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Saposin C-dioleoylphosphatidylserine (SapC-DOPS) 
nanovesicles are a nanotherapeutic which effectively 
target and destroy cancer cells. Here, we explore the 
systemic use of SapC-DOPS in several models of brain 
cancer, including glioblastoma multiforme (GBM), and 
the molecular mechanism behind its tumor-selective 
targeting specificity. Using two validated spontane-
ous brain tumor models, we demonstrate the ability 
of SapC-DOPS to selectively and effectively cross the 
blood–brain tumor barrier (BBTB) to target brain tumors 
in vivo and reveal the targeting to be contingent on the 
exposure of the anionic phospholipid phosphatidylser-
ine (PtdSer). Increased cell surface expression of PtdSer 
levels was found to correlate with SapC-DOPS–induced 
killing efficacy, and tumor targeting in vivo was inhibited 
by blocking PtdSer exposed on cells. Apart from cancer 
cell killing, SapC-DOPS also exerted a strong antiangio-
genic activity in vitro and in vivo. Interestingly, unlike tra-
ditional chemotherapy, hypoxic cells were sensitized to 
SapC-DOPS–mediated killing. This study emphasizes the 
importance of PtdSer exposure for SapC-DOPS targeting 
and supports the further development of SapC-DOPS as 
a novel antitumor and antiangiogenic agent for brain 
tumors.
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INTRODUCTION
Glioblastoma multiforme (GBM) is the most common and most 
destructive form of primary brain tumor. The aggressive and 
drug-resistant nature of this tumor is compounded by protection 

behind the blood–brain tumor barrier (BBTB).1–3 Despite decades 
of improvements in radiation and chemotherapy, the median sur-
vival remains <15 months.4,5 A significant obstacle and bottleneck 
in the development of therapeutics for brain tumors is the inabil-
ity of systemic therapies to efficiently cross the BBTB.3 Currently, 
drug delivery has centered on transiently permeabilizing the 
BBTB or directly bypassing the BBTB through intratumoral or 
intraventricular administration.1,2 Utilizing nanotechnology to 
deliver chemotherapy is an emerging paradigm; however, dualis-
tic nanocarriers which can cross the BBTB and also exert intrinsic 
antitumor effects are lacking.6,7

Saposin C (SapC) is a sphingolipid-activating protein found 
ubiquitously throughout the body that functions to catabolize 
glycosphingolipids.8 When SapC is coupled with dioleoylphos-
phatidylserine (DOPS), stable nanovesicles are formed which 
selectively fuse with cancer cells, leading to ceramide accumu-
lation, caspase activation, and eventual apoptosis.9 Interestingly, 
intravenously administered SapC-DOPS nanovesicles are capable 
of delivering fluorescent probes and magnetic resonance contrast 
agents directly into the tumor tissue, attesting to the specificity 
of the systemic administration.10 Although the SapC component 
was required for in vivo tumor-selective targeting, the molecular 
mechanism behind this targeting has not been elucidated.

The main objective of this study was to evaluate the ability of 
SapC-DOPS to cross the BBTB and target GBMs in vivo. We also 
sought to elucidate the molecular mechanism behind its targeting 
to develop novel strategies to increase overall therapeutic efficacy. 
Here, we show that tumor-specific targeting of SapC-DOPS is reli-
ant on phosphatidylserine (PtdSer) externalization and that high 
levels of PtdSer on the surface of GBM and the tumor-associated 
endothelium allow for the specific antitumor and antiangiogenic 
effects of SapC-DOPS treatment.
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RESULTS
SapC-DOPS nanovesicles target human xenografts 
and spontaneous mouse brain tumors in vivo
To investigate if SapC-DOPS could effectively target glioma 
cells in vitro, we utilized SapC-DOPS nanovesicles labeled with 
the lipophilic fluorescent probe CellVue Maroon (CVM). Initial 
targeting was tested using U87ΔEGFR cells, human glioma cells 
harboring EGFRvIII: a truncated, constitutively active, mutant 
epidermal growth factor receptor (ΔEGFR). EGFR amplification 
is the most common genetic alteration in GBM and many of these 
tumors overexpressing EGFR also harbor the constitutively active 
form EGFRvIII, a strong prognostic indicator of poor survival.11 
Following treatment of U87ΔEGFR-Luc cells with SapC-DOPS-
CVM, accumulation of CVM within the cell membrane was evi-
dent by fluorescent microscopy. Quantification of the targeting 
by flow cytometry revealed that SapC-DOPS was incorporated 
into glioma cell membranes within minutes and remained sta-
bly incorporated in the cell membrane for up to an hour (Figure 
1a). To determine if SapC-DOPS could target human GBM cells 
in vivo, we implanted green fluorescent protein-expressing pri-
mary GBM-derived X12v2 cells (Figure 1b) or U87ΔEGFR-Luc 
cells (Supplementary Figure S1a) intracranially into mice. Ten 
days following tumor cell implantation, mice were treated intra-
venously with SapC-DOPS-CVM by tail vein injection and its 

