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ABSTRACT

Viable cancer cells expose elevated levels of phosphatidylserine (PS) on the
exoplasmic face of the plasma membrane. However, the mechanisms leading to
elevated PS exposure in viable cancer cells have not been defined. We previously
showed that externalized PS may be used to monitor, target and kill tumor cells. In
addition, PS on tumor cells is recognized by macrophages and has implications in
antitumor immunity. Therefore, it is important to understand the molecular details
of PS exposure on cancer cells in order to improve therapeutic targeting. Here we
explored the mechanisms regulating the surface PS exposure in human cancer cells
and found that differential flippase activity and intracellular calcium are the major
regulators of surface PS exposure in viable human cancer cells. In general, cancer
cell lines with high surface PS exhibited low flippase activity and high intracellular
calcium, whereas cancer cells with low surface PS exhibited high flippase activity and
low intracellular calcium. High surface PS cancer cells also had higher total cellular PS
than low surface PS cells. Together, our results indicate that the amount of external
PS in cancer cells is regulated by calcium dependent flippase activity and may also
be influenced by total cellular PS.

INTRODUCTION

Although extensive research in the last few decades
has led to greater understanding of cancer cell biology and
complexity [1-5], cancer is still one of the major causes of
death worldwide. Critical changes have been identified in
key growth factor receptors, kinases, molecules associated
with cell death regulation, adaptor proteins involved in
cell signaling, and metabolic pathways [1-5], but effective
cancer therapies have not yet materialized. Current cancer
treatment with surgery, radiation and chemotherapy often
affects normal cells and tissues while giving little survival
benefit due to the recurrence of tumor after treatment
[6-10]. Therefore, identification of novel therapeutic
biomarkers to specifically target cancer cells while
minimizing detrimental effects to normal cells is critical.

Compared to other areas of cancer cell biology, not
much is known about the alterations in membrane lipids
in cancer cells and how lipids are exploited by cancer
cells for their growth and maintenance. In light of this,
identification of elevated PS exposure on the membrane
surface of viable, non-apoptotic cancer cells is of extreme
biological and therapeutic interest and understanding
the mechanism(s) involved in surface PS exposure
will enhance our ability to effectively target and treat
cancer [11-15]. Recently, our lab has shown that SapC-
DOPS nanovesicles composed of saposin C (SapC) and
dioleoylphosphatidylserine (DOPS), which recognize PS,
specifically target and kill tumor cells both in vitro and
in vivo [15-23]. In xenograft mouse models of cancer,
the anti-tumor activity of SapC-DOPS occurred without
toxic effects on normal cells or organs [15, 18, 19, 23].
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SapC has natural affinity for PS at acidic pH [24-28]
and hence selectively targets surface PS in the acidic
microenvironment of tumors [15, 18, 19, 22, 23, 26-28].

In the plasma membrane of normal healthy cells,
lipids are asymmetrically distributed across the inner
and outer leaflets, with PS located predominantly on
the inner leaflet [29, 30]. PS on the inner leaflet of the
plasma membrane has essential roles in the activation of
key kinases like PKC, PDK1, and Akt and serves as an
interacting molecule for various signaling proteins [29,
31]. However, during certain physiological conditions
like induction of cell death by apoptosis, activation of
platelets to initiate blood clotting, activation of mast cells,
etc., the asymmetrical distribution of PS is disturbed
and PS is transported to the outer leaflet of the plasma
membrane where it serves essential functions [32-35].
For instance, on apoptotic cells, exposed PS serves as
a signal for macrophages to engulf dying cells [34-36].
Under normal physiological conditions, the asymmetrical
distribution of PS is regulated by flippases (also known
as aminophospholipid translocases) [37-43]. Flippases are
inhibited by calcium and translocate PS from the outer
to the inner leaflet of the plasma membrane in an ATP-
dependent manner [37-45].

Intriguingly, viable, non-apoptotic cancer cells
display increased surface PS compared to normal cells
[11-14, 19, 23]. Macrophages express receptors for PS
and recognize PS that is being exposed on apoptotic cells
[34-36]. However, macrophages fail to phagocytose tumor
cells due most likely to the high expression of CD47,
which inhibits tumor cell phagocytosis [46-48]. Besides
this, not much is known about cancer cell surface PS
exposure and its biological functions. Understanding the
molecular pathways involved in PS exposure in cancer
cells, may thus provide novel therapeutic targets to treat
cancer. Eventually these studies may facilitate targeted
induction of surface PS, especially in low surface PS
cancer types, enabling efficient targeting by PS-selective
drugs like SapC-DOPS.

In the present study we analyzed human cancer
cells from diverse origins, including H1299 (lung cancer),
U87AEGFR-Luc (glioblastoma), MDA-MB-231(breast
cancer), MDA-MB-231-Luc-D3H2LN (metastatic breast
cancer), Gli36 (glioblastoma), U373 (astrocytoma) and
untransformed human Schwann cells, for surface PS
levels and underlying molecular mechanisms controlling
PS exposure. We show that cancer cells exhibit varied
levels of surface PS, and demonstrate for the first time,
the important role for flippase activity in the control of
surface PS in cancer cells. We also show that cancer cells
differ with respect to intracellular calcium, and that their
surface PS exposure is calcium dependent. Furthermore,
cancer cell types differ in total cellular PS content, which
may in part account for the variations in surface PS.

