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ABSTRACT 

The cystatins are a super family of cysteine protease inhibitors which are ubiquitous in their biologic occurrence. Cys-
tatin C, a type II cystatin, is primarily a secreted protein found in most biological fluids. Besides acting as inhibitors of 
cathepsin, the cystatins have been found to have some non-inhibitor related functions and multiple physiological roles. 
Much interest has been generated for the cystatins as metastasis “suppressor-like” proteins, as they have been shown to 
inhibit metastasis for multiple cancer types. The sites and actions of the cystatins related to tumor suppressor actions are 
still unclear, however. In this work, we have examined the uptake of cystatin by metastatic melanoma cells in culture. 
Our results indicate cystatin uptake is mediated by a non-canonical endocytotic pathway in B16 murine melanoma cells. 
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1. Introduction 

The cystatins are a super family of cysteine protease in-
hibitors that primarily inhibit cathepsin-type cysteine 
proteases (family C1) [1]. The cystatins serve to block 
excess or inadvertent cysteine protease activity that may 
occur in cells or tissues. Additional physiological roles 
for the cystatins are expanding and include inhibition of 
microbial cell invasion and replication, modulation of 
immune function, and growth factor effect son cells [2-4]. 
The type I cystatins are primarily intracellular proteins. 
However, low levels of extra cellular type I cystatins 
have also been reported and they may therefore influence 
other cells in the vicinity of the cystatin producing cells 
[5]. Type II cystatins are primarily secreted inhibitor 
proteins, which may also have some intracellular actions 
as uptake by cellular endocytosis has been observed in 
vivo and in cells in culture [6]. As secreted inhibitors, 
they may interact with a wide variety of different cell 
types. For instance, uptake of cystatin C into neuroretinal 
ganglion cells has recently been reported [7]. Cystatins 
are able to suppress the metastasis of a variety of cancer 
cell types when over expressed by cancer cells [8,9]. Al-
though a number of studies have examined changes in 
cystatin over-expression effects on cancer cells, exact 
sites of cellular action of the cystatins are still unclear 
[10-12]. The cellular sites of cystatin action are particu-
larly important as cystatins have recently been shown to 

not only interact with non-cathepsin proteins but also 
influence gene expression in cancer cells [13,14]. As 
many cancers types over-express and secrete cathepsins, 
which are also found plasma membrane bound and even 
in nuclei, there are both extra cellular and intracellular 
sites where cystatins may interfere with cathepsin activ-
ity and function in tumor cells [15]. To explore questions 
related to cystatin sites of action and cellular entry we 
have examined the process of cystatin uptake by murine 
melanoma cells in cell culture. 

2. Materials and Methods 

2.1. Cell Culture and Antibodies 

B16F10 melanoma cells were purchased from the ATCC. 
Cells were cultured at 37˚C at 5% CO2 in RPMI 1640 
medium (Atlanta Biological, Inc.) containing 10% fetal 
bovine serum and antibiotics (100 I.U./ml penicillin, 100 
µg/ml streptomycin, and 0.25 µg/ml amphotericin ) (MP 
Biomedicals). Caveolin-1 polyclonal antibody was pur-
chased from Santa Cruz Biotechnology, Inc. and ezrin 
mouse monoclonal antibody was from DSHB, University 
of Iowa, Iowa City, Iowa. Anti-Cystatin C polyclonal 
antibody was purchased from Thermo Scientific. 

2.2. FITC Labeling and Uptake Conditions 

Egg white chicken cystatin (Calbiochem) was labeled 
with FITC for cell uptake experiments. Labeling of cys- *Corresponding author. 
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tatin (100 µg) was carried out in 100 µl of 50 mM 
Na2CO3, 0.85% NaCl buffer containing 0.8 mM FITC 
(Sigma-Aldrich) on a tube rotator for 1 hour at 4oC. Fol-
lowing the reaction, the cystatin solution was dialyzed 
overnight against 1 liter of phosphate buffered saline 
(PBS) at 4˚C. B16F10 melanoma cells were seeded on 
acidpre-treated glass coverslips overnight. FITC-labeled 
cystatin (5 µl (~5 µg cystatin) per 50 µl phenol red-free 
RPMI media plus 10% FBS) was added directly onto 
cells on coverslips and incubation followed for 1 hour at 
37˚C under cell culture conditions. The cells were then 
washed 3× with PBS and fixed with ice cold methanol 
for 10 minutes at −20˚C. In some experiments, 5 µl 
Texas Red dextran, 1 mg/ml (Molecular Probes, Eugene, 
Oregon) was added per 50 µl media at the same time as 
labeled cystatin with parallel incubation conditions as for 
labeled cystatin. Inhibitors were obtained from Sigma- 
Aldrich and used to pretreat the cells as follows: Chlor- 
promazine pretreatment was for 1 hour at 50 µM before 
cystatin uptake. Blebbistatin pretreatment was for 1 hour 
at 100 µM before cystatin uptake. Colchicine and wort-
mannin were used at 50 µM and 100 nM respectively in 
1 hour pretreatment before cystatin uptake experiments.  