localization was evaluated by monitoring fluorescence by the 
IVIS 200 imaging system (Figure 1b and Supplementary Figure 
S1a). Consistent with the rapid targeting observed in vitro, SapC-
DOPS-CVM was found to localize to intracranial tumors within 
minutes of intravenous injection and persisted for up to 48 hours 
post-treatment. Fluorescent microscopy of frozen sections of 
tumor-bearing brains from these mice revealed that SapC-DOPS-
CVM colocalized with green fluorescent protein-expressing 
GBM cells in vivo (Supplementary Figure S1b). Importantly, no 
fluorescence signal was detected in normal non-neoplastic brain 
parenchyma.

To further confirm the ability of SapC-DOPS to cross the 
BBTB, we utilized two genetically engineered mouse models 
which develop spontaneous brain tumors. Mut6 mice (GFAP-
cre; Nf1loxP/+; p53−/loxP; PtenloxP/+)12 and quadruple cKO mice 
(GFAP-CreER; PtenloxP/loxP; p53loxP/loxP; Rb1loxP/loxP; p107−/−) (L.M.L. 
Chow and S.J. Baker, unpublished data) were obtained and mon-
itored daily for development of neurological symptoms (sei-
zures, paralysis, etc.). Once symptoms of tumor burden (mild 
hemiparesis, lack of grooming, or lethargy) were observed (~15 
weeks for Mut6 and 10 weeks for quadruple cKO), mice were 
treated with a single intravenous dose of SapC-DOPS-CVM 
and imaged 24 hours later. Tumor-specific CVM fluorescence 
was observed in both Mut6 and quadruple cKO spontaneous 

Figure 1 SapC-DOPS efficiently targets glioblastoma multiforme (GBM) cells in vitro and in vivo. (a) Fluorescent microscopy images of 
U87ΔEGFR-Luc cells treated with CellVue Maroon (CVM)-labeled SapC-DOPS (top) and control CVM-labeled DOPS (bottom panel) showing ability of 
SapC-DOPS to target GBM cells in vitro. Right panel is quantification of targeting by imaging flow cytometry ± SD. (b) Fluorescence images of brains 
(superimposed on bright field) of mice bearing intracranial glioma (X12v2 cells) treated with intravenous SapC-DOPS-CVM (top) or DOPS-CVM 
10 days post-tumor cell implantation. (c,d) Fluorescent IVIS images of spontaneous tumor bearing (c) Mut6 and (d) cKO mice treated with a single 
dose of SapC-DOPS-CVM. Hematoxylin and eosin (H&E) staining of tumor-bearing brain sections imaged in d. CPC, choroid plexus carcinoma; GFP, 
green fluorescent protein; SapC-DOPS, Saposin C-dioleoylphosphatidylserine.
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glioma-bearing mice (Figure 1c,d). cKO mice occasionally 
develop choroid plexus carcinoma, a rare brain tumor which 
occurs mainly in young children. Histological analysis of the 
brains from these mice revealed efficient targeting of choroid 
plexus carcinoma as well as small foci of spontaneous glioma 
by SapC-DOPS-CVM (Figure 1d). These data demonstrate that 
SapC-DOPS can effectively cross the BBTB to selectively target 
brain tumors in vivo.

PtdSer exposure on cell surface is essential for SapC-
DOPS targeting
Collectively these results displayed a very high specificity of 
SapC-DOPS for neoplastic brain tumor cells with minimal 
effects on non-neoplastic normal brain. We further explored 
the specificity of SapC-DOPS for glioma by investigating its 
targeting mechanism. SapC is known to associate and fuse to 
negatively charged phospholipids including PtdSer.13,14 Normally 
sequestered on the inner leaflet of the cell membrane, PtdSer is 
externalized to the outer leaflet of plasma membrane of neoplas-
tic cells.15–17 To test if cancer cell specificity of SapC-DOPS was 
dependent on surface exposure of PtdSer, we compared sensitiv-
ity of GBM cells with low or high surface exposure of PtdSer 
to SapC-DOPS–induced cytotoxicity. GBM cells expressing 
high surface levels of PtdSer were significantly more sensitive 
to SapC-DOPS treatment compared with GBM cells with low 
PtdSer exposure levels (Figure 2a,b).

