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Abstract

Phosphatidylserine (PS) is normally located in the inner leaflet of the membrane bilayer of healthy cells, however it
is expressed at high levels on the surface of cancer cells. This has allowed for the development of selective
therapeutic agents against cancer cells (without affecting healthy cells). SapC-DOPS is a PS-targeting nanovesicle
which effectively targets and kills several cancer types including pancreatic, lung, brain, and pediatric tumors. OQur
studies have demonstrated that SapC-DOPS selectively induces apoptotic cell death in malignant and metastatic
cells, whereas untransformed cells remain unaffected due to low surface PS expression. Furthermore, SapC-DOPS
can be used in combination with standard therapies such as irradiation and chemotherapeutic drugs to
significantly enhance the antitumor efficacy of these treatments. While the PS-targeting nanovesicles are a
promising selective therapeutic option for the treatment of cancers, more preclinical studies are needed to fully
understand the mechanisms leading to non-apoptotic PS expression on the surface of viable cancer cells and to
determine the effectiveness of SapC-DOPS in advanced metastatic disease. In addition, the completion of clinical
studies will determine therapeutic effects and drug safety in patients. A phase | clinical trial using SapC-DOPS has
been completed on patients with solid tumors and has demonstrated compelling patient outcomes with a strong
safety profile. Results from this study are informing future studies with SapC-DOPS.
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Background

Phosphatidylserine (PS) is an anionic phospholipid, im-
portant for the functioning and integrity of the eukaryotic
cellular membrane [1]. PS is normally distributed asym-
metrically in the plasma membrane where it is predomin-
antly found in the inner leaflet of the membrane bilayer.
This occurs, in part, through the action of flippase com-
plexes, which selectively translocate PS inwards [1-3].
However, in cancer cells, PS is often expressed at high
levels on the outer leaflet of the plasma membrane [4-7].
Decreased flippase activity associated with increased influx
of Ca”* into cells and oxidative stress, chemotherapy and
radiotherapy have all been shown to increase PS expres-
sion in the surface of cancer cells [6, 8—10]. The overex-
pression of PS on the surface of cancer cells has presented
an opportunity for selective therapeutic targeting of
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cancer cells without effecting healthy cells with low sur-
face PS [2, 11]. PS can be used for identification and kill-
ing of cancer cells [2, 7, 12—17]. Strategies for achieving
this therapeutic effect have included the use of PS-
targeting antibodies that block PS-mediated immunosup-
pression by binding to PS on tumor cells and vasculature;
annexins which inhibit tumor angiogenesis by binding to
PS on tumor cells; and PS-targeting synthetic peptides
which enhance membrane poration through binding to PS
leading to increased cell death [18-21]. The focus of this
review will be PS-targeting nanovesicles which have
emerged as a strategy for selective targeting of high sur-
face PS cancer cells [17]. These nanovesicles target cancer
cells based on their binding affinities to PS, allowing them
to deliver therapeutic drugs via binding to PS to induce
cancer cell death while leaving healthy cells unaffected [2,
11, 17]. Specifically, our lab has focused on the develop-
ment of SapC-DOPS, a PS-targeting nanovesicle com-
prised of saposin C (SapC; a lysosomal protein) and
dioleylphosphatidylserine (DOPS) [2, 10, 12, 15, 17, 22,
23]. The unique appeal of SapC-DOPS as a cancer therapy
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include its consistent selective targeting and killing of can-
cer cells while being tolerated in healthy cells — this
phenomenon has been reflected in results of phase I clin-
ical trials where SapC-DOPS showed a strong safety pro-
file [24, 25]. In addition, SapC-DOPS [1] utilizes multiple
mechanisms to induce cancer cell death including caspase
9 cleavage and lysosomal membrane permeability [2] is
capable of crossing the blood-brain tumor barrier and [3]
enhances the effects of existing therapies [9, 10, 23, 26].
Therapeutic assessment of SapC-DOPS and other PS-
targeting nanovesicles by other researchers indicate that,
as a class, they are a promising therapeutic option for the
treatment of several types of cancers.