RESULTS

Human cancer cell types differ in the extent of
exposed PS on the exoplasmic face of their plasma
membranes

To determine the exposure levels of PS on the
outer surface of cancer cells, human cancer cell lines
and untransformed human Schwann cells were analyzed
by flow cytometry for annexin V positivity using FITC-
labeled annexin V. Annexin V FITC staining was done
in the presence of propidium iodide (PI) to exclude dead
cells from analyses (Figure 1A). The indicated PS levels
(annexin V FITC fluorescence levels) are thus for PI
negative, viable tumor cells (Figure 1A). As shown in
Figure 1B, striking differences were observed in the extent
of exposed surface PS among different human cancer
cell types, with H1299 (lung cancer), US7AEGFR-Luc
(glioblastoma), MDA-MB-231(breast cancer) exhibiting
low and MDA-MB-231-Luc-D3H2LN (metastatic breast
cancer), Gli36 (glioblastoma) and U373 (astrocytoma)
expressing high surface PS levels. In contrast to cancer
cells, untransformed human Schwann cells exhibited
the lowest surface PS (Figure 1B). Taken together, flow
cytometric analyses for surface PS indicate that cancer cell
types differ with respect to surface PS and contain overall
elevated PS when compared to normal cells.

Differential flippase activity regulates surface PS
in human cancer cells

The presence of elevated and variable levels of
surface PS in non-apoptotic cancer cells is intriguing
because normal, non-apoptotic cells do not expose PS on
their surface; this suggests a probable dysregulation of
the molecular machinery involved in the maintenance of
plasma membrane PS asymmetry. Because flippases are
critical regulators of PS localization to the inner leaflet
of the plasma membrane [37-43], we examined flippase
activity in cancer cell lines with either high or low surface
PS and in untransformed Schwann cells. Flippase activity
was measured as the rate of translocation of the fluorescent
PS analogue NBD-PS (1-palmitoyl-2-{6-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-
phosphoserine (ammonium salt), from the outer to the
inner leaflet of the plasma membrane. Cells were incubated
with NBD-PS for the indicated times, the non-translocated
NBD-PS was extracted from the outer leaflet by BSA and
reduced by sodium dithionite treatment, and fluorescence
was measured by flow cytometry and expressed as
percentage of nonextractable NBD-PS fluorescence
(Figure 2A). Under these conditions, the measured
fluorescence corresponds to the NBD-PS translocated to
the inner leaflet and thereby reflects the flippase activity.
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An inverse correlation was observed between flippase
activity and surface PS, with overall high flippase activity
in non-transformed Schwann cells and tumor cell types
with low surface PS (U87AEGFR-Luc, H1299, MDA-
MB-231), and low flippase activity in cancer cell lines
with high surface PS (Gli36, U373) (Figure 2A). Both the
initial rate of incorporation and the amount of NBD-PS
internalized after 15 min were higher in low surface PS
cells (Figures 2B and 2C). Inhibition of cellular flippase
activity by N-ethylmaleimide (NEM) [37, 38, 44] led to
elevation of surface PS in low surface PS cancer cell lines,

suggesting that in these cells high flippase activity indeed
plays a role in maintaining low surface PS (Figure 3B). In
contrast, NEM had little or no effect on high surface PS
Gli36 and U373 cells, which exhibit low baseline flippase
activity (Figure 3D). To confirm whether NEM -dependent
elevation of surface PS in low surface PS cells is a true
reflection of inhibition of flippase activity, flippase assays
were performed as described above. As shown in Figure
3A, in low surface PS cells NEM treatment led to marked
reduction in flippase activity compared to untreated cells.
In high surface PS cells (Gli36, U373), basal, low flippase
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Figure 1: Surface PS exposure on viable human cancer cells. A. Representative FACS profile of the annexin V FITC binding
analyses. Left panel shows forward vs side scatter, middle panel shows gating on live cells by excluding PI positive dead cells. Right panel
shows annexin V FITC profile. B. Geometrical mean fluorescence signal of annexin V FITC signal from indicated cell types relative to

Schwann cells.
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activity was also inhibited by NEM treatment (Figure 3C),
but surface PS levels did not change except in the cell line
with intermediate PS exposure levels (MDA-MB-231-
Luc-D3H2LN), where it increased to an extent similar to
that of cells with low basal surface PS levels (Figure 3D).
These results indicate that in cultured cancer cells high
flippase activity helps maintain low PS exposure, whereas
low flippase activity predominates in cells displaying
moderate to high surface PS levels. Thus, our data implies
that surface PS expression in viable cancer cells is at least
in part a reflection of basal flippase activity.
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Total cellular PS contributes to surface exposure
of PS

Since the amount of external PS in cancer cells may
depend on the total amount of cellular PS, we determined
total PS in different cancer cell types and in normal
Schwann cells. Lipids were extracted and subjected to
separation by TLC, using purified PS and sphingomyelin
(SM) as molecular standards (Figure 4A). As shown in
the sample TLC profile (Figure 4A), total PS was higher
in U373 cells (high surface PS) compared to low surface
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Figure 2: Analyses of flippase activity in different human cancer cell types. A. Flippase activity assay: Indicated cell types
were incubated with NBD-PS for indicated time periods and subjected to BSA extraction and sodium dithionite treatment. % nonextractable
NBD-PS (after BSA extraction and sodium dithionite treatment) represents internalized NBD-PS, indicative of flippase activity (Schwann

0, USTAEGFR-Luc [1, H1299 A, MDA-MB-231 O, MDA-MB-231-Luc-D3H2LN 4, Gli36 A, U373 @) B. NBD PS incorporation rate.