To further corroborate this finding in vivo, we tested the 
ability of the PtdSer-specific binding proteins lactadherin C2 
(Lact-C2) and β-2-glycoprotein-1 (β2GP1) to block in vivo tar-
geting of SapC-DOPS to GBM cells. U87ΔEGFR-Luc cells were 
incubated with Lact-C2 or β2GP1 before subcutaneous implan-
tation into nude mice. Cells were implanted under the skin and 
not intracranially to permit visualization of signal without allow-
ing cells to proliferate and loose cell surface bound Lact-C2 or 
β2GP1. One hour following tumor cell implantation, mice were 
treated with SapC-DOPS-CVM intravenously and imaged for 
CVM fluorescence. Luciferase imaging confirmed viable tumor 
cell implantation in all mice. Fluorescent imaging for SapC-DOPS 
revealed efficient localization of CVM-labeled SapC-DOPS in 
control mice, whereas no labeling was observed in mice implanted 
with GBM cells treated with PtdSer blocking Lact-C2 or β2GP1 
proteins (Figure 2c). Because many tumors contain high levels of 
dead and dying cells which expose PtdSer, we next investigated 
whether SapC-DOPS preferentially targeted areas of necrosis 
containing high levels dead/dying cells. To do this we established 
subcutaneous U87ΔEGFR-Luc tumors in mice and let them grow 
to a large size of 1,500 mm3, a size in which we know there to be 
large areas of necrosis and then treated with a single dose of SapC-
DOPS-CVM. Tumors were then harvested 24 hours later for 
immunofluorescence. Fluorescent imaging of CVM shows SapC-
DOPS localization in both necrotic and non-necrotic tumor tissue 
(Supplementary Figure S1c). Collectively, these results provide 

Figure 2 SapC-DOPS targets exposed phosphatidylserine on glioma cells in vitro and in vivo. (a) Quantification of the mean fluorescence of 
exposed PtdSer in a panel of glioblastoma multiforme (GBM) cell lines. (b) Percent survival of GBM cells 72 hours after treatment with SapC-DOPS 
(SapC 50 μmol/l). Data shown are mean values of percent surviving cells for low and high PtdSer-expressing cell lines. **P = 0.01. (c) Representative 
luminescent and fluorescence IVIS images of mice implanted subcutaneously with U87ΔEGFR-Luc cells incubated with lactadherin (Lact-C2), β-2-
glycoprotein-1 (β2GP1), or PBS, after intravenous treatment with SapC-DOPS-CVM, respectively. CVM, CellVue Maroon; SapC-DOPS, Saposin 
C-dioleoylphosphatidylserine; PBS, phosphate-buffered saline; PtdSer, phosphatidylserine.
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evidence that PtdSer exposure on GBM cells is necessary for 
SapC-DOPS targeting in vivo.

SapC-DOPS exerts potent antiangiogenic effects 
in vitro and in vivo
Similar to cancer cells, high levels of PtdSer exposure have also 
been detected on tumor blood vessels in comparison to normal 
endothelium and have even been referred to as a universal marker 
for tumor vasculature.18–20 In light of the specificity of SapC-DOPS 
for PtdSer, we investigated SapC-DOPS’s impact on angiogenesis 
in brain tumors. We first determined that proliferating endo-
thelial cells succumbed to SapC-DOPS–induced cytotoxicity at 

comparable doses to GBM cells in vitro (Supplementary Figure 
S2a). Treatment of human dermal microvascular endothelial cells 
(HDMECs) (Figure 3b) and human umbilical vein endothelial 
cells (HUVECs) (Supplementary Figure S2b) with SapC-DOPS 
caused a significant inhibition of cell migration in a standard 
Boyden chamber assay and nearly abolished the viable tube for-
mations of HDMECs (Figure 3a) and HUVECs (Supplementary 
Figure S2c) on Matrigel. SapC-DOPS also substantially inhibited 
vessel sprouting in the ex vivo rat aortic ring assay (Figure 3c).

To investigate whether SapC-DOPS could target the tumor 
vasculature in vivo, we implanted U87ΔEGFR glioma cells intra-
cranially in nude mice. Mice were treated 11 days later with a 