SapC-DOPS

SapC-DOPS is a nanovesicle derived from sphingolipid
activator protein C (SapC) and dioleylphosphatidylserine
(DOPS) [2, 17, 27-31]. At low pH ranges, SapC and
DOPS spontaneously form nanovesicles with a mean
diameter of approximately 200 nm. Saposin C is one of
four small glycoproteins derived from the cleavage of the
saposin precursor, prosaposin. It is a heat-stable,
protease-resistant, non-enzymatic activator of lysosomal
enzymes [2, 17, 27-31].
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Binding of SapC-DOPS to cancer cells is dependent on PS
expression on the surface of cells [2, 7, 10, 14-16, 22, 32-34].
Following PS binding, SapC undergoes conformational
changes resulting in the reorientation of its functional helical
domains. SapC requires direct binding and interaction with
PS to exert its enzyme-activating activity [2, 17]. Import-
antly, the higher the PS expression on the surface of a
cell, the more effectively SapC-DOPS binds to the cell
and triggers the ceramide cascade, ultimately resulting
in apoptosis (Fig. 1) [15, 26]. Binding of SapC to PS is
favored at acidic pH. Similarly, studies of SapC-DOPS
in lung cancer cells have revealed that SapC-DOPS
binding to cancer cells is more pronounced at low pH
[15]. As the tumor microenvironment is acidic [35, 36],
SapC-DOPS will especially target the tumor’s surface
PS while leaving normal tissues (with neutral pH)
alone. The activation of acid sphingomyelinase by SapC
leads to intracellular production and accumulation of
ceramide, and subsequent apoptosis [37]. Studies in
neuroblastoma reveal that SapC-DOPS-induced apoptosis
involves cytosolic release of second mitochondria-derived
activator of caspases (Smac) and cytochrome c, as well as
mitochondrial translocation and polymerization of Bax
(Fig. 1) [26]. Studies of saposin C membrane fusion re-
vealed that although saposin C-induced fusion occurred
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Fig. 1 Schematic figure depicting the mechanism of action of SapC-DOPS. Externalization of PS to the surface of cancer cells occurs through
several pathways including oxidative stress, irradiation and chemotherapy. SapC-DOPS targets PS-rich membrane surfaces and induces cancer cell
death by activating acid sphingomyelinase and increasing ceramide levels in the cell. This increase in ceramide levels induces cell death by (1)
inducing lysosome membrane permeability and (2) inducing cytosolic release of Smac and Cyt C leading to caspase 9 cleavage and apoptosis
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with a mixture of anionic saturated and unsaturated acyl
chains, the fusion process was much slower than that with
synthetic unsaturated DOPS, thus DOPS enhances sapo-
sin C fusion, especially at acidic pH [30]. Importantly,
when saposin C or DOPS were used individually to treat
pancreatic cancer cells, apoptosis was not induced. These
results suggest that both Saposin C and DOPS are re-
quired for optimal cytotoxic effects of SapC-DOPS [15].

Theraeutic studies of SapC-DOPS in cancer cells

SapC-DOPS has been shown to effectively bind to, enter
and induce cell death in several cancer cell types [7, 9, 10,
12-15, 17, 22, 23, 38]. In vitro, the cytotoxic effect of
SapC-DOPS correlated with surface PS expression on
cells. Our studies have demonstrated that SapC-DOPS se-
lectively induces apoptotic cell death in malignant pancre-
atic cells, whereas untransformed pancreatic ductal
epithelial cells remain unaffected [13-15, 38]. Further-
more, animals with xenograft tumors treated with SapC-
DOPS showed clear survival benefits and reduced tumor
size compare to untreated mice. Use of a double-tracking
method in live mice showed that the nanovesicles specific-
ally targeted and accumulated in the orthotopically-
implanted, bioluminescent pancreatic tumors [13, 15].