2.3. Time Course of Cystatin Uptake into  
Melanoma Cells 

Melanoma cells were plated in 96-well plates at 2 × 104 
cells/well and allowed to attach overnight. FITC-labeled 
labeled cystatin was added to the cells at 1:25 dilution in 
culture medium for various times. Labeled cystatin solu-
tion was then removed and cells were washed with PBS. 
The plate was then read with a BioTek Fl×-800 plate 
reader for recording of the relative fluorescence of the 
wells. 

2.4. Fluorescent Antibody Staining 

The method followed for fluorescent antibody staining 
was from Chan et al. [16]. B16F10 melanoma cells were 
attached to glass coverslips overnight under cell culture 
conditions. After cystatin uptake protocol, cells were 
fixed for 10 minutes with cold methanol at −20˚C. Cells 
were then washed twice with PBS and permeabilized 
with 0.1% Triton × 100 in PBS for 2 minutes followed 
by three additional washes with PBS. Permeabilized cells 
were then blocked with 5% horse serum in PBS for 30 
minutes. Primary antibodies (1:100 diluted in blocking 
solution) were spotted on parafilm in 50 µl drops and the 
coverslips were inverted onto drops for 30 minutes. Fol-
lowing primary antibody, coverslips were washed 3 
times for 5 minutes each with PBS. Fluorescent labeled 
secondary antibodies were then applied as for primary 
with incubation for 30 minutes at room temperature. 
Three PBS washes were again applied, and a brief rinse 
with deionized water was carried out before mounting 

the coverslips on glass slides with Prolong Gold mount-
ing medium (Invitrogen). 

2.5. Fluorescent and Confocal Microscopy 

Fluorescent microscopy was imaged with a Zeiss Axio-
vert 200 M microscope (63× oil with 1.4 NA Plan apo 
lens and an Axiocam MRM camera. Images were cap-
tured with Axiovision version 4.7 software. Confocal 
microscopic analysis and image capture was with a Leica 
SP5 microscope using a 63× oil objective (Leica Micro-
systems, Heidelberg, Germany). 

3. Results and Discussion 

Cystatins are synthesized by virtually all eukaryotic cells, 
and the type II cystatins are secreted cysteine protease 
inhibitors that are found in all body fluids at various lev- 
els [17]. As cystatins are the major cysteine protease in- 
hibitors found in biological fluids, it was of interest to 
examine the interaction and uptake of cystatin into cells 
in culture. The levels of cystatin present in serum, for 
example, might be taken up by endothelial cells and in-
fluence the behavior of these cells. The uptake of many 
different labeled proteins by cells in culture has been 
examined. However, there are very few reports on the 
process of cystatin uptake in metastatic cancer cells. Our 
goal in this study was to probe the process of cystatin 
uptake in a metastatic cancer cells because overexpres-
sion of cystatin in cancer cells or delivery of cystatin to 
cancer cells in vivo has been shown to be effective in 
blocking metastasis [18]. We wished to probe the path-
way of cystatin uptake in cancer cells through the use of 
inhibitors and antibody labeling of potential cellular up-
take components. 

The direct uptake of labeled cystatin from cell culture 
media into metastatic murine B16F10 melanoma cells as 
a model system was investigated. We focused on B16F10 
melanoma because our previous work showed cystatin C 
could significantly inhibit metastasis in mice when over-
expressed in these cells [8]. The type II cystatins are 
found in all biological fluids and therefore are able to 
interact and be taken up by cells these fluids come into 
contact with. Fluorescently-labeled (FITC) chicken cys-
tatin was prepared and added to melanoma cells in cul-
ture such that cellular uptake could be imaged with fluo-
rescent microscopy. We added the FITC-labeled chicken 
egg white cystatin to B16 melanoma cells for a brief pe-
riod of time (10 minutes) and found pretreatment of the 
cells with unlabeled cystatin could partially block cys- 
tatin uptake by the cells (Figure 1). This result suggested 
a potential receptor mediated uptake of cystatin by the 
melanoma cells. A time course of cystatin uptake by B16 
melanoma cells showed a rapid (minutes) cell associated 
cystatin fluorescence followed by a lower level fluores 
cence by 30 minutes (Figure 2). We next wanted to look  
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Figure 1. Uptake of FITC-labeled cystatin into B16F10 
melanoma cells. Cells were incubated with FITC-labeled 
cystatin for 10 minutes, washed twice with PBS, fixed with 
methanol, mounted on coverslips for confocal microscopy. 
(A) without or (B) with unlabeled cystatin (20 ug/ml) pre-
treatment of cells. 
 

 

Figure 2. Time course of cystatin uptake into B16 mela-
noma cells. FITC-labeled cystatin was added to B16F10 m- 
elanoma cells for various times. Following timed cystatin 
exposure, the cells were washed with PBS and fluorescence 
was measured with a fluorescent plate reader. Relative flu- 
orescence was recorded +/− SEM for each time point. 
 
at cystatin uptake under different conditions and test cer- 
tain inhibitors for their actions on cystatin uptake by the 
melanoma cells. When chicken cystatin was added to 
B16F10 melanoma cells for 60 minutes under cell culture 
conditions there was uptake of cystatin into cytoplasmic 
vesicles which ranged in cellular location from general 
cytoplasmic to perinuclear (Figure 3). Exposure of