Figure 3 Antiangiogenic effects of SapC-DOPS in vitro and in vivo. (a) Inhibition of endothelial cell tube formation by SapC-DOPS. Human dermal 
microvascular endothelial cells (HDMECs) were incubated with SapC-DOPS, DOPS, or control (media alone). Cells were then plated onto polymer-
ized Matrigel. Six and 15 hours post-plating, the number of tubes/view field were quantified. Data shown are mean number of tubes/view field ± 
SD, **P < 0.01. Bottom panel shows representative images of endothelial cell tubes from each group. (b) Reduced migration of HDMECs treated 
with SapC-DOPS. HDMECs treated with SapC-DOPS, DOPS, or control (media alone) were allowed to migrate in a standard Boyden chamber assay, 
and the number of cells that migrated to the other side of the membrane were quantified. Data shown are mean number of cells/view field ± SD. 
Representative fluorescent images of migrated cells stained with Hoechst, **P < 0.001. (c) Reduced ex vivo sprouting of rat aorta rings treated with 
SapC-DOPS. One millimeter thick rings of rat aorta rings treated as indicated were plated in Matrigel, and the amount of endothelial sprouting was 
analyzed 48 hours later. Shown are representative images of sprouting aorta from n = 4/group. (d) SapC-DOPS targets tumor vasculature in vivo. 
Immunofluorescent images (20x) from the brains of mice bearing intracranial U87ΔEGFR tumors treated with SapC-DOPS: His-tag (green), CD31 
(red), and DAPI (blue). (e) Immunofluorescent images from brains in d stained with CD31 (red), cleaved caspase-3 (green), and DAPI (blue). Dotted 
white line divides tumor (left) from normal brain parenchyma (right). (f) SapC-DOPS reduced angiogenesis in vivo. Subcutaneous Gli36ΔEGFR tumor 
bearing mice (100–200 mm3) were treated with five consecutive daily doses of SapC-DOPS or DOPS control, and then analyzed for microvessel den-
sity as described in Materials and Methods. Data shown are mean MVD ± SD for each group, n = 2–4 sections/tumor and n = 4 tumors/group, **P 
= 0.001. Bottom shows representative images of tumor sections analyzed by immunohistochemistry for CD31 to highlight blood vessels. Bars = 100 
μmol/l. DAPI, 4′,6-diamidino-2-phenylindole; MVD, microvessel density; SapC-DOPS, Saposin C-dioleoylphosphatidylserine.

6 hours

6 
ho

ur
s

15
 h

ou
rs

Control
DOPS
SapC-DOPS

Control
DOPS
SapC-DOPS

15 hours

Control

0

0

100

200

300

N
um

be
r 

of
 m

ig
ra

te
d 

ce
lls

400

500

600

700

10

20

30

N
um

be
r 

of
 v

ia
bl

e 
tu

be
s

40

**
**

**
**

**

**

**

50

60

DOPS SapC-DOPS

Control

CD31 (red)/cleaved caspase 3 (green)/
DAPI (blue)

4×
10

×

N
or

m
al

 b
ra

in
Tu

m
or

CD31 (red)/His-tag (green) CD31 (red)/His-tag (green)/
DAPI (blue)

DOPS SapC-DOPS

SapC-DOPS

DOPS

0

20

40

60

80

100

120

140

160

N
um

be
r 

of
 m

ic
ro

ve
ss

el
s/

vi
ew

 fi
el

d

DOPS SapC-DOPS

a

d e f

b c

1520 www.moleculartherapy.org vol. 21 no. 8 aug. 2013



© The American Society of Gene & Cell Therapy
SapC-DOPS Antitumor Activities in Glioma

single dose of His-tagged SapC-DOPS or DOPS control and 
animals were killed and brains were harvested for immunofluo-
rescence analysis 3 hours later. We observed colocalization of 
SapC-DOPS (His-tag) with the tumor vasculature (CD31) and 
glioma cells (DAPI (4′,6-diamidino-2-phenylindole)) within the 
tumor (Figure 3d). Importantly, His-tag staining was found to 
be absent in the normal brain parenchyma including both the 
normal blood vessels and normal neuronal cells. Furthermore, 
we observed colocalization (yellow) of CD31 (red) and cleaved 
caspase-3 (green) within the tumor but not in the normal brain 
(Figure 3e). These results attest to the specificity of SapC-DOPS 
targeting of glioma cells and the tumor vasculature as opposed to 
normal brain tissue.

To elucidate the effect of SapC-DOPS on the tumor vascu-
lature in vivo, nude mice with established subcutaneous GBMs 
(100–200 mm3) were treated with five consecutive daily doses 
of SapC-DOPS or DOPS control. Twenty-four hours following 
the final treatment, animals were killed and the tumors were 
harvested for immunohistochemistry analysis. Quantification 
of CD31-positive microvessels21 demonstrated a remark-
able reduction in the microvessel density of GBMs treated 
with  SapC-DOPS compared with DOPS control (Figure 3f). 
Overall, these results reveal novel antiangiogenic effects of 
SapC-DOPS.

SapC-DOPS sensitization in hypoxia
Antiangiogenic therapy for high grade GBM has been associ-
ated with tumor vessel destruction resulting in elevated tumoral 
hypoxia.22 Tumoral hypoxia is recognized for its influence in 
resistance to standard therapeutics including ionizing radiation 
and chemotherapy.23 Since SapC-DOPS possesses significant 
antiangiogenic effects, we tested the efficacy of SapC-DOPS in a 
hypoxic environment. Cell viability of Gli36ΔEGFR and X12v2 
cells treated with effective SapC-DOPS doses in hypoxia (1% O2) 
or normoxia (20% O2) revealed increased sensitivity to SapC-
DOPS–induced cytotoxicity in hypoxia (Figure 4a). Interestingly, 
exposure to hypoxia has been shown to increase PtdSer exposure 
on the outer membrane of colon carcinoma cells.24 In an effort to 
understand increased sensitivity of hypoxic GBM cells to SapC-
DOPS, we investigated the impact of hypoxia on cell surface 
PtdSer exposure. Fluorescence-activated cell sorting analysis of 
GBM cells following 72 hours incubation in hypoxia compared 
with normoxia revealed a significant increase in exposed PtdSer 
on the outer membrane (Figure 4b).

