEL induced both the rapid
phosphorylation of p53 at Ser15 and the accumulation of total
p53 protein within 30 minutes, both of these responses were
essentially blocked by pre-treating the cells with caffeine,
indicating that early accumulation of p53 results mainly
from phosphorylation of p53. However, the fact that p53
accumulates in ATM–/– cells after 3 hours of BEL treatment
even in the presence of caffeine (which almost completely
blocks p53S15 phosphorylation), suggests that other
mechanisms involved in accumulation of p53. These results,
together with the fact that we could not detect phosphorylation
of H2AX at Ser139, suggest that ATM is not required for BEL-
induced phosphorylation of p53 at Ser15.

ATR plays a major role in the phosphorylation of p53 at
Ser15 in response to inhibition of iPLA2 by BEL
Blocking BEL-induced phosphorylation of p53 at Ser15 by
caffeine in ATM–/– cells suggests the involvement of ATR. To
determine the role played by ATR in response to BEL, we used
U2OS-derived osteosarcoma cells with doxycycline-inducible
expression of either a dominant-negative form (kinase dead) of
ATR (ATR-kd; U2OS GK41 cells) or wild-type ATR (ATR-wt;
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U2OS GW33 cells) (Nghiem et al., 2001; Nghiem et al., 2002)
because ATR homozygous knockouts are lethal (Brown and
Baltimore, 2000). Upon addition of doxycycline, these cells
express FLAG-tagged ATR-wt or FLAG-tagged ATR-kd,
which depletes native ATR activity.

Immunoblotting with anti-FLAG antibody confirmed the
expression of the proteins after doxycycline treatment (Fig.
4C,D). We found that, although BEL-treated ATR-wt-
expressing cells exhibited much higher levels of p53-P in the
presence of doxycycline than in its absence, this
phosphorylation can be significantly blocked by caffeine (Fig.
4C). By contrast, BEL induced significant phosphorylation of
p53 at Ser15 in a concentration-dependent fashion in ATR-kd-
expressing cells in the absence but not the presence of
doxcycline (Fig. 4D). These results clearly show that, ATR is
required for phosphorylation of p53 at Ser15 in response to

Fig. 4. BEL induced the
phosphorylation of p53 in ATM+/+,
ATM–/– cells and U2OS cells through
doxycycline-stimulated expression of
ATR-wt or ATR-kd. (A) Comparison
of BEL-induced phosphorylation of
p53 in GM01805 (ATM+/+) and
GM01526 (ATM–/–) cells. ATM+/+

cells and ATM–/– cells were treated
with or without BEL (15 �M) for 4 or
8 hours. Cell lysates were analyzed for
p53 and p53-P by western blotting.
(B) Response to BEL in ATM–/–

(GM01526) cells over time. ATM–/–

cells were cultured in the absence or
presence of caffeine (2.5 mM) for 12
hours and continuously cultured in the
presence or absence of BEL (12.5
�M) for 30 minutes and 3 hours.
Levels of p53-P and p53 were
examined by western blotting.
(C) BEL-induced phosphorylation of
p53-P in ATR-wt-inducible U2OS cells. ATR-wt-inducible U2OS cells (GW33) were cultured with or without doxycycline (1 �g/ml) for 1 day.
The expression of FLAG-ATR-wt was determined using an anti-FLAG monoclonal antibody. The cells were first cultured in the absence or
presence of caffeine (2.5 mM) for 12 hours and then in the absence or presence of BEL (12.5 �M) for 8 hours. Cells were collected and the
levels of FLAG-ATR-wt, p53-P, p53, PCNA and actin were examined by western blotting. (D) BEL-induced p53-P in ATR-kd-inducible U2OS
cells. ATR-kd-inducible U2OS cells (GK41) were cultured with or without doxycycline (1 �g/ml) for 1 day. The expression of FLAG-ATR-kd
was examined using an anti-FLAG monoclonal antibody. The cells were treated with increasing concentrations of BEL for 8 hours and
collected for analysis of FLAG-ATR-kd and p53-P by western blotting.