In in vivo glioblastoma (GBM) tumors, SapC-DOPS show-
cased its ability to cross the blood—brain tumor barrier (BBTB)
as well as target tumor cells, in vitro [7, 10, 16, 32—-34]. Tumor
targeting by SapC-DOPS in vivo was inhibited by blocking PS
exposed on cells with lactadherin, a PS binding protein [10].
SapC-DOPS  exerts strong anti-angiogenic activity both
in vitro and in vivo and hypoxic cells are sensitized to SapC-
DOPS-mediated killing [10]. SapC-DOPS nanovesicles
demonstrated direct cytotoxic activity against metastatic
breast cancer cells in vitro and also selectively targeted
brain metastases-forming cancer cells both in vitro, in co-
cultures with human astrocytes, and in vivo, in mouse
models of brain metastases derived from human breast or
lung cancer cells [7].

Similar effects were observed in skin, lung and breast
cancer cells. Using a cell viability assay (MTT), the cyto-
toxic effect of SapC-DOPS was tested in three skin
tumor cell lines (squamous cell carcinoma, SK-MEL-28,
and MeWo) and compared to two normal non-
tumorigenic skin cells lines, normal immortalized kera-
tinocyte (NIK) and human fibroblast cell (HFC) [12].
The study revealed that the nanovesicles selectively
killed the skin cancer cells whereas untransformed skin
cancer cells were unaffected. These results were con-
firmed in vivo using subcutaneous skin tumor xeno-
grafts. We also showed that SapC-DOPS specifically
targets human lung cancer xenografts, and that systemic
therapy with SapC-DOPS induces tumor death and sig-
nificantly inhibits tumor growth [22].
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The effect of SapC-DOPS has also been assessed in the
pediatric cancers using neuroblastoma and peripheral
neuroblastic tumors [17, 26]. SapC-DOPS effectively tar-
geted and inhibited the growth of neuroblastoma and
pNTS in vitro. Furthermore, xenograft mice were used to
demonstrate in vivo therapeutic efficacy. In these mice,
SapC-DOPS exhibited specific targeting of neuroblastoma
tumors and induced apoptotic cell death [17, 26].

SapC-DOPS combination treatments

Studies investigating the effects of irradiation on SapC-
DOPS cytotoxicity have shown that fractionated radiation
enhances the effect of SapC-DOPS in some cancer cell lines
[23]. In vitro irradiation of cancer cell lines increased median
surface PS expression of surviving cells [9]. The observed ef-
fects of increased surface PS and sensitization to SapC-
DOPS was most pronounced in cell lines with lower initial
surface PS expression. The observed effects were also seen
in vivo where radiation increased the surface PS of tumor
cells in subcutaneous xenografts in nude mice. The study re-
vealed an inverse relationship between surface PS expression
in cancer cells and sensitivity to radiation-induced cell death.
Furthermore, serial irradiation which increased overall sur-
face PS expression in surviving cells, increased resistance to
radiation and chemotherapeutic drugs. These findings sug-
gest a possible surface PS-based mechanism for radio- or
chemo-therapeutic resistance. In addition to irradiation,
SapC-DOPS has displayed strong synergistic interactions
with the apoptosis-inducing agent, temozolomide (TMZ) in
GBM cells although the mechanism behind the synergistic
effect has not been fully elucidated [23].

SapC-DOPS clinical trial

A phase I clinical trial for SapC-DOPS (BXQ-350) was
initiated in 2016 for patients with advanced solid tumors
and recurrent high-grade gliomas. Phase 1a and 1b stud-
ies revealed an impressive safety profile and some effi-
cacy even though treatment was started at very late
stages of the disease [24, 25]. Thus far, BXQ-350 has
had no serious related adverse events in patients [25].