Systemic treatment with SapC-DOPS yields antitumor 
efficacy in vivo
The ability of SapC-DOPS to effectively cross the BBTB to target 
the tumor-associated vasculature and both normoxic and hypoxic 

Figure 4 Glioblastoma multiforme (GBM) cells show higher sensitivity to SapC-DOPS and increased levels of PtdSer in hypoxia. (a) X12v2 or 
Gli36ΔEGFR cells were treated with the indicated doses of SapC-DOPS in normoxia (20% O2) or hypoxia (1% O2) for 72 hours and cell viability was 
measured by MTT. All values were normalized to untreated control cells in normoxia or hypoxia. Data shown are mean ± SD of percentage viable cells 
after treatment with SapC-DOPS in normoxia and hypoxia, **P < 0.01. (b) PtdSer exposure was measured by flow cytometry using Annexin V-Pacific 
Blue following 72 hours of normoxia or hypoxia. MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PtdSer, phosphatidylserine; 
SapC-DOPS, Saposin C-dioleoylphosphatidylserine.
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GBM cells led us to assess its in vivo antitumor efficacy in mice 
bearing intracranial tumors. Mice with intracranial U87ΔEGFR-
Luc tumors were treated with SapC-DOPS or control DOPS intra-
venously, and tumor progression was followed by in vivo imaging 
of tumor cell expressed luminescence as indicated (Figure 5a). 
Tumor burden could be visualized by luminescence imaging 
as early as 3 days postimplantation, and while control DOPS-
treated animals showed progressive tumor growth until day 17, 
no detectable tumor could be found in mice treated with SapC-
DOPS (Figure 5a). To elucidate the antitumor efficacy of SapC-
DOPS, we compared survival of mice with intracranial tumors in 
two different tumor models: U87ΔEGFR-Luc and X12v2 with low 
and high PtdSer exposure respectively (Figure 5b,c). While SapC-
DOPS treatment resulted in a significant increase in survival in 
both models, it is interesting to note that only 25% of the mice 
implanted with PtdSer low U87ΔEGFR-Luc tumors were long-
time survivors, whereas 75% of the mice implanted with high 
PtdSer-expressing X12v2 tumors were long-term survivors. In 
conclusion, systemic treatment with SapC-DOPS is able to target 
GBM tumors with both low and high levels of exposed PtdSer in 
vivo yielding a significant increase in survival in both models.

DISCUSSION
A significant complication for effective chemotherapy in GBM 
patients is the inability of drugs and small molecules to cross the 
BBTB. Formation and regulation of the BBB is thought to be depen-
dent on the interactions of endothelial cell tight junctions, astro-
cytes, and pericytes.25,26 While the BBB can be partially disrupted 
within the tumor, the BBTB is still thought to have significant 

impact on the systemic delivery of chemotherapeutics.1 Here, we 
investigated the ability of SapC-DOPS nanovesicles to cross the 
BBTB and target intracranial tumors. Utilizing two distinct spon-
taneous mouse glioma models, we were able to demonstrate the 
ability of SapC-DOPS nanovesicles to cross the BBTB and specifi-
cally target GBM cells in vivo. Although SapC-DOPS has been pre-
viously shown to be able to deliver fluorescent probes and magnetic 
resonance contrast agents to subcutaneous tumors in vivo, this is 
the first report showing its ability to cross the BBTB to target ortho-
topic and spontaneous brain tumors in vivo.10 The ability of SapC-
DOPS to efficiently target GBM in vivo coupled with the ability to 
load it with small molecule inhibitors or other chemotherapeutics 
has broad implications on future treatment paradigms.

Our results demonstrate that PtdSer exposure on the surface 
of tumor cells plays a significant role in the brain tumor-selective 
targeting of SapC-DOPS. Recently, several groups have used lipo-
somes containing PtdSer-binding ligands such as Annexin A5 to 
target PtdSer-rich membranes27 and radiolabeled Annexin 5 has 
even been used in the clinic as a means to assess therapeutic effi-
cacy of chemotherapy and radiation.28,29 While great strides have 
been made using nanocarriers for drug delivery and diagnostic 
imaging,6,30 what distinguishes SapC-DOPS is the ability to not 
only cross the BBTB to target GBM, but to destroy these cells as 
well. Consistent with the PtdSer targeting, we found a correlation 
between GBM PtdSer exposure levels and sensitivity to SapC-
DOPS in vitro and in vivo.