Table 1. Effect of iPLA2 inhibition on cellular
phospholipid profiles

Main classes of  Control  +BEL 
phospholipids (% of total) (% of total) P value

CL 5.63±0.76 3.12±0.63 <0.10
LYPC 1.68±0.07 1.34±0.15 <0.01
PC 46.54±0.50 48.61±1.42 <0.03
PE 34.89±0.51 34.09±0.65 <0.11
PS 11.26±0.33 11.35±0.29 <0.71

HCT cells were treated with 10 �M BEL (+BEL) or vehicle (control) for
24 hours and samples were prepared following the manufacturer’s
instructions. Of each sample 2.5�107 cells were subjected to phospholipids-
profile analysis by TrueMass. Given is the relative amount of each class of
phospholipids as the percentage of the total amount of phospholipids. CL,
cardiolipin; LYPC, lysophosphatidylcholine; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PS, phosphatidylserine.
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inhibition of iPLA2 and ATM can not compensate for lack of
ATR function.

Inhibition of iPLA2 results in an increase in PCs that
contain polyunsaturated fatty acids
Membrane-phospholipid turnover in G1 is regulated through
the coordinated biosynthesis of PC by CCT and its degradation

by iPLA2 (Baburina and Jackowski, 1999; Barbour et al., 1999;
Jackowski, 1996). We speculated that inhibiting iPLA2 may
cause changes in a subset of phospholipids that affects cell cycle
progression. To test this hypothesis, we cultured HCT116 cells
with or without BEL for 24 hours, isolated the total
phospholipids and profiled them with lipidomics. We found that
inhibition of iPLA2 by BEL caused a significant accumulation
of PCs and a decrease of lysophosphatidylcholine (LYPC)
(Table 1). Detailed fatty acid analysis in BEL-treated cells
revealed that, with time, the proportion of PCs containing
polyunsaturated fatty acids, particularly of the n6 group, was
significantly increased, whereas the proportion of PCs with
saturated fatty acids decreased and that of monounsaturated
fatty acids remained unchanged (Fig. 5A). The ratio of
polyunsaturated to saturated hydrocarbon chains in PCs
increases significantly in response to treatment with BEL (Fig.
5B). It is possible that this change in ratio profoundly affects
the fluidity of the cell membrane (Singer, 1975).

Since n6-containing PCs increased dramatically, we further
analyzed this group and found that, in BEL-treated cells, all
n6-containing PCs were increased significantly between 8 and
24 hours (Fig. 5C). Our data indicate that the time course of
phosphorylation of p53 at Ser15 induced by inhibition of
iPLA2 correlates with increasing levels of PCs that contain
polyunsaturated fatty acids. Thus, our findings strongly
suggest that iPLA2 controls membrane phospholipid
homeostasis by regulating levels of polyunsaturated fatty acids
in PCs.

PCs with polyunsaturated fatty acids (n6) induce the
phosphorylation of p53 at Ser15 through ATR
Since our lipid-profile study in HCT116 cells indicated that
inhibition of iPLA2 by BEL causes accumulation of PCs
containing polyunsaturated fatty acids, particularly n6-
containing PCs, we investigated whether this group of PCs can
induce phosphorylation of p53 at Ser15. HCT116 cells were
treated with increasing concentrations of PC (18:2n6) for
different durations and examined p53-P levels by western
blot.

As shown in Fig. 6A, PC (18:2n6) induces detectable
phosphorylation of p53 at Ser15 after 4 hours. Similar to
treatment with BEL (Fig. 1), treatment of cells with PC for 8
hours induced a significant amount of p53-P and caused the
accumulation of total p53 protein. We also found that PCs that
contain a mix of fatty acids (i.e. 15% polyunsaturated fatty
acids) induced phosphorylation of p53 at Ser15 in a
concentration-dependent manner in U2OS cells (GW33 cells)
(Fig. 6B). By contrast, PCs with either monounsaturated (18:1)
or saturated fatty acids (16:0) had no apparent effect on
phosphorylation of p53 (Fig. 6C).

To determine whether ATR is required for the PC-induced
phosphorylation of p53 at Ser15, we analysed the effect of
knocking down ATR activity in GK41 cells. GK41 cells were
induced with doxycycline and treated with PC(18:2,n6) or
PC(18:2,n6) and BEL together. Cells not treated with
doxycycline were used as controls. As shown in Fig. 6D,
PC(18:2,n6) induced significant phosphorylation of p53 that
was further enhanced by BEL alone (without doxycycline).
However, in cells expressing ATR-kd the levels of p53-P
induced by doxycycline were less than those seen in cells
without doxycycline induction, demonstrating that ATR is

