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ABSTRACT
Squamous cell carcinoma (SCC) and melanoma are malignant human cancers of the skin with an annual mortality that
exceeds 10,000 cases every year in the USA alone. In this study, the lysosomal protein saposin C (SapC) and the phospholipid dioloylphosphatidylserine (DOPS) were assembled into cancer-selective nanovesicles (SapC-DOPS) and successfully tested using several in vitro and in vivo skin cancer models. Using MTT assay that measures the percentage of
cell death, SapC-DOPS cytotoxic effect on three skin tumor cell lines (squamous cell carcinoma, SK-MEL-28, and
MeWo) was compared to two normal nontumorigenic skin cells lines, normal immortalized keratinocyte (NIK) and
human fibroblast cell (HFC). We observed that the nanovesicles selectively killed the skin cancer cells by inducing
apoptotic cell death whereas untransformed skin cancer cells remained unaffected. Using subcutaneous skin tumor
xenografts, animals treated with SapC-DOPS by subcutaneous injection showed a 79.4% by volume tumor reduced
compared to the control after 4 days of treatment. We observed that the nanovesicles killed skin cancer cells by inducing apoptotic cell death compared to the control as revealed by TUNEL staining of xenograft tumor sections.
Keywords: Squamous Cell Carcinoma; Melanoma; SapC-DOPS Nanovesicles; Cytotoxic Effect; Cancer Selectivity

1. Introduction
Squamous cell carcinoma (SCC) and melanoma are the
two most common malignant skin cancers. SCCs often
occur in the skin, lung, and head and neck is among the
leading malignant cancers in the United Stated [1]. For
skin SCC alone, there are more than 20,000 new cases
each year and the annual mortality is estimated to be between 1300 and 2300, most of which die from metastatic lesions [1]. Melanoma is the most deadly skin cancer due to its notoriously rapid spreading. An estimated
more than 10,700 persons die from skin cancers each
year, 2000 from SCC and more than 8700 from melanoma [2]. One in 75 Americans has a risk of developing
melanoma in his or her lifetime and the number is increasing each year [2]. Based on the above statistics, new
therapeutic agents that selectively target skin cancer are
needed to decrease the mortality of SCC or melanomas in
patients with skin cancer.
In all normal tissues, Saposin C (SapC) acts as biological activators of lysosomal enzymes [3]. This protein
is a small nonenzymatic glycoprotein with remarkably
*
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heat-stable and protease-resistant qualities and contains
an N-glycosylation consensus sequence and six essential
cysteines [3,4]. Several studies indicated that the degradation of glucosylceramide, sphingomyelin, and galactosylceramide to ceramide via acid β-glucosidase, acid
sphingomyelinase, and acid β-galacotsylceramidase is
enhanced in the presence of SapC [3,5,6]. It has been reported that SapC accumulates along with glycosphingolipids in macrophages of patients with lysosomal storage
diseases [7].
A general property of the saposins family (SapA, SapB,
SapC and SapD) is their lipid membrane binding activity [8] since they play important roles in reorganization
of biological membranes [9-11] and lipid microdomain
assembly [12] as well as in lipid transport [13]. It has
been reported that SapC specifically associates with
lipid membranes by partially embedding into membrane
leaf-lets via the amino- and carboxyl-ends of the protein
helices [8].
We reported previously that SapC preferentially interacts with unsaturated, negatively charged phospholipids
(such as dioleoylphosphatidylserine, DOPS), at acidic pH
[8,14]. It has been reported that phosphatidylserine (PS)
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is relatively abundant on the surface of tumor tissues [15,
16]; it could provide a tumor-specific target for SapC. In
the design of our new therapeutic agent (SapC-DOPS
nanovesicles), we took advantage of two unique properties of tumor cells compared to normal cells. First, neoplastic cells are hypermetabolic and thus produce significant amounts of acid and carbon dioxide as by-products
of anaerobic glycolysis and aerobic respiration, respecttively. As a result, hydrogen ions accumulate in tumor
tissues making the microenvironment acidic in solid tumors (pH ~6) compared to neutral in the normal tissues
(pH ~7) [17,18]. Second, cancer cells posses generalized
membrane alterations [19-21] and “leakiness” of lysosomal enzymes [19]. In support to these unique properties of cancer cells, it has been found that several lysosomal hydrolases are elevated in tumor tissues [22,23].
Therefore, the unique acidic microenvironment with extracellular leakage of lysosomal enzymes makes tumor
tissue an optimal target for SapC.
As reported previously, SapC-DOPS induces caspasemediated apoptotic cell death of cancer cells in culture
[24]. The molecular mechanism of tumor cell entry and
caspase-activation remain unknown [24]. Additional data
from experiments not described here indicate that SapCDOPS has a broad, potent killing effect on several tested
human cancer cells and models, including brain and pancreatic cancers (Wonjton et al. and Chu et al. unpublished data). We hypothesize that SapC-DOPS nanovesicles accumulate preferentially in cancer cells, and conesquently this may trigger acid sphingomyelinase (ASM)derived ceramide signaling cascades to induce apoptosis
of cancer cells. Additional experiments are part of the
ongoing research in our lab to improve our understanding
of the possible mechanism of action of SapC-DOPS cytotoxicity on tumor cells.
In a previous report, we demonstrated that SapC-DOPS
nanovesicles kills cancer cells and induces apoptotic cell
death using a broad range of cancer models [24]. In the
current study, we extended our work and investigated the
cytotoxicity and selectivity of SapC-DOPS using several
in vitro and in vivo skin cancer models.