PtdSer has been shown to be elevated on the surface of tumor-
associated endothelium.18–20 Several studies have shown vascular 
targeting anti-PtdSer antibodies to possess antitumor efficacy in 

Figure 5 Intravenous administration of SapC-DOPS yields significant antitumor efficacy in vivo. (a) U87ΔEGFR-Luc cells were implanted intracra-
nially and treated with SapC-DOPS. Images were taken for tumor luminescence at 3, 12, and 17 days post-tumor implantation. (b,c) Kaplan–Meier 
survival curve for mice with intracranial (b) U87ΔEGFR-Luc and (c) X12v2 glioma treated with intravenous injections of DOPS or SapC-DOPS. SapC-
DOPS, Saposin C-dioleoylphosphatidylserine.
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several tumor types including GBM.31,32 Bavituximab, a chimeric 
monoclonal PtdSer-targeting antibody, is currently under inves-
tigation in clinical trials for numerous solid tumor malignancies 
(http://www.clinicaltrials.gov). In light of the specificity of SapC-
DOPS for PtdSer, we chose to investigate the effects on angiogen-
esis. Here, we have shown that SapC-DOPS can specifically target 
brain tumor vasculature and possesses significant antiangiogenic 
effects in vitro and in vivo, demonstrating a dualistic mechanism 
for the antitumor effects of SapC-DOPS against GBM. In addition 
to the tumor cells and the tumor-associated vasculature, PtdSer has 
also been shown to be highly expressed on the surface of microves-
icles.33 Tumor microvesicles have been shown to be involved in 
extracellular communication in tumorigenesis in numerous can-
cers including GBM.34 It is interesting to speculate as to whether 
SapC-DOPS can bind to these microvesicles and future studies will 
be necessary to examine these possible interactions and the effects 
on cancer progression and response to therapy.

Interestingly, while both chemotherapy and radiation treat-
ment show reduced efficacy in hypoxic conditions, we found 
increased sensitivity of GBM cells to SapC-DOPS in hypoxia 
compared with normoxia. Thus, its antiangiogenic effects com-
bined with tumor sensitization in hypoxia orchestrate a very sig-
nificant antiglioma response in vivo. The increased sensitization of 
hypoxic glioma cells is likely due to the increased PtdSer exposure 
in low oxygen conditions. Therefore, it is interesting to speculate 
that SapC-DOPS will likely synergize when combined with che-
motherapy and irradiation both of which are known to increase 
PtdSer exposure on cancer cells.31,35

Taken together, the data presented here highlight the ability of 
systemic treatment of SapC-DOPS to efficiently cross the BBTB, 
to target and destroy intracranial GBM in mice. The efficient abil-
ity of SapC-DOPS nanovesicles to cross the BBTB could be fur-
ther exploited as a vehicle to deliver a host of therapeutics such as 
small molecular inhibitors, cytotoxic drugs, oncolytic viruses, etc. 
These findings support the further development of SapC-DOPS as 
a novel therapeutic for GBM.

MATERIALS AND METHODS
Cell culture and reagents. Human GBM cell lines were obtained from 
ATCC (Manassas, VA), Gli36 cells subcloned to express a truncated, con-
stitutively active, mutant epidermal growth factor receptor (Gli36ΔEGFR), 
U87ΔEGFR, and U87ΔEGFR-Luc, were obtained from Dr Webster 
Cavenee (Ludwig Cancer Institute, San Diego, CA), X12 primary tumor-
derived cells were obtained from Dr Sarkaria, and were subcloned to 
express green fluorescent protein to generate X12v2 (Mayo Clinic, 
Rochester, MN). All cells are routinely checked for mycoplasma contami-
nation. Cells were cultured with Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum, 100 units of penicillin/ml, and 
10 mg of streptomycin/ml. HDMECs and HUVECs were purchased from 
ScienCell Research Laboratories (San Diego, CA) and cultured with endo-
thelial cell medium supplemented with 2% fetal bovine serum, 100 units 
of penicillin/ml, and 10 mg of streptomycin/ml. All cells were cultured at 
37 °C in an atmosphere containing 5% CO2 and 20% O2 for normoxia and 
1% O2 for hypoxia. For cytotoxicity assays, cells were plated at 10,000 cells/
well in 96-well dishes overnight and treated with SapC-DOPS for 72 hours. 
Cell viability was determined as described previously9 using a standard 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
assay. PtdSer-specific binding proteins, Lact-C2 and β2GP1 were obtained 
from Gary E. Gilbert (Department of Medicine, Department of Veterans 

Affairs, VA Boston Healthcare System, Brigham and Women’s Hospital, 
Harvard Medical School, Boston, MA) and Haematologic Technologies 
(Essex Junction, VT). Exposed PtdSer on cells was measured using bind-
ing of Annexin V-Pacific Blue purchased from Invitrogen (Carlsbad, CA) 
and was used according to the manufacturer’s instructions.