Fig. 5. Lipid profile of BEL-treated HCT116 cells. (A) HCT116 cells
were treated with 10 �M BEL or vehicle (Control) for 0.5, 8 or 24
hours and samples were prepared following the manufacturer’s
instructions. PC-fatty-acid composition was analyzed by TrueMass.
Data represent the results from five repeats.*P<0.05. (B) The ratio of
polyunsaturated to saturated fatty acids in PCs of BEL-treated
HCT116 cells. Data were calculated using those shown in A.
*P<0.05. (C) Cells were prepared as described in A and the
composition of those PCs containing 18:2n6-fatty acids was
analyzed by TrueMass. *P<0.05.
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required for the PC(18:2,n6)-induced phosphorylation of p53
at Ser15. Furthermore, we were able to increase both the
concentration of the PCs(18:2n6) and the incubation time
without inducing DNA damage (Fig. 6E). Taken together, we
conclude that iPLA2 regulates the levels of PCs containing
polyunsaturated fatty acids in cell membranes. Disruption of
this regulation, either by inhibiting iPLA2 or increasing the
proportion of PCs that contain polyunsaturated fatty acids,
activates ATR and induces the phosphorylation of p53 at
Ser15.

Discussion
We report here that inhibition of iPLA2 results in the ATR-
dependent phosphorylation of p53 at Ser15 and the increase in
the ratio of PCs containing polyunsaturated vs saturated
hydrocarbon chains. We further demonstrate that a specific
group of PCs (18:2n6) containing polyunsaturated fatty acids
can induce the ATR-dependent phosphorylation of p53 at
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Ser15. Our findings reveal that iPLA2 might play a key role in
regulating the levels of polyunsaturated fatty acids in
phospholipids. Interestingly, it has been reported that PCs with
linoleic acid in their sn-2 position (18:2n6) serve as a donors
for the enrichment of linoleic acid in cardiolipin (Xu et al.,
2003), and that iPLA2 hydrolyzes unsaturated fatty acids in
PCs at a greater rate than saturated fatty acids (Tang et al.,
1997). These findings suggest that, under physiological
conditions, cells bulk-synthesize PCs that contain
polyunsaturated fatty acids. Subsequently, a negative control
mechanism, possibly mediated by iPLA2, is used to precisely
regulate their levels in membrane phospholipids.

The fluidity of the lipid bilayers that make up the cell
membrane is crucial to their function (Alberts et al., 2002;
Singer, 1975; Singer and Nicolson, 1972). It is known that this
fluidity is determined mainly by lipid composition and
temperature (Alberts et al., 2002; Cevc, 1991; Los and Murata,
2004). Because polyunsaturated fatty acids have low melting

Fig. 6. PC induces phosphorylation of p53 at Ser15. (A) Time course of PC-induced p53-P in HCT116 cells. HCT116 cells were treated with
200 �M of PCs containing polyunsaturated fatty acids (18:2n6), and p53-P levels were analyzed at varying time points using western blotting.
(B) Dose-dependent induction of p53-P by L-�-PC. U2OS (GW33) cells were treated with varying concentrations of L-�-PC for 3 hours and
p53-P levels were analyzed by western blotting. (C) Effect of PCs containing saturated and monounsaturated fatty acids (8 hours) on p53-P in
HCT116 cells. (D) PC induction of p53 phosphorylation requires ATR. ATR-kd-inducible U2OS (GK41) cells were induced for expression of
ATR-kd with or without doxycycline and then treated with PC alone or a combination of both PC and BEL (7.5 �M) for 8 hours. TUNEL
analysis in PC (18:2n6)-treated HCT116 cells. HCT116 cells were treated with 50 J/m2 UV light, and PCs (100 or 200 �M) for 4 and 8 hours
and stained with TUNEL (green) and DAPI (blue) followed by the confocal fluorescence microscopy analysis at �63 magnification. In merged
images of TUNEL and DAPI staining, the nucleus appear light blue. Only the merged images of TUNEL and DAPI staining were shown in the
PC-treated cells.
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points, an increase in the proportion of polyunsaturated fatty
acids in phospholipids lowers the melting temperature of a
membrane and increases its fluidity (Stubbs and Smith, 1984).
The dependence of membrane fluidity on the proportion of
polyunsaturated fatty acids has been well demonstrated in
organisms whose temperatures fluctuate with their
environment (Los and Murata, 2004). For example, the
exposure of carp to cold induces the activity of hepatic �9-
desaturase, which increases the proportion of polyunsaturated
fatty acids in their membranes to maintain a relatively constant
fluidity (Tiku et al., 1996).