C. NBD PS incorporation at 15 minutes time point.
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PS US7AEGFR-Luc cells. Interestingly, in accordance
with previous studies [49], in addition to differences in
cellular PS we observed alterations in the abundance of
other phospholipids (Figure 4A; lipid content normalized
to protein content). Phospholipids from low surface
PS (U87AEGFR-Luc, H1299, MDA-MB-231), or high
surface PS (MDA-MB-231-Luc-D3H2LN, Gli36, U373)
cancer cell lines, and from normal Schwann cells, were
separated by TLC. Total PS was then estimated by
extraction of phosphorus from scraped PS bands and
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expressed as the fraction of total phospholipid phosphorus.
This quantification showed higher overall total PS levels
in cancer cells compared to normal Schwann cells, and
showed also that high surface PS cancer cell lines had
more total PS compared to low surface PS cell types
(Figure 4B). Estimation of PS by calculating the ratio of
PS to sphingomyelin (SM) from band intensities from
TLC plates yielded similar results, namely higher cellular
PS content in high surface PS U373 cells compared to
low surface PS US7AEGFR-Luc cells (Supplementary
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Figure 3: Inhibition of flippase activity by NEM reveals involvement of flippase activity in the regulation of surface PS.
A. Low surface PS cells were either treated with NEM or left untreated, incubated with NBD-PS for indicated time periods and subjected
to BSA extraction and sodium dithionite treatment. % nonextractable NBD-PS (after BSA extraction and sodium dithionite treatment)
represents internalized NBD-PS, indicative of flippase activity B. Flippase activity was inhibited by use of NEM in low surface PS cell lines
and surface PS levels were measured by annexin V FITC binding assay, by flow cytometry. The graph shows annexin V FITC fold change
compared to mock treated cells. C. High surface PS cells were either treated with NEM or left untreated and incubated with NBD-PS for
indicated time periods and subjected to BSA extraction and sodium dithionite treatment. % nonextractable NBD-PS (after BSA extraction
and sodium dithionite treatment) represents internalized NBD-PS, indicative of flippase activity D. Flippase activity was inhibited by use
of NEM in the high surface PS cell lines and surface PS levels were measured by annexin V FITC binding assay by flow cytometry. The

graph shows annexin V FITC fold change compared to mock treated cells.
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Figure 1). To directly address whether increased cellular
PS affects surface PS exposure, we overexpressed myc-
tagged PS synthases PTDSS1 and PTDSS2 in H1299 and
Gli36 cells, because these are the two enzymes known
so far in PS synthesis [50]. Expression of PTDSSI1
and PTDSS2 was verified by using anti-myc tagged
antibody (Figure 5A). Overexpression or gain-of-function
mutations in PS synthases have been shown to increase

PS synthesis [49, 51]. Accordingly, TLC analyses of lipids
from H1299 cells revealed increased cellular PS levels in
cells transfected with PTDSS1 and PTDSS2 compared to
empty vector transfected cells (Figure 5B). Interestingly,
in both PTDSS1- and PTDSS2-overexpressing H1299 and
Gli36 cells, surface PS exposure was elevated compared
to control cells transfected with an empty vector (Figures
5C and 5D). This result indicates that increased expression
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Figure 4: Human cancer cells differ in total cellular PS content. A. TLC profile of phospholipids from U87AEGFR-Luc and
U373 cell lines, with purified brain PS and SM run as molecular standards. B. Total PS estimated in the indicated cell lines by phosphorus
assay from scraped PS bands obtained from TLC, expressed as the ratio of phosphorous obtained from scraped PS band and phosphorous

from total phospholipids.
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Figure 5: Overexpression of PS synthases PTDSS1 and PTDSS2 in human cancer cell lines increases surface PS. A.
Whole cell lysates from H1299 and Gli36 cells transfected with pIRESneo3/empty vector, pIRESneo3/myc-PTDSS1 or pIRESneo3/myc-
PTDSS2 vectors were separated by SDS-PAGE and proteins were transferred on to nitrocellulose membrane. Expression of PTDSS1 and
PTDSS2 was detected using anti-myc tag antibody. B. Lipids from H1299 cells transfected with indicated vectors and selected with G418,
were separated by TLC and variations in PS are shown as the ratio of PS to SM. Transfected cells were stained with annexin V FITC to
measure surface PS exposure. Annexin V FITC fluorescence was acquired by flow cytometry and its geometrical mean is shown for H1299
C. and Gli36 D. cells.
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Figure 6: Intracellular calcium levels in cancer cells. Cells were loaded with the calcium binding dye Fluo-3 AM and fluorescence
was measured by flow cytometry. Shown are the fold changes in Fluo-3 AM fluorescence compared to untransformed Schwann cells.
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Figure 7: Modulation of intracellular calcium by ionomycin or BAPTA-AM affects surface PS in human cancer cells.
A. Cells were treated with DMSO, ionomycin or BAPTA-AM, incubated with the calcium binding dye Fluo-4 Direct and fluorescence
was measured using a microplate reader. Bars show relative changes in Fluo-4 Direct fluorescence signal for each cell line normalized to
DMSO controls. B. Low and high surface PS cells were treated with DMSO or ionomycin and surface PS levels were assayed by staining
with annexin V FITC, followed by flow cytometry. The axis indicates shift in the geometrical mean of annexin V FITC fluorescence in
ionomycin treated vs untreated cells (US7AEGFR-Luc [, H1299 A, MDA-MB-231 O, MDA-MB-231-Luc-D3H2LN ¢.Gli36 A, U373
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AM treated vs untreated cells (US7AEGFR-Luc [, H1299 A, MDA-MB-231 O, MDA-MB-231-Luc-D3H2LN 4. Gli36 A, U373 @,

Mean—).

www.impactjournals.com/oncotarget

34382 Oncotarget



of PS synthesizing enzymes leads to increased cellular PS
levels, suggesting that total cellular PS influences surface
PS exposure.