2. Materials and Methods
2.1. Cell Cultures
The human skin cancer cell lines [SCC (squamous cell
carcinoma), SK-MEL-28 (skin melanoma) and MeWo
(melanoma lymph node metastasis)] and normal nontumorigenic skin cells lines [normal immortalized keratinocyte (NIK) and human fibroblast cell (HFC)] were
cultured with DMEM supplemented with 10% of fetal
bovine serum, 100 units of penicillin/ml, and 10 mg of
streptomycin/ml. All cells were cultured at 37˚C in 5%
CO2. No cross-contamination was found in these cells.
Copyright © 2012 SciRes.

2.2. Preparation of Proteins and Nanovesicles
SapC was produced as previously described [4]. Briefly,
recombinant saposins were expressed using the pET
system in E. coli cells, followed by purification and
lyophilization steps. Then, SapC was spontaneously incorporated into the lipid bilayer of the liposomes upon
sonication. Following sonication and ultracentrifugation
to pellet SapC-DOPS coupled liposomes, no SapC was
detected in the supernatant fraction, implicating a very
high loading/coupling efficiency [25].

2.3. Cell Viability Assay
Dose-dependent killing of skin cancer and normal cells
by SapC-DOPS was investigated using3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)dye assay as previously described [24,25]. Cells seeded
(1 × 104/100 µl/well) in 96-well flat-bottom tissue culture
plates (Falcon, Becton Dickson Labware, Franklin Lakes,
NJ) were cultured for 24 h prior to the addition of SapCDOPS or PBS vehicle to the culture medium. Three days
after initiating treatment, a standard MTT-dye assay (Sigma) was carried out to measure viable cells. Experimental conditions: cells (1 × 104/100 µl/well) were cultured
for 24 h prior to the treatment. Experiments were performed at least twice.

2.4. MTT Data Analysis
MTT experiments were performed in quadruplicate and
data were analyzed by ANOVA. The data presented are
the arithmetic mean ± SEM. T-test analysis or Two-way
ANOVA Tukey test were used to determine statistical significance for experiments with two or greater than two
groups, respectively. Analyses were done with SPSS
12.0.

2.5. Terminal Deoxynucleotidyl
Transferase—Mediated dUTP Nick End
Labeling (TUNEL) Assay for Apoptosis [24]
In vivo apoptosis in SCC cancer cells inducted by SapCDOPS was determined by TUNEL assay (terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling), using Cell Death Detection Kit, POD (Roche
Applied Science, Germany) as described by the manufacturer protocol.