In mammals, polyunsaturated fatty acids, such as linoleic
acid (18:2n6), are the basic constituents of phospholipid
membranes. They determine cellular membrane fluidity, and
modulate the activities of enzymes, carriers and membrane
receptors (Stubbs and Smith, 1984; Zamaria, 2004). Many
studies have demonstrated that modification of the
polyunsaturated fatty acid composition of mammalian
membranes alters their fluidity and function (Stubbs and
Smith, 1984; Zamaria, 2004). Interestingly, the membranes of
erythrocytes from both mice and humans with Chediak-
Higashi Syndrome (CHS) are abnormally fluid (Haak et al.,
1979; Ingraham et al., 1981). The proportions of PCs(18:2) in
these membranes are also elevated to levels comparable with
those seen when iPLA2 is inhibited. Our finding that iPLA2
regulates the ratio of saturated to unsaturated hydrocarbon
chains in phospholipids strongly suggests that iPLA2 plays an
important role in the regulation of the fluidity of mammalian
cellular membranes.

We demonstrate here that ATR, but not ATM, is required for
the phosphorylation of p53 at Ser15 in response to increasing
ratios of polyunsaturated to saturated hydrocarbon chains in
PCs. ATM and ATR, both members of the phosophoinositide
3-kinase related kinase family, directly phosphorylate p53 at
Ser15 in response to various types of DNA damage (Canman
et al., 1998; Tibbetts et al., 1999). ATM is primarily activated
by dsDNA breaks caused by extrinsic agents, such as ionizing
radiation and chemotherapeutic drugs (Shiloh, 2006). Since we
did not detect any dsDNA or ssDNA damage in response to
BEL or PC treatment, it is not surprising that ATM is not
involved in the phosphorylation of p53 at Ser15 in response to
inhibition of iPLA2.

By contrast, ATR is activated mainly by replication stress,
such as ultraviolet-light-induced DNA damage, replication
inhibition by aphidicolin or hydroxyurea (Andreassen et al.,
2006; Shechter et al., 2004b), or hypoxia in the absence of
DNA damage (Hammond and Giaccia, 2004). More
importantly, ATR is also essential for normal cell cycle
progression: null mutations in mice are embryonic lethal and
cells generated from these mice are not viable (Brown and
Baltimore, 2000; de Klein et al., 2000) and a splicing mutation
affecting expression of ATR is associated with Seckel
syndrome in humans (O’Driscoll et al., 2003). In human cells,
ATR exists in a stable complex with the ATR-interacting
protein (ATRIP) and is activated by ssDNA coated with RPA
(replication protein A) (Zou and Elledge, 2003; Zou et al.,
2003). It has been shown that ATR is required for fragile-site
stability (Casper et al., 2002), the prevention of premature
chromatin condensation (Nghiem et al., 2001), and the
regulation of origin firing in response to ssDNA intermediates
(Shechter et al., 2004a; Shechter et al., 2004b). Our findings

suggest a new role for ATR – one that senses changes in the
ratio of polyunsaturated to saturated hydrocarbon chains in
phospholipids under physiological conditions.

The nuclear membrane defines the nucleus as the
fundamental site of DNA replication. It also controls
nucleocytoplasmic exchanges (Nigg, 1997), determines the
time of initiation (Leno and Laskey, 1991), and couples DNA
replication to the cell cycle (Blow and Laskey, 1988; Leno et
al., 1992). PCs in the nuclear membrane of liver contain the
highest levels of polyunsaturated fatty acids among
phospholipid species (Khandwala and Kasper, 1971),
suggesting the importance of PCs that contain polyunsaturated
fatty acids in the function of the nuclear membrane. The fact
that iPLA2 is localized to the perinuclear region in the presence
of glucose and elevated cAMP levels (Ma et al., 2001; Ma et
al., 2002) suggests that iPLA2 directly regulates the levels of
PCs that contain polyunsaturated fatty acids in order to control
the fluidity of the nuclear membrane.