Current challenges and future directions

Currently, the majority of studies of PS in the tumor
microenvironment are in the context of apoptosis, phago-
cytosis and immune cell function [4, 6, 39, 40]. However,
numerous studies have suggested a potential therapeutic
use of PS-targeted nanovesicles such as SapC-DOPS in
combination with current cancer treatments for targeting
non-apoptotic cancer cells with elevated surface PS ex-
pression [9, 23]. As previously stated, cancer cells vary in
their expression of surface PS so identification of treat-
ments that elevate surface PS expression in low surface PS
cancer cells, such as irradiation, would facilitate targeting
of these cells using PS-targeted nanovesicles [9]. PS
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externalization is generally regulated by increases in intracel-
lular calcium, which inhibits the activity of flippases [8, 41],
however the exact mechanism leading to non-apoptotic PS
externalization in cancer cells remains unknown. Studies
suggest that the mechanisms leading to PS externalization in
non-apoptotic cancer cells involve oxidative stress and re-
duced flippase activity [4, 8, 42]. Oxidative stress in the
tumor microenvironment is thought to promote PS
externalization to the surface of cancer cells leading to the
development of tumor immunity by recognizing and antag-
onizing activated human blood monocytes [4, 43, 44]. Identi-
fying the mechanism through with oxidative stress leads to
non-apoptotic PS externalization in cancer cells will increase
our ability to target all cancer cells with SapC-DOPS and
other PS-targeting nanovesicles.

In summary, SapC-DOPS has shown the ability to
cross the BBTB, allowing for selective killing of brain
tumor cells expressing elevated surface PS [7]. However,
the mechanism by which this occurs is only partially
understood. Understanding the mechanisms involved in
facilitating this process will allow for further investiga-
tions combining SapC-DOPS with other brain tumor
treatments such as previously described with TMZ [23].
While most in vivo studies of SapC-DOPS have been in
primary tumor models [9, 10, 15, 22], SapC-DOPS has
been shown to be effective against brain metastases-
forming cancer cells both in vitro and in vivo [7].
Greater assessment of SapC-DOPS in a metastatic set-
ting would be informative in determining the extent of
its effectivity on advanced metastatic cancer disease.

Conclusions

SapC-DOPS nanovesicles have been shown to success-
fully target several cancer types in vitro and in preclin-
ical animal models [7, 9, 10, 12, 15, 17]. The
nanovesicles are selectively cytotoxic for cancer cells ex-
pressing high levels of surface PS [9, 10, 15]. Further-
more, SapC-DOPS nanovesicles are capable of crossing
the BBTB [10]. Phase I clinical trials for SapC-DOPS in
patients with advanced solid tumors and recurrent high-
grade gliomas have revealed an encouraging safety pro-
file [24, 25]. In conclusion, SapC-DOPS is a promising
and selective PS-targeting treatment option for several
cancers types, worthy of further investigation and clin-
ical development.

Abbreviations

DOPS: Dioleylphosphatidylserine; HFC: Human fibroblast cell; NIK: Normal
immortalized keratinocyte; PS: Phosphatidylserine; SapC: Saposin C;

TMZ: Temozolomide

Acknowledgments
We wish to thank Harold W. Davis, Ph.D. for his suggestions and work on
reviewing this manuscript.

Ethical approval and consent to participate
Not applicable.

Page 4 of 5

Authors’ contributions
Writing, review, and/or revision of the manuscript: KFNg, PHP, XQ. All authors
read and approved the final manuscript.

Authors’ information
Not applicable.

Funding

KFN and XQ were partially supported by research funds from NIH
(ROTCA158372, R21NS095047, and N43C0O-2017-0003), Give Hope foundation
and Bearcats against Cancer, Hematology-Oncology programmatic support
from University of Cincinnati College of Medicine.

Availability of data and materials
Not applicable.

Consent for publication
Not applicable.