2.6. Subcutaneous SCC Tumor Model
SapC-DOPS nanovesicles effect on the growth of skin
cancer tumors (tumor reduction comparison) in tumor
bearing mice was investigated using SCC cells. Athymic
nude mice (Nu/Nu) were injected on the upper-back with
5 × 106 SCC cells subcutaneously to initiate tumor
growth. Single subcutaneous administration around the
JCT
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tumors of either SapC (10 mg/Kg)/PS (2 mg/Kg) or
placebo (PBS control) was done on Day 6 (n = 9 tumors
for each group). The tumor size was determined by caliper measurements [26,27].

Cell Death (%)

3.1. SapC-DOPS Nanovesicles Are Toxic to Skin
Cancer Cells but Not to Normal Cells
In a previous report, we demonstrated the cytotoxicity
due to SapC-DOPS using a variety of tumor models including neuroblastoma, malignant peripheral nerve sheet
tumor (MPNST) and breast cancer cells [24]. In this paper, we measured this cytotoxicity on skin cancer cells.
First, we determined the optimal molar ratio of SapC and
DOPS for maximal killing effect. We found that ratios
between 1:5 and 1:10 had maximal in vitro cytotoxicity
SCC cells (Figure 1).
Then we tested the SapC-DOPS IC50 (inhibitory concentration that induces 50% cell death) using SK-MEL28 melanoma cells at three different SapC-DOPS molar
ratios (1:3, 1:7 and 1:10). As summarized in Table 1, the
best IC50 (19.5 ± 11.0 µM SapC and 136.6 ± 78.0 µM
DOPS) was obtained at a 1:7 ratio. No significant effect
was observed with addition DOPS or SapC alone (Table
1). These data indicate that the observed cytotoxic effect
requires coupled SapC-DOPS nanovesicles.
To demonstrate that SapC-DOPS nanovesicles specifically induce skin tumor cell killing, the effect of these
nanovesicles was tested on three skin cancer cell lines
(SCC, MeWo and SK-MEL-28) and untransformed normal lines (NIK keratinocyte and HFC fibroblast). As
shown in Table 2 (left column), after 3 days of the starting point, the untreated samples lost only 4% - 16% of
the cells for both normal (NIK and HFC) and cancerous
human skin cell lines (SCC, SK-MEL-28 and MeWo).
Conversely, when the cell lines were treated (Table 2,
right column), only those cancerous cells induced killing
in the range of 57% - 82% based on the line. In other
words, when the cells, in their respective growth media,
were treated with SapC-DOPS, the majority of the tumor
cells died by apoptosis compared to their untreated controls, while the NIK and HFC cells remained viable compared to their untreated controls.

DOPS = 300 M
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Figure 1. SapC-DOPS vesicles are cytotoxic against skin
cancer cells. Squamous cell carcinoma (SCC) cells were
used to determine the optimal concentration of SapC for
maximum cytotoxic effect.
Table 1. SapC-DOPS vesicles cytotoxicity at different molar
ratios (DOPS:SapC). MTT assay was carried out after culture of the treated cells for 3 days. The data are pre- sented
as the arithmetic IC50 mean ± SEM of four inde- pendent
samples. The IC50 (µM) is represented using either SapC
concentration or DOPS concentration in (µM).
SK-MEL-28 melanomas IC50 (µM)

Samples

SapC

DOPS

SapC + DOPS (1:3)

99.8 ± 13.0

299.3 ± 39.0

SapC + DOPS (1:7)

19.5 ± 11.0

136.6 ± 78.0

SapC+ DOPS (1:10)

81.3 ± 13.2

813.4 ± 132.3

SapC only

786.0 ± 25.4

DOPS only

14193.4 ±1886.0

Table 2. Antineoplastic activity of SapC-DOPS in human
cancer cells. MTT assay was carried out after culture of the
treated cells for 3 days. The data are presented as the arithmetic IC50 mean ± SEM at least two independent samples.
Experiments were performed at (SapC:DOPS) 1:3 ratio
(SapC = 100 µM; DOPS = 300 µM). NIK: normal immortalized keratinocytes. HFC: human fibroblast cells. SCC:
squamous cell carcinoma.
Human Skin Cellsa
SCC

a

SK-MEL-28

3.2. SapC-DOPS Shows in Vivo Anti-Skin Tumor
Activity

Copyright © 2012 SciRes.