Intracellular calcium levels regulate surface PS
exposure in human cancer cells

The role of intracellular calcium in cancer has
been well documented [52, 53]. Calcium inhibits flippase
activity, and elevated calcium causes PS externalization
in human erythrocytes [39, 45]. Therefore, we assessed
if calcium levels correlate with surface PS expression in
cancer cells, by measuring intracellular calcium levels
in cancer and normal cells using the calcium sensitive
fluorescent dye Fluo3-AM (Figure 6). We observed steady
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state intracellular calcium levels to be higher in high
(Gli36, U373, MDA-MB-231-Luc-D3H2LN) compared
to low (U87AEGFR-Luc, MDA-MB-231, H1299) surface
PS cancer cells as well as normal Schwann cells (Figure
6). Next, we determined if intracellular calcium levels in
different cancer cell types indeed play a role in surface PS
maintenance. To this end we treated low and high surface
PS cancer cells with ionomycin to elevate intracellular
calcium levels and confirmed increase in intracellular
calcium by using calcium sensitive fluorescent dye Fluo-
4 Direct (Figure 7A). Changes in cell surface PS upon
ionomycin treatment were monitored by annexin V FITC
staining and flow cytometry. As shown in Figure 7B,
ionomycin treatment increased, albeit modestly, surface
PS levels in both high and low surface PS cell lines. This
suggests that intracellular calcium levels indeed regulate
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Figure 8: Model summarizing the alterations in cytoplasmic calcium and flippase activity in surface PS low and high
cancer cells. Surface PS low cancer cells contain low cytoplasmic calcium and high flippase activity, culminating in lower surface PS
exposure (upper panel). Surface PS high cancer cells contain high cytoplasmic calcium and reduced flippase activity resulting in higher

surface PS exposure (lower panel).
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surface PS expression, although to varying extents (Figure
7B). To test if steady state intracellular calcium affects
surface PS exposure, cells were treated with BAPTA-AM
to chelate intracellular calcium (Figure 7A). As shown in
Figure 7C, depletion of intracellular calcium led to a slight
decline in surface PS levels. These results indicate that
fluctuations in intracellular calcium may affect surface PS
exposure in human cancer cells.

DISCUSSION

In this study we examined potential mechanisms
for PS exposure in different cancer cell types and found
that low flippase activity, increased calcium, and increased
total PS contribute to increased surface PS exposure. We
found that cancer cell lines from diverse origins differ in
the extent of surface PS exposure (Figure 1B), although
a correlation between tumor origin and surface PS could
not be established by our study. Because flippases are
critical controllers of membrane PS asymmetry, we
first analyzed if the activity of these enzymes differs in
cancer cells with either low or high surface PS [37-43].
We observed large differences in flippase activity among
different cell types and found that low surface PS is in
general associated with high flippase activity, while high
surface PS cancer cell types contain low flippase activity
(Figures 2A-2C). The correlation between surface PS
exposure and flippase activity was further evident upon
inhibition of flippase activity by NEM (Figures 3B and
3D), which led to surface PS elevation in low surface PS
cancer cells, suggesting that in these cells high flippase
activity continuously transfers PS from the outer to the
inner leaflet of the plasma membrane (Figure 3B). In
contrast, in cell lines with the highest surface PS levels
PS exposure remained unaltered by NEM, suggesting
little endogenous flippase activity in these cells (Figure
3D). Both these results indicate the critical involvement
of flippase activity in determining low vs high surface
PS exposure in cancer cells. As the effects observed in
MDA-MB-231-D3H2LN, a metastatic breast cancer cell
line showing moderately high surface PS levels, suggest,
it is likely that in addition to low or high flippase activity,
other membrane PS-translocating mechanisms, such as
phospholipid scramblases and floppases, also play a role
in determining PS exposure in viable cancer cells. These
results strongly suggest that a primary cause for elevated
PS exposure in cancer cells is the differential activity of
flippases, which may in turn depend on the differential
expression of these enzymes.

Another possible contributing factor for elevated
PS exposure in cancer cells is the presence of high total
cellular PS. Our analyses indicate that in general total
cellular PS levels were higher in cancer cells compared to
untransformed cells (Figures 4A and 4B). Among tested
cancer cells, total PS levels were higher in high surface
PS cell lines, suggestive of a correlation between cellular

and surface PS levels (Figures 4A and 4B). In addition
to PS, we observed variations in the abundance of other
phospholipids between high and low surface PS cancer
cells, which may be indicative of the interdependency
of phospholipid synthesis [49, 50]. On the other hand,
overexpression of PS synthases PTDSS1 and PTDSS2 in
H1299 and Gli36 cells, and the subsequent elevation of
surface PS in these cells, suggests cellular PS synthesis
status as one of the regulatory factors in the control of
surface PS (Figures SA-5D). In this regard, future studies
should focus on addressing the expression status and
activity of PS synthases PTDSS1 and PTDSS2 in different
tumors, which might reveal important information in terms
of mis-regulation of these enzymes in cancer.

Because calcium is a known regulator of flippase
activity [37, 39, 45], differences in cellular calcium may
be pivotal in the regulation of surface PS. Accordingly,
we found varied levels of calcium in different cancer
cell lines and a positive correlation between intracellular
calcium and PS exposure was observed (Figure 6).
Induced alterations in steady state intracellular calcium by
ionomycin or by chelation further provided evidence for
surface PS regulation by calcium (Figures 7B and 7C).
Elevation of intracellular calcium by ionomycin led to an
increase in surface PS in both low and high surface PS
cancer cell types, with the latter responding more strongly.
Conversely, calcium chelation led to lower surface PS in
both high and low surface PS cancer cells. These results
suggest the importance of calcium in the regulation of
surface PS in cancer cells.