Preparation of SapC and SapC-DOPS nanovesicles. Recombinant 
SapC with and without His-tag were expressed using the pET system in 
Escherichia coli cells as previously described with minor modifications.9 
Expressed SapC was purified by ethanol precipitation and ion-exchange 
high-performance liquid chromatography. After lyophilization using a 
tertiary butyl alcohol/water co-solvent system, protein powder was used 
and its concentration was determined by its weight. All phospholipids 
were purchased from Avanti Polar Lipids (Alabaster, AL). SapC-DOPS 
nanovesicles were prepared by two methods. (i) Bath sonication as previ-
ous described:9,10 after solvent removal under nitrogen gas, DOPS (Avanti 
Polar Lipids) was mixed with weighed dry amounts of SapC in an acid 
buffer (pH 5) and quickly diluted in phosphate-buffered saline or media. 
The mixture was then sonicated to assemble into nanovesicles. The soni-
cated samples were stored at 4 °C. (ii) Lypholization with a co-solvent 
solution: dry DOPS was suspended in 80% tert-butanol. SapC and sucrose 
(10 mg/ml) were dissolved in water. The mixture of DOPS and SapC + 
sucrose (1:0.6, vol:vol) was lyophilized to a stable powder cake in a freeze 
dryer (VirTis Unitop 1000L linked o a Freezemobile 25XL; The VIRTIS, 
Gardiner, NY). The cake was resuspended in phosphate-buffered saline or 
media to form SapC-DOPS nanovesicles. Once formed, the vesicles were 
monitored by a N4 plus subsize particle size analyzer. SapC-DOPS for in 
vitro experiments was formulated at a 1:3 molar ratio of SapC:DOPS.

In vivo xenografts. For intracranial tumor studies, anesthetized mice 
were fixed in a stereotactic apparatus, and U87ΔEGFR-Luc (1 × 105 cells) 
or X12v2 (green fluorescent protein) (2 × 105 cells) were implanted at 2 mm 
lateral to bregma, at a depth of 3 mm. For survival studies, mice were treated 
with SapC-DOPS (SapC 12 mg/kg, DOPS 4.6 mg/kg) or DOPS (4.6 mg/kg) 
intravenously on the following days post-tumor implantation: 4–11, 13, 
15, 17, 19, 22, 25, 28, and 31 days for U87ΔEGFR-Luc tumors and 5–9, 11, 
13, and 15 days for X12v2 tumors. For studies involving CD31 and cleaved 
caspase-3 staining, mice were treated on days 6–10 following implantation 
and brains were harvested 24 hours later. For subcutaneous tumor studies, 
1.5 × 106 Gli36ΔEGFR or 1 × 106 U87ΔEGFR-Luc cells were implanted in 
the rear flanks of athymic nude mice. When Gli36ΔEGFR tumors reached 
100–200 mm3, they were treated with five consecutive daily doses of SapC-
DOPS (SapC 13 mg/kg, DOPS 8 mg/kg) or DOPS (8 mg/kg) by tail vein 
injection. When U87ΔEGFR-Luc tumors reached 1,500 mm3, mice were 
treated with a single dose of SapC-DOPS-CVM (SapC 3.2 mg/kg, DOPS 
1.8 mg/kg, CVM 1.6 μmol/l). Tumors were excised 24 hours following the 
final treatment and harvested for immunohistochemistry analysis.

Immunohistochemistry/immunofluorescence analysis. Subcutaneous 
tumors and mouse brains were fixed in 4% buffered paraformaldehyde fol-
lowed by 30% sucrose at 4 °C, embedded in optimal-cutting temperature, 
and frozen at −80 °C. Subcutaneous tumors were divided into 2–4 pieces, 
and 10-μm sections from each piece were stained with anti-CD31 (BD 
Pharmingen, San Jose, CA). The three most vascularized areas within the 
tumor were chosen at low magnification, and vessels were counted in a rep-
resentative high magnification field in each view with n = 4 tumors/group. 
Mouse brains bearing intracranial tumors were sectioned at 5 μm and 
stained using the following antibodies: anti-CD31 (BD Pharmingen), anti-
His (GenScript, Piscataway, NJ), anti-cleaved caspase 3 (Cell Signaling, 
Danvers, MA), Alexa Fluor 594 and 488 (Invitrogen).