3

DOPS: SapC Ratio (mole:mole)

a

MeWoa

We conducted an experiment to investigate the effectiveness of SapC-DOPS on the growth of skin tumors in a
subcutaneous SCC xenograft mouse model. SCC cancer
cells were used to generate tumors in athymic mice (Nu/
Nu). SCC cells (5 × 106 cells) were injected subcutaneously into the upper back of mice. The tumor masses
were measured every two days using a pair of calipers
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Keratinocyte: NIK
Fibroblast: HFCb
a

b

SK-MEL-28 melanomas IC50 (µM)
Untreated

SapC-DOPS

7.4 ± 2.8

57.8 ± 4.6

7.7 ± 3.2

76.2 ± 6.8

8.3 ± 2.6

81.9 ± 5.4

16.1 ± 8.4

18.2 ± 6.7

4.4 ± 1.6

7.3 ± 4.1

b

Skin Cancer cell lines. Normal skin cell lines.

and the formula V = (π6)LW2 (V = volume, L = length,
W = width) [24]. To show the success of the subcutaneous injections and the pathology of tumors for both cell
lines, representation of H&E staining of xenogratfed skin
cancer tumors on day 2 are shown in Figure 2. On day 6
JCT
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post-implantation, the mice were randomized into two
groups. One group was administered with SapC-DOPS
nanovesicles and the other group was admini- stered with
the vehicle (PBS). At day 10, the SapC-DOPS treated
group had a mean reduction of 79.4% in tumor by
volume compared to the control (Figure 3). The difference in volumes between the treatment and control
groups at post-implantation day 10 was significant (p <
0.0136). These results indicate that SapC-DOPS induces reduction of skin tumor in xenograft-bearing nude
mice.
This mouse model allowed us to determine in vivo apoptotic cancer cell death induced by SapC-DOPS. To visualize apoptotic cells in tumor tissues from mice treated
with SapC-DOPS, TUNEL assay was used on fixed
sections of tumor tissue from animals harvested at day
10.
As shown in Figure 4, SapC-DOPS-treated sections
showed abundant apoptotic cell death (pink or brown
cells by TUNEL staining) for SCC (Figure 4(A)) and
MeWo (Figure 4(B)) compared to the negative control
(sections of tumor treated with DOPS alone for SCC
(Figure 4(C)) and MeWo (Figure 4(D)). Our previous
report supported the notion that SapC-DOPS kills cancer
cells at least in part through the accumulation of cera-

(a)

(b)

Figure 2. H & E staining of SCC (a) and MeWo (b) from
paraffin sections of tumor tissue. The xenografts were dissected from mice skin after 48 hours of subcutaneous tumor
cell injection in nude mice. Original magnification, ×40.
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Figure 3. Treatment of nude mice bearing human squamous
cell carcinoma (SCC) tumors with SapC/DOPS complex.
After 10 days of treatment, the tumor reduction rate was
calculated and it was reduced by 79.4% compared to the
control.
Copyright © 2012 SciRes.

C

D

Figure 4. The tumor tissue for SapC-DOPS-treated animals
contained abundant apoptotic cells by TUNEL staining
(pink or brown) for SCC (A) and MeWo (B). As a negative
control, animals with were treated with DOPS alone for
SCC (C) and MeWo (D) tumors. Original magnification,
×200.

mides, leading to caspase activation and apoptotic cell
death [24].
In this study, we tested the cytotoxicity and selectivity
of a promising novel biotherapeutic agent composed of
two natural cellular components that spontaneously assemble into stable nanovesicles (SapC-DOPS). Based on
our current results, we demonstrated that SapC-DOPS nanovesicles can induce selective killing of skin tumor cells.
In cell assays, SapC-DOPS induced the death of the skin
cancer cell lines SCC, MeWo and SK-MEL-28, while untransformed skin cell lines (NIK and HFC) remained
unaffected. In vivo, using a subcutaneous SCC skin tumor
xenograft model in nude mice, repeated injections of SapCDOPS nanovesicles inhibited tumor growth and induced
tumor apoptosis. The current report supports the notion
that SapC-DOPS selectively kills skin cancer cells as
indicated in previous reports on other tumor models [24].
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