Fig. 7. Proposed model for activation of the ATR-p53-p21 pathway
induced by increasing the amount of PCs that contain
polyunsaturated fatty acids in membrane phospholipids. Under
physiological conditions, the levels of polyunsaturated fatty acids in
cell-membranous PCs in are precisely regulated by a iPLA2-
mediated deacylation and reacylation cycle. Inhibition of iPLA2
results in an increase of phospholipids that contain polyunsaturated
fatty acids, which may alter the fluidity of cell membranes especially
nuclear envelopes. This leads to activation of the ATR-p53-p21
signalling pathway to prevent cells from entering the S phase of the
cell cycle. In the absence of p21, the alteration in membrane
phospholipids leads to apoptosis (Zhang et al., 2006). PUFA,
polyunsaturated fatty acids; SFA, saturated fatty acids; LysoPC,
lysophosphatidylcholine.
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Changes in fluidity can profoundly affect the function of
nuclear membranes and the timing of DNA replication. For
example, changing the membrane fluidity of vascular smooth
muscle cells alters their DNA synthesis (Sachinidis et al.,
1999). Since ATR slows the rate of DNA replication in
response to transiently generated ssDNA at previously initiated
replicons (Shechter et al., 2004b), it will be interesting to
determine whether changes in the ratio of polyunsaturated to
saturated hydrocarbon chains in phospholipids, especially
those in the nuclear membrane, also affect the origin firing of
DNA replication. We propose that G1 phospholipid turnover is
a programmed event that allows iPLA2 to regulate the fatty
acid composition of phospholipids (Fig. 7). Inhibition of iPLA2
causes an increase in the ratio of polyunsaturated to saturated
hydrocarbon chains in PCs and might profoundly alter the
fluidity and function of the nuclear envelope. In response, the
ATR-p53-p21 signalling pathway is activated to prevent cells
from inappropriately entering the S phase of the cell cycle.

Materials and Methods
Cell culture and treatment
A rat pancreatic insulin-secreting �-cell line (INS-1), and human carcinoma
HCT116 wild type and isogenic HCT116-p21–/– cells were cultured as described
elsewhere (Bunz et al., 1998; Seleznev et al., 2006; Song et al., 2005; Zhang et al.,
2006). Primary human foreskin fibroblasts (BJ PD27, ATCC no. CRL-2522TM) was
obtained from ATCC (Manassas, VA) and cultured in MEM medium with 10% fetal
bovine serum (FBS). Human B-lymphocyte wild type (ATM+/+, GM01805 cells)
and ATM-deficient (ATM–/–, GM01526 cells) cells were obtained from Coriell
Institute for Medical Research (Camden, NJ) and cultured in RPMI medium with
15% heat-inactivated FBS and 2 mM L-glutamine. U2OS-derived osteosarcoma
cells with doxycycline-inducible expression of either wild type (ATR-wt, U2OS
GW33 cells) or dominant-negative forms of ATR (ATR-kd, U2OS GK41 cells), both
gifts from Paul Nghiem, were established and cultured as described (Nghiem et al.,
2001; Nghiem et al., 2002). For the induction of ATR-wt in U2OS GW33 cells and
ATR-kd in U2OS GK41cells, doxycycline (D9891, Sigma, St Louis, MO) was
added to the medium (1 �g/ml) for 2-4 days before harvesting.

For bromoenol lactone (BEL) treatment, the desired numbers of cells were seeded
on plates and variable concentrations of freshly prepared BEL (stock at –80°C;
Cayman Chemical Co., Ann Arbor, MI) were added and refreshed every 12 hours
as necessary (Zhang et al., 2006). For caffeine treatment, caffeine (Sigma) was
dissolved in culture medium at stock concentration of 50 mM and applied to cell
cultures at a final concentration of 1-5 mM. For phosphatidylcholine (PC) treatment,
four types of PC (Sigma) with variable lengths of polysaturated fatty acids and
different numbers of double bonds were used: L-�-PC (P3556), with a fatty acid
contents of ~33% 16:0 (palmitic), 13% 18:0 (stearic), 31% 18:1 (oleic), and 15%
18:2 (linoleic acid); PC 18:1 (P3017; 2-oleoyl-1-palmitoyl-sn-glycero-3
phosphocholine); PC 18:2 (P9648; 2-linoleoyl-1-palmitoyl-sn-glycero-3-
phosphocholine); and PC 16:0 (P4329; 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine). Cells were treated with designated concentrations of PCs or with
vehicle (100% ethanol) for different periods of time before harvesting.

siRNA silencing of iPLA2 expression
A siRNA pool (SMARTpool siRNA) specifically targeting human iPLA2 was
designed and made by Dharmacon (Part of Thermo Fisher Scientific). The siRNA
pool contains the following four sense-strand sequences: 5�-AGAUGGAU GUC -
ACCGACUAUU-3�, 5�-CCGCUUCUACUGUGCCAUAUU-3�, 5�-GAGCCUCG -
UU UCAACCAGAUU-3� and 5�-GGACGGACAUCAUGCUGGAUU-3�. The
control scramble siRNA was also obtained from Dharmacon. The tranfection
reagent DharmaFECT was used to deliver siRNA into cells as described by the
manufacturer. The amount of siRNA was titrated down from 200 nM; the optimal
concentration of siRNA for silencing of iPLA2 was 100 nM. Each sample was
analyzed by western blotting 48 hours after transfection.