Competing interests

X. Qi is listed as an inventor on the patent for SapC-DOPS technology that is
the subject of this research. Consistent with current Cincinnati Children’s
Hospital Medical Center policies, the development and commercialization of
this technology has been licensed to Bexion Pharmaceuticals, LLC, in which
Dr. Qi, holds a minor (<3%) equity interest.

Author details

"Division of Hematology/Oncology, Department of Internal Medicine,
University of Cincinnati College of Medicine, Cincinnati, OH, USA.
“Department of Pathology and Laboratory Medicine, University of Cincinnati
College of Medicine, Cincinnati, OH, USA. *Department of Biomedical
Sciences, University of Cincinnati, Cincinnati, OH, USA. “Division of Human
Genetics, Department of Pediatrics, University of Cincinnati College of
Medicine and Cincinnati Children’s Hospital and Medical Center, Cincinnati,
OH, USA. *Department of Biomedical Engineering, College of Engineering
and Applied Science, University of Cincinnati, Cincinnati, OH, USA.

Received: 30 August 2019 Accepted: 5 November 2019
Published online: 09 January 2020

References

1. Kay JG, Grinstein S. sensing phosphatidylserine in cellular membranes.
Sensors. 2011;11(2):1744-55.

2. Davis HW, Hussain N, Qi X. Detection of cancer cells using SapC-DOPS
nanovesicles. Mol Cancer. 2016;15(1):33.

3. Bevers E, Comfurius P, Zwaal R. Regulatory mechanisms in maintenance and
modulation of transmembrane lipid asymmetry: pathophysiological
implications. Lupus. 1996;5(5):480-7.

4. Birge R, Boeltz S, Kumar S, Carlson J, Wanderley J, Calianese D, et al.
Phosphatidylserine is a global immunosuppressive signal in efferocytosis,
infectious disease, and cancer. Cell Death Differ. 2016;23(6):962.

5. Nagata S, Suzuki J, Segawa K, Fujii T. Exposure of phosphatidylserine on the
cell surface. Cell Death Differ. 2016;23(6):952.

6. Riedl S, Rinner B, Asslaber M, Schaider H, Walzer S, Novak A, et al. In search
of a novel target—phosphatidylserine exposed by non-apoptotic tumor
cells and metastases of malignancies with poor treatment efficacy.
Biochimica et Biophysica Acta (BBA)-Biomembranes. 2011;1808(11):2638-45.

7. Blanco VM, Chu Z, Vallabhapurapu SD, Sulaiman MK, Kendler A, Rixe O, et al.
Phosphatidylserine-selective targeting and anticancer effects of SapC-DOPS
nanovesicles on brain tumors. Oncotarget. 2014;5(16):7105-18.

8. Vallabhapurapu SD, Blanco VM, Sulaiman MK, Vallabhapurapu SL, Chu Z,
Franco RS, et al. Variation in human cancer cell external phosphatidylserine
is regulated by flippase activity and intracellular calcium. Oncotarget. 2015;
6(33):34375-88.

9. Davis HW, Vallabhapurapu SD, Chu Z, Vallabhapurapu SL, Franco RS,
Mierzwa M, et al. Enhanced phosphatidylserine-selective cancer therapy
with irradiation and SapC-DOPS nanovesicles. Oncotarget. 2019;10(8):856.

10. Wojton J, Chu Z, Mathsyaraja H, Meisen WH, Denton N, Kwon C, et al.
Systemic delivery of SapC-DOPS has antiangiogenic and antitumor effects
against glioblastoma. Mol Ther. 2013;21(8):1517-25.



N'Guessan et al. Cell Communication and Signaling

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.
30.
31.

32.

33.

34.

35.
36.

37.