In summary, our study interrogates the mechanisms
of abnormal PS exposure in viable cancer cells and
reveals an inverse correlation between flippase activity
and constitutive PS externalization. Steady-state calcium
levels, possibly by inhibiting flippase activity, also affect
PS exposure and constitute another influencing factor of
altered PS exposure in cancer cells (Figure 8). Insights
into PS exposure mechanisms in cancer cells might
facilitate tumor cell specific induction of surface PS, and
thus enhance the effectiveness of PS targeting drugs such
as SapC-DOPS and anti-PS antibodies [15, 16, 18, 19, 22,
23, 54]. Future studies addressing the molecular basis for
alterations in the activity/expression of flippases and other
phospholipid-translocating enzymes, and the nature of
variations in intracellular calcium levels in different types
of cancer, will shed more light on cancer’s basic biology
and open up new therapeutic opportunities to treat this
disease.
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MATERIALS AND METHODS

Cell lines and cell culture

Human cancer cell lines MDA-MB-231, H1299,
Gli36 and U373 were obtained from ATCC (Manassas,
VA, USA). MDA-MB-231-luc-D3H2LN cells were
obtained from Caliper Life Sciences, Mountain View,
CA. US7AEGFR-Luc cells were obtained from Dr.
Balveen Kaur, Ohio State University, Columbus, Ohio.
Human Schwann cells were obtained from ScienCell
(Carlsbad, CA, USA). US7AEGFR-Luc, Gli36 and U373
were cultured in DMEM medium (Fisher Scientific).
H1299 was cultured in RPMI medium (Fisher Scientific).
MDA-MB-231 non metastatic and MDA-MB-231- Luc-
D3H2LN metastatic cell lines were cultured in AMEM
medium (Invitrogen). The above cell lines were cultured
in their respective media supplemented with 10% FBS and
1% Penicillin / Streptomycin. Normal human Schwann
cells were cultured in Schwann cell medium (ScienCell,
Carlsbad, CA, USA) supplemented with the provided
growth factor supplement, FBS and antibiotics. All cells
were cultured in a 5% CO, incubator at 37°C. Cells were
routinely tested for mycoplasma contamination. No
cross-contamination was observed in the used cell lines,
as evidenced by the cellular morphology and growth
parameters. No authentication of the cell lines was done
by the authors.

Flow cytometric analyses of annexin V binding

Cells at 70% confluency were trypsinized,
resuspended in complete medium, spun down and washed
once with annexin V binding buffer. Cells (1 x 10°) were
incubated with 5 pl annexin V FITC (Invitrogen) and 2
pg/ml propidium iodide (PI) in a final volume of 100 pl at
room temperature in dark for 25 minutes. AnnexinV FITC
binding was measured by flow cytometry after adding 500
pl of annexin V binding buffer, using BD FACS calibur or
BD Fortessa. Data was analyzed by Cell quest programme
or BD FACS Diva. For analyzing the annexin V FITC
signal from living cells, PI positive dead cells were gated
out and annexin V FITC signal was obtained from PI
negative forward scattered cells.

Flippase assay

Cells, untreated or treated with NEM 500 uM
(Sigma) for 10 minutes, were washed once with PBS
and once with flippase assay buffer (20 mM Hepes pH
7.6, 10 mM glucose, 45 mM NaCl, 100 mM KCI, 0.2
mM MgCL). Cells (3 x 10°) were resuspended in 3ml of
flippase assay buffer and NBD-PS (Avanti Polar Lipids)

phospholipids added to 3 uM final concentration. Cells
with NBD-PS were divided into 500 pl aliquots and
incubated for 0, 1, 5, 15 and 30 minutes. After each
incubation time, half of the cell suspension was separated
for non-extracted sample and kept on ice. The remaining
half was spun down to remove non inserted NBD-PS and
subjected to BSA extraction of NBD-PS from the outer
leaflet by adding 3% fatty acid free BSA (MP biomedicals)
in flippase assay buffer. After incubation on ice for 20
minutes, freshly prepared sodium dithionite (Sigma) was
added to a final concentration of 10 mM and incubated a
further 10 minutes, to reduce the NBD lipids in the outer
cell surface. The cells were spun down and resuspended
in flippase assay buffer containing 0.25% BSA and 2 pg/
ml PI. NBD-PS signal from unextracted and extracted
samples was measured by flow cytometry from living
cells after exclusion of PI-positive dead cells, using BD
FACS Calibur or BD Fortessa. Non-extractable NBD-
PS in the BSA and sodium dithionite treated sample was
presented as the percentage of total amount in the control
unextracted sample.

Thin layer chromatography (TLC) and
quantification of phosphatidylserine

Total cellular lipids from indicated cells were
extracted by chloroform/methanol extraction. TLC was
performed as previously described [55]. Equal amounts
of lipids were loaded onto a TLC plate based on protein
quantification from individual cell lines and lipids were
separated by TLC. Brain PS (Avanti Polar Lipids) and
SM (Matreya LLC) were run as molecular standards.
Bands corresponding to brain PS were scraped and
subjected to phosphorus extraction by acidic digestion.
The liberated phosphorus was estimated by allowing a
complex formation with ammonium molybdate (Sigma)
and malachite green (Sigma) and by measuring the
absorption at 660 nm [56]. Phosphorus was quantified
using a standard curve obtained from phosphorus liberated
from known concentrations of brain PS run on TLC plate.
Cellular PS was expressed as the ratio of phosphorus
obtained from PS and phosphorus obtained from total
phospholipids. Additionally, PS was estimated by
acquiring TLC band intensities of PS and sphingomyelin
(SM), using Image Studio Lite software; variations in PS
are shown as a ratio of PS to SM bands.

Transfection of cells with PS synthase 1 (PTDSS1)
and PS synthase 2 (PTDSS2)

H1299 and Gli36 cells grown to 80% confluence
were transfected individually with 3 pg DNA of either
pIRESneo3/empty vector, pIRESneo3/myc-PTDSSI1
or pIRESneo3/myc-PTDSS2 vectors (kind gifts from
Dr. Shin-ya Morita, Japan), in 6 cm culture dishes,
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using lipofectamine 3000 (Invitrogen), according
to the manufacturer’s instructions. Transfected cells
were selected with G418 (Life technologies), using a
concentration of Img/ml for H1299 cells and 500 pg/ml
for Gli36 cells.

Western blotting

Whole cell extracts from H1299 and Gli36 cells
transfected with pIRESneo3/empty vector, pIRESneo3/
myc-PTDSS1 or pIRESneo3/myc-PTDSS2 vectors, were
prepared by using RIPA buffer (Sigma) and equal amounts
of proteins (25 pg each) were separated by SDS-PAGE
followed by western blotting. Expression of Myc-tagged
PTDSS1 and PTDSS2 proteins was detected by using
an anti-myc tag antibody (Cell Signaling). Anti- tubulin
antibody (Novus biologicals) was used to detect tubulin
expression.

Measurement of intracellular calcium

Intracellular calcium was measured by using the
calcium binding dyes Fluo-3 AM and Fluo-4 Direct
(Invitrogen). Essentially, cells (1 x 10°) were loaded with
5 uM final concentration of Fluo-3 AM and incubated for
30 min at 37°C. Cells were washed twice with culture
medium, resuspended in medium and incubated for a
further 30 minutes at 37°C. Cells were washed twice, 2
pg/ml PI was added and Fluo-3 AM signal was measured
by flow cytometry after exclusion of PI positive dead
cells, using BD FACS calibur. Data was analyzed using
CellQuest software. For measurement of intracellular
calcium levels by Fluo-4 Direct, cells (0.3 x 10°) in 100 ul
medium per well were plated in black 96 well plates. The
next day, cells were loaded with Fluo-4 Direct reagent to a
final concentration of 1X and incubated for 30 minutes in
a CO, incubator. Fluorescence was measured using a plate
reader with excitation at 494 nm and emission at 516 nm.

Calcium modulation by ionomycin, BAPTA-AM
treatment and annexin V binding measurement

Cells were treated with 5 puM ionomycin
(Invitrogen), 10 uM BAPTA-AM (Tocris) or DMSO for
45 minutes, washed once with PBS and once with annexin
V binding buffer. Cells (1 x 10°) were incubated with 5 ul
annexin V FITC and 2 pg/ml PI in a final volume of 100ul
at room temperature in the dark for 25 minutes. Annexin
V FITC binding was measured by flow cytometry after
adding 500 pl of annexin V binding buffer, using BD
FACS calibur. Data was analyzed with CellQuest. PI-
positive dead cells were gated out and annexin V signal
was obtained from PI negative forward scattered cells.

Abbreviations

PS, phosphatidylserine, SM, Sphingomyelin, NBD-
PS, 1-palmitoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-
4-yl)amino]hexanoyl}-sn-glycero-3-phosphoserine
(ammonium  salt), SapC, saposin C, DOPS,
dioleoylphosphatidylserine; NEM, N-ethylmaleimide.
PTDSS, phosphatidylserine synthase.

ACKNOWLEDGMENTS

We thank Dr. S. Abu-Baker for the technical
assistance and Dr. H. Davis for his editorial help.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

GRANT SUPPORT

This work was supported in part by IROICA158372
(to X. Qi), Research Funds/Hematology-Oncology
Programmatic Support from University of Cincinnati
College of Medicine (to X. Qi), and New Drug State Key
Project grant number 0092X09102-205 (to X. Qi).

Editorial note

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’
response and revisions as well as expedited peer-review
in Oncotarget.

REFERENCES

1. Floor SL, Dumont JE, Maenhaut C and Raspe E. Hallmarks
of cancer: of all cancer cells, all the time? Trends Mol Med.
2012; 18:509-515.

2. Hanahan D and Weinberg RA. Hallmarks of cancer: the
next generation. cell. 2011; 144:646-674.

3. DeBerardinis RJ, Lum JJ, Hatzivassiliou G and Thompson

CB. The biology of cancer: metabolic reprogramming fuels

cell growth and proliferation. Cell Metab. 2008; 7:11-20.

Hanahan D and Weinberg RA. The hallmarks of cancer.

cell. 2000; 100:57-70.

5. Sonnenschein C and Soto AM. The aging of the 2000 and
2011 Hallmarks of Cancer reviews: a critique. J Biosci.
2013; 38:651-663.

6. Demicheli R, Retsky MW, Hrushesky WJ, Baum M and
Gukas ID. The effects of surgery on tumor growth: a
century of investigations. Ann Oncol. 2008; 19:1821-1828.

7. Ellis LM and Hicklin DJ. Resistance to Targeted Therapies:
Refining Anticancer Therapy in the Era of Molecular

www.impactjournals.com/oncotarget

34386

Oncotarget



10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

Oncology. Clin Cancer Res. 2009; 15:7471-7478.

Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland
AB, Dewhirst MW, Bigner DD and Rich JN. Glioma stem
cells promote radioresistance by preferential activation of
the DNA damage response. Nature. 2006; 444:756-760.

Todaro M, Perez Alea M, Scopelliti A, Medema JP and
Stassi G. IL-4-mediated drug resistance in colon cancer
stem cells. Cell Cycle. 2008; 7:309-313.

Kim JH, Jenrow KA and Brown SL. Mechanisms of
radiation-induced normal tissue toxicity and implications
for future clinical trials. Radiat Oncol J. 2014; 32:103-115.

Utsugi T, Schroit AJ, Connor J, Bucana CD and Fidler
1J. Elevated expression of phosphatidylserine in the outer
membrane leaflet of human tumor cells and recognition
by activated human blood monocytes. Cancer Res. 1991;
51:3062-3066.

Connor J, Bucana C, Fidler IJ and Schroit Al.
Differentiation-dependent expression of phosphatidylserine
in mammalian plasma membranes: quantitative assessment
of outer-leaflet lipid by prothrombinase complex formation.
Proc Natl Acad Sci U S A. 1989; 86:3184-3188.

Schroder-Borm H, Bakalova R and Andra J. The NK-
lysin derived peptide NK-2 preferentially kills cancer
cells with increased surface levels of negatively charged
phosphatidylserine. FEBS Lett. 2005; 579:6128-6134.

Riedl S, Rinner B, Asslaber M, Schaider H, Walzer S,
Novak A, Lohner K and Zweytick D. In search of a novel
target - phosphatidylserine exposed by non-apoptotic tumor
cells and metastases of malignancies with poor treatment
efficacy. Biochim Biophys Acta. 2011; 11:26.

Qi X, Chu Z, Mabhller YY, Stringer KF, Witte DP and
Cripe TP. Cancer-selective targeting and cytotoxicity
by liposomal-coupled lysosomal saposin C protein. Clin
Cancer Res. 2009; 15:5840-5851.

Kaimal V, Chu Z, Mahller YY, Papahadjopoulos-Sternberg
B, Cripe TP, Holland SK and Qi X. Saposin C coupled lipid
nanovesicles enable cancer-selective optical and magnetic
resonance imaging. Mol Imaging Biol. 2011; 13:886-897.

Abu-Baker S, Chu Z, Ashley MS, Li Z and Qi X.
Cytotoxicity and Selectivity in Skin Cancer by SapC-DOPS
Nanovesicles. Journal of Cancer Therapy. 2012; 3:321-326.
Wojton J, Chu Z, Mathsyaraja H, Meisen WH, Denton N,
Kwon CH, Chow LM, Palascak M, Franco R, Bourdeau T,
Thornton S, Ostrowski MC, Kaur B and Qi X. Systemic
delivery of SapC-DOPS has antiangiogenic and antitumor
effects against glioblastoma. Mol Ther. 2013; 21:1517-
1525.

Chu Z, Abu-Baker S, Palascak MB, Ahmad SA, Franco
RS and Qi X. Targeting and cytotoxicity of SapC-DOPS
nanovesicles in pancreatic cancer. PLoS One. 2013; 8.
Chu Z, LaSance K, Blanco V, Kwon CH, Kaur B, Frederick
M, Thornton S, Lemen L and Qi X. In vivo optical imaging
of brain tumors and arthritis using fluorescent SapC-DOPS
nanovesicles. J Vis Exp. 2014; 2:51187.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Winter PM, Pearce J, Chu Z, McPherson CM, Takigiku
R, Lee JH and Qi X. Imaging of brain tumors with
paramagnetic vesicles targeted to phosphatidylserine. J
Magn Reson Imaging. 2014; 6:24654.

Wojton J, Meisen WH, Jacob NK, Thorne AH, Hardcastle
J, Denton N, Chu Z, Dmitrieva N, Marsh R, Van Meir
EG, Kwon CH, Chakravarti A, Qi X and Kaur B. SapC-
DOPS-induced lysosomal cell death synergizes with TMZ
in glioblastoma. Oncotarget. 2014; 17:17.

Blanco VM, Chu Z, Vallabhapurapu SD, Sulaiman MK,
Kendler A, Rixe O, Warnick RE, Franco RS and Qi X.
Phosphatidylserine-selective targeting and anticancer
effects of SapC-DOPS nanovesicles on brain tumors.
Oncotarget. 2014; 5:7105-7118.

Vaccaro AM, Ciaffoni F, Tatti M, Salvioli R, Barca A,
Tognozzi D and Scerch C. pH-dependent conformational
properties of saposins and their interactions with
phospholipid membranes. J Biol Chem. 1995; 270:30576-
30580.

de Alba E, Weiler S and Tjandra N. Solution structure
of human saposin C: pH-dependent interaction with
phospholipid vesicles. Biochemistry. 2003; 42:14729-
14740.

Wang Y, Grabowski GA and Qi X. Phospholipid vesicle
fusion induced by saposin C. Arch Biochem Biophys. 2003;
415:43-53.

Qi X and Chu Z. Fusogenic domain and lysines in saposin
C. Arch Biochem Biophys. 2004; 424:210-218.

Liu A, Wenzel N and Qi X. Role of lysine residues in
membrane anchoring of saposin C. Arch Biochem Biophys.
2005; 443:101-112.

Leventis PA and Grinstein S. The distribution and function
of phosphatidylserine in cellular membranes. Annu Rev
Biophys. 2010; 39:407-427.

Kay JG, Koivusalo M, Ma X, Wohland T and Grinstein S.
Phosphatidylserine dynamics in cellular membranes. Mol
Biol Cell. 2012; 23:2198-2212.

Kay JG and Grinstein S. Phosphatidylserine-mediated
cellular signaling. Adv Exp Med Biol. 2013; 991:177-193.

Zwaal RF, Comfurius P and Bevers EM. Surface exposure
of phosphatidylserine in pathological cells. Cell Mol Life
Sci. 2005; 62:971-988.

Yasin Z, Witting S, Palascak MB, Joiner CH, Rucknagel
DL and Franco RS. Phosphatidylserine externalization in
sickle red blood cells: associations with cell age, density,
and hemoglobin F. Blood. 2003; 102:365-370.

Poon IK, Lucas CD, Rossi AG and Ravichandran KS.
Apoptotic cell clearance: basic biology and therapeutic
potential. Nat Rev Immunol. 2014; 14:166-180.

Schlegel RA, Callahan MK and Williamson P. The central
role of phosphatidylserine in the phagocytosis of apoptotic
thymocytes. Ann N 'Y Acad Sci. 2000; 926:217-225.
Williamson P and Schlegel RA. Transbilayer phospholipid
movement and the clearance of apoptotic cells. Biochim

WWW

.impactjournals.com/oncotarget

34387

Oncotarget



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Biophys Acta. 2002; 30:2-3.

Daleke DL. Phospholipid flippases. J Biol Chem. 2007;
282:821-825.

Smriti, Nemergut EC and Daleke DL. ATP-dependent
transport of phosphatidylserine analogues in human
erythrocytes. Biochemistry. 2007; 46:2249-2259.

Soupene E, Kemaladewi DU and Kuypers FA. ATP8A1
activity and phosphatidylserine transbilayer movement. J
Receptor Ligand Channel Res. 2008; 1:1-10.

Takatsu H, Tanaka G, Segawa K, Suzuki J, Nagata
S, Nakayama K and Shin HW. Phospholipid Flippase
Activities and Substrate Specificities of Human Type IV
P-type ATPases Localized to the Plasma Membrane. J Biol
Chem. 2014; 14:593012.

Segawa K, Kurata S, Yanagihashi Y, Brummelkamp TR,
Matsuda F and Nagata S. Caspase-mediated cleavage of
phospholipid flippase for apoptotic phosphatidylserine
exposure. Science. 2014; 344:1164-1168.

Yabas M, Teh CE, Frankenreiter S, Lal D, Roots CM,
Whittle B, Andrews DT, Zhang Y, Teoh NC, Sprent J, Tze
LE, Kucharska EM, Kofler J, Farell GC, Broer S, Goodnow
CC, et al. ATP11C is critical for the internalization of
phosphatidylserine and differentiation of B lymphocytes.
Nat Immunol. 2011; 12:441-449.

Tang X, Halleck MS, Schlegel RA and Williamson P. A
subfamily of P-type ATPases with aminophospholipid
transporting activity. Science. 1996; 272:1495-1497.
Gleiss B, Gogvadze V, Orrenius S and Fadeel B. Fas-
triggered phosphatidylserine exposure is modulated by
intracellular ATP. FEBS Lett. 2002; 519:153-158.

Bitbol M, Fellmann P, Zachowski A and Devaux
PF.
phosphatidylethanolamine outside-inside translocation

Ion regulation of phosphatidylserine and
in human erythrocytes. Biochim Biophys Acta. 1987;

904:268-282.

Jaiswal S, Jamieson CH, Pang WW, Park CY, Chao MP,
Majeti R, Traver D, van Rooijen N and Weissman IL. CD47
is upregulated on circulating hematopoietic stem cells and
leukemia cells to avoid phagocytosis. cell. 2009; 138:271-
285.

Majeti R, Chao MP, Alizadeh AA, Pang WW, Jaiswal S,
Gibbs KD, Jr., van Rooijen N and Weissman IL. CD47 is
an adverse prognostic factor and therapeutic antibody target
on human acute myeloid leukemia stem cells. cell. 2009;
138:286-299.

Tseng D, Volkmer JP, Willingham SB, Contreras-Trujillo
H, Fathman JW, Fernhoff NB, Seita J, Inlay MA, Weiskopf
K, Miyanishi M and Weissman IL. Anti-CD47 antibody-
mediated phagocytosis of cancer by macrophages primes
an effective antitumor T-cell response. Proc Natl Acad Sci
USA.2013;110:11103-11108.

Morita SY, Shirakawa S, Kobayashi Y, Nakamura
K, Teraoka R, Kitagawa S and Terada T. Enzymatic
measurement of phosphatidylserine in cultured cells. J Lipid

50.

51.

52.

53.

54.

55.

56.

Res. 2012; 53:325-330.

Vance JE. Phospholipid Synthesis and Transport in
Mammalian Cells. Traffic. 2014; 22:12230.

Sousa SB, Jenkins D, Chanudet E, Tasseva G, Ishida
M, Anderson G, Docker J, Ryten M, Sa J, Saraiva JM,
Barnicoat A, Scott R, Calder A, Wattanasirichaigoon D,
Chrzanowska K, Simandlova M, et al. Gain-of-function
mutations in the phosphatidylserine synthase 1 (PTDSS1)
gene cause Lenz-Majewski syndrome. Nat Genet. 2014;
46:70-76.

Monteith GR, Davis FM and Roberts-Thomson SJ. Calcium
channels and pumps in cancer: changes and consequences.
J Biol Chem. 2012; 287:31666-31673.

Stewart TA, Yapa KT and Monteith GR. Altered calcium
signaling in cancer cells: Biochim Biophys Acta. 2014
Aug 20. pii: S0005-2736(14)00298-3. doi: 10.1016/j.
bbamem.2014.08.016.

Thorpe PE. Targeting anionic phospholipids on tumor blood
vessels and tumor cells. Thromb Res. 2010; 125:70031-
70031.

Leray C, Pelletier X, Hemmendinger S and Cazenave JP.
Thin-layer chromatography of human platelet phospholipids
with fatty acid analysis. J Chromatogr. 1987; 420:411-416.
Zhou X and Arthur G. Improved procedures for the

determination of lipid phosphorus by malachite green. J
Lipid Res. 1992; 33:1233-1236.

WWW

.impactjournals.com/oncotarget

34388

Oncotarget