Genetically engineered mouse models. All mouse experiments and care 
were approved by the Institutional Animal Care and Use Committee of The 
Ohio State University. We bred Mut3 (GFAP-cre; Nf1loxP/+; Trp53−/+) male 
mice with Trp53loxP/loxP; PtenloxP/loxP females to generate Mut6 mice (GFAP-cre; 
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Nf1loxP/+; Trp53−/loxP; PtenloxP/+).12 We maintained Mut3 mice in B6CBAF1/J 
strain by breeding male Mut3 mice with female B6CBAF1/J females (The 
Jackson Laboratory, Bar Harbor, ME). We genotyped the mice between P9 
and P12 as described12 and confirmed the genotypes after harvesting their 
tissues.

Quadruple conditional knockout mice were derived from mice 
previously described.36 Briefly, GFAP-CreER; PtenloxP/loxP; Trp53loxP/loxP; 
Rb1loxP/loxP mice were bred with Rb1−/− mice (p107-null)37 to generate 
the four gene-targeted strain. Tumors were induced by intraperitoneal 
tamoxifen injections and mice were monitored as previously described.36

In vivo bioluminescence and fluorescence imaging. CVM (PTI Research, 
Exton, PA) in ethanol was mixed with phospholipid solvent for bath soni-
cation preparation by the procedure as previously described.9,10 CVM-
labeled SapC-DOPS nanovesicles were separated from free CVM dye 
using a Sephadex G25 column (PD-10; Amersham Pharmacia Biotech, 
Piscataway, NJ). SapC-DOPS-CVM (SapC 3.2 mg/kg, DOPS .656 mg/
kg, CVM 320 μmol/l) or CVM-labeled DOPS (DOPS .656 mg/kg, CVM 
320 μmol/l), was administrated by tail vein injection into orthotropic and 
transgenic brain tumor-bearing mice. Real-time images were taken using 
an IVIS 200 Series (Clipper, Alameda, CA) or a Kodak FX (Carestream 
Health, Toronto, Ontario, Canada) imaging system. For in vitro targeting 
experiments, cells were treated with SapC-DOPS-CVM (SapC 33 μmol/l, 
DOPS 100.5 μmol/l, CVM 1.6 μmol/l) or DOPS-CVM (DOPS 100.5 
μmol/l, CVM 1.6 μmol/l) and evaluated by fluorescence-activated cell 
sorting analysis. For PtdSer-blocking experiments, cells were incubated 
in 0.4 mg/ml of Lact-C2 or β2GP1 for 30 minutes at 37 °C before inject-
ing subcutaneously (100,000 cells) above the skull of nude mice. One hour 
later, mice were treated with CVM-labeled SapC-DOPS (SapC 3.2 mg/kg, 
DOPS .656 mg/kg, CVM 320 μmol/l) and imaged 1 hour later as described 
above (n = 3).

In vitro angiogenesis assays. For the endothelial cell migration assays, 
HDMECs or HUVECS were cultured in 0% serum-containing media with 
SapC-DOPS (SapC 50 μmol/l, DOPS 152 μmol/l), DOPS (152 μmol/l), or 
media alone for 30 minutes at 37 °C. Cells (1 × 106) were plated in the upper 
chamber of transwell chambers (ISC BioExpress, Kaysville, UT) with an 8 
μm pore size, and complete endothelial cell media was used as a chemoat-
tractant in the bottom chamber. The cells were allowed to migrate for 6 hours, 
and were then fixed and stained with 0.5% crystal violet. The migrated cells 
were quantified as number of cells/view field (n = 3 view fields/well and four 
wells/group). For the tube formation assay, 40,000 HDMECs or HUVECs 
were cultured as above and plated on 250 μl of polymerized Matrigel (BD 
Biosciences, Bedford, MA) diluted to 75% in complete endothelial cell 
medium, and incubated at 37 °C. Pictures of formed tubes were taken at 6 
and 15 hours and viable tubes (>200 μm) were quantified by counting one 
×10 microscopic view/well, and the data presented as means of four wells. 
Ex vivo aortic ring assay was completed by removing the full-length aorta 
from a Fisher-344 rat and sectioned into 1-mm long rings and polymerized 
in Matrigel. Rings were treated with SapC-DOPS (SapC 50 μmol/l, DOPS 
152 μmol/l), DOPS (152 μmol/l) or media alone and pictures were taken 48 
hours later, n = 4.

Statistical analysis. Student’s t-test was used to analyze in vitro experiments. 
A P value <0.05 was considered statistically significant in Student’s t-test. 
Kaplan–Meier curves were compared using the log-rank test using GraphPad 
Prism S/W (GraphPad Software, La Jolla, CA). All error bars represent SD.

SUPPLEMENTARY MATERIAL
Figure S1. SapC-DOPS targeting in vivo.
Figure S2. Antiangiogenic effect of SapC-DOPS.
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