(2020) 18:6

Ayesa U, Gray BD, Pak KY, Chong PL. Liposomes Containing Lipid-Soluble Zn (I}~
Bis-dipicolylamine Derivatives Show Potential To Be Targeted to
Phosphatidylserine on the Surface of Cancer Cells. Mol Pharm. 2016;14(1):147-56.
Abu-Baker S, Chu Z, Stevens AM, Li J, Qi X. Cytotoxicity and Selectivity in
Skin Cancer by SapC-DOPS Nanovesicles. J Cancer Ther. 2012;3(4):321-6.
Blanco VM, Latif T, Chu Z, Qi X. Imaging and therapy of pancreatic cancer with
phosphatidylserine-targeted nanovesicles. Transl Oncol. 2015,3(3):196-203.
Blanco VM, Curry R, Qi X. SapC-DOPS nanovesicles: a novel targeted agent for
the imaging and treatment of glioblastoma. Oncoscience. 2015;2(2):102-10.
Chu Z, Abu-Baker S, Palascak MB, Ahmad SA, Franco RS, Qi X. Targeting and
cytotoxicity of SapC-DOPS nanovesicles in pancreatic cancer. PLoS One.
2013,;8(10):275507.

Chu Z, LaSance K, Blanco V, Kwon C, Kaur B, Frederick M, et al. In vivo
optical imaging of brain tumors and arthritis using fluorescent SapC-DOPS
nanovesicles. JOVE (J Vis Exp). 2014;1(87):e51187.

Qi X, Chu Z, Mahller YY, Stringer KF, Witte DP, Cripe TP. Cancer-selective
targeting and cytotoxicity by liposomal-coupled lysosomal saposin C
protein. Clin Cancer Res. 2009;15(18):5840-51.

Zhang X, Huo L, Jin H, Han Y, Wang J, Zhang Y, et al. Anti-cancer activity of
Annexin V in murine melanoma model by suppressing tumor angiogenesis.
Oncotarget. 2017,8(26):42602-12.

Yin Y, Huang X, Lynn KD, Thorpe PE. Phosphatidylserine-targeting antibody
induces M1 macrophage polarization and promotes myeloid-derived
suppressor cell differentiation. Cancer Immunol Res. 2013;1(4):256-68.
DeRose P, Thorpe PE, Gerber DE. Development of bavituximab, a vascular
targeting agent with immune-modulating properties, for lung cancer
treatment. Immunotherapy. 2011;3(8):933-44.

Leite NB, Aufderhorst-Roberts A, Palma MS, Connell SD, Neto JR, Beales PA.
PE and PS lipids synergistically enhance membrane poration by a peptide
with anticancer properties. Biophys J. 2015;109(5):936-47.

Zhao S, Chu Z, Blanco VM, Nie Y, Hou Y, Qi X. SapC-DOPS nanovesicles as
targeted therapy for lung cancer. Mol Cancer Ther. 2015;14(2):491-8.
Wojton J, Meisen WH, Jacob NK, Thorne AH, Hardcastle J, Denton N, et al.
SapC-DOPS-induced lysosomal cell death synergizes with TMZ in
glioblastoma. Oncotarget. 2014;5(20):9703-9.

Rixe O, Morris JC, Puduvalli VK, Villano JL, Wise-Draper TM, Muller C, et al.
First-in-human, first-in-class phase 1a study of BXQ-350 for solid tumors and
gliomas. 2018.

Rixe O, Morris JC, Puduvalli VK, Villano JL, Wise-Draper TM, Wesolowski R,

et al. Safety and pharmacokinetics of BXQ-350 in a phase 1a and 1b trial of
solid tumors and high-grade glioma. 2019.

Sulaiman MK, Chu Z, Blanco VM, Vallabhapurapu SD, Franco RS, Qi X. SapC-
DOPS nanovesicles induce Smac-and Bax-dependent apoptosis through
mitochondrial activation in neuroblastomas. Mol Cancer. 2015;14(1):78.

Qi X, Grabowski GA. Differential membrane interactions of saposins A and C:
implications for the functional specificity. J Biol Chem. 2001,276(29):27010-7.

Qi X, Leonova T, Grabowski GA. Functional human saposins expressed in
Escherichia coli. Evidence for binding and activation properties of saposins C
with acid beta-glucosidase. J Biol Chem. 1994,269(24):16746-53.

Qi X, Chu Z. Fusogenic domain and lysines in saposin C. Arch Biochem
Biophys. 2004;424(2):210-8.

Wang Y, Grabowski GA, Qi X. Phospholipid vesicle fusion induced by
saposin C. Arch Biochem Biophys. 2003;415(1):43-53.

Liu A, Wenzel N, Qi X. Role of lysine residues in membrane anchoring of
saposin C. Arch Biochem Biophys. 2005;443(1-2):101-12.

Kaimal V, Chu Z, Mahller YY, Papahadjopoulos-Sternberg B, Cripe TP, Holland
SK et al. Saposin C coupled lipid nanovesicles enable cancer-selective optical
and magnetic resonance imaging. Mol Imaging Biol. 2011;13(5):886-97.
Winter PM, Pearce J, Chu Z, McPherson CM, Takigiku R, Lee J, et al. Imaging
of brain tumors with paramagnetic vesicles targeted to phosphatidylserine.
J Magn Reson Imaging. 2015;41(4):1079-87.

Blanco VM, Chu Z, LaSance K, Gray BD, Pak KY, Rider T, et al. Optical and
nuclear imaging of glioblastoma with phosphatidylserine-targeted
nanovesicles. Oncotarget. 2016;7(22):32866-75.

Kato Y, Ozawa S, Miyamoto C, Maehata Y, Suzuki A, Maeda T, et al. Acidic
extracellular microenvironment and cancer. Cancer Cell Int. 2013;13(1):89.
Wojtkowiak JW, Verduzco D, Schramm KJ, Gillies RJ. Drug resistance and cellular
adaptation to tumor acidic pH microenvironment. Mol Pharm. 2011,8(6):2032-8.
Taha TA, Mullen TD, Obeid LM. A house divided: ceramide, sphingosine,
and sphingosine-1-phosphate in programmed cell death. Biochimica et
Biophysica Acta (BBA)-Biomembranes. 2006;1758(12):2027-36.

38.

39.

40.

41.

42.

43.

44,

Page 5 of 5

Olowokure O, Qi X. Pancreatic cancer: current standards, working towards a
new therapeutic approach; 2014.

Sharma B, Kanwar SS. Phosphatidylserine: A cancer cell targeting biomarker.
In: Seminars in cancer biology: Elsevier; 2018.

Kenis H, Reutelingsperger C. Targeting phosphatidylserine in anti-cancer
therapy. Curr Pharm Des. 2009;15(23):2719-23.

Kunzelmann-Marche C, Freyssinet JM, Martinez MC. Regulation of
phosphatidylserine transbilayer redistribution by store-operated Ca2+ entry:
role of actin cytoskeleton. J Biol Chem. 2001;276(7):5134-9.

Ran S, Thorpe PE. Phosphatidylserine is a marker of tumor vasculature and a
potential target for cancer imaging and therapy. Int J Radiat Oncol Biol
Phys. 2002;54(5):1479-84.

Mandal D, Moitra PK, Saha S, Basu J. Caspase 3 regulates phosphatidylserine
externalization and phagocytosis of oxidatively stressed erythrocytes. FEBS
Lett. 2002;513(2-3):184-8.

Fadeel B, Xue D. The ins and outs of phospholipid asymmetry in the plasma
membrane: roles in health and disease. Crit Rev Biochem Mol Biol. 200944(5)264-77.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



	Abstract
	Background
	SapC-DOPS
	Theraeutic studies of SapC-DOPS in cancer cells
	SapC-DOPS combination treatments
	SapC-DOPS clinical trial
	Current challenges and future directions
	Conclusions
	Abbreviations
	Acknowledgments
	Ethical approval and consent to participate
	Authors’ contributions
	Authors’ information
	Funding
	Availability of data and materials
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