Western blot analyses
Total cell extracts were prepared in RIPA lysis buffer (United States Biological Inc.,
Swampscott, MA) with one cocktail of protease inhibitors (Roche) and two
phosphatase inhibitors (Sigma, P5726 and P2850). Protein concentrations were
determined using the DC protein assay kit (Bio-RAD) and equal amounts of protein
(20-50 �g) per lane were subjected to SDS-PAGE electrophoresis. Western blot
analyses were performed as described previously (Song et al., 2005; Zhang et al.,
2006) using antibodies against iPLA2 (T-14), p53 (C-19), p27 (C-19), MDM2 (C-
19), PCNA (C-20) and actin (C-19) (Santa Cruz Biotechnology); p21 (556430) (BD

Biosciences); human p53 and p53 phosphorylated at Ser15 (Cell Signalling), and
the FLAG tag M5 (F4042) (Sigma).

Immunofluorescence staining and microscopy
Control and treated cells were grown on coverslips for the desired periods of time.
Cells were then washed and fixed with a 2% (v/v) formaldehyde solution in PBS
for 10 minutes, permeabilized with 0.25% (v/v) Triton X-100 plus 1% NGS for 1
minute and blocked with 0.5% BSA or 1% normal goat serum (NGS) or 1% normal
donkey serum (Chemicon International) for 1 hour. For H2AX Ser139 staining,
antibody against H2AX phosphorylated at Ser139 (Cell Signalling) was applied
and detected using Alexa-Fluor-594-conjugated donkey anti-rabbit IgG (red)
(Molecular Probes). For TUNEL analysis, the Apo-BrdUTM Tunel assay kit
(Invitrogen Corporation) was used according to the manufacturer’s instructions.
Alexa-Fluo-488-conjugated donkey anti-goat IgG was used for detection of
TUNEL (green).

Stained cells were washed and mounted with the mounting medium Vectashield
(Vector Laboratories). The cells were counterstained with 4-6-diamidino-2-
phenylindole (DAPI) (blue) and analyzed by fluorescence microscopy with a
confocal scanning microscope (Zeiss LSM 510 META) with a �40, �63 or �100
objective. Confocal laser scanning microscopy was performed at the MSSM-
Microscopy Shared Resource Facility.

Comet assay for detection of DNA damage
A single-cell gel electrophoresis assay kit, Trevigen’s CometAssay, from Trevigen,
Inc. was used to detect DNA damage (cat. no. 4250-050-K). The alkaline version
of the comet assay was selected because of its ability to measure different types of
DNA damage, including single-strand breaks, double-strand breaks, alkali sites
(primarily apurinic and apyrimiding sites), incomplete excision repair and DNA
crosslinks. Cell samples were prepared immediately before starting the assay, which
was performed following the manufacturer’s protocol. Briefly, cells were treated
with the indicated reagents and harvested. 1�105 cells per ml were combined with
Comet LMAgarose (Trevigen) at a ratio of 1:10 (v/v) and immediately pipetted onto
CometSlideTM. The slides were placed at 4°C in the dark to gel and then immersed
in freshly prepared alkaline solution (pH>13) for 20-60 minutes in the dark. Slides
were then analyzed by electrophoresis, samples air-dried, stained with SYBR Green
I and visualized using fluorescence microscopy. The results obtained by this process
were quantitatively analyzed using CometScoreTM software (AutoComet.com).
Multiple metrics were generated to score each comet, including tail length, tail area,
% of DNA in the tail, and tail moment. The tail moments (TM=% DNA in tail
multiplied by tail length) from multiple cells (all cells on slides) were statistically
analyzed.

Phospholipid-profile analysis
Phospholipid profiles were analyzed with TrueMass by Lipomics Technologies Inc.
(West Sacramento, CA). Cells were treated with 10 �M BEL or vehicle (control)
and samples were prepared at designed time following the manufacturer’s
instructions. 2.5�107 cells of each sample were subjected to phospholipids-profile
analysis by TrueMass.

Statistical analysis
Data are expressed as the mean ± s.d. The statistical significance of differences was
analyzed using Student’s t-test, where P<0.05 was considered significant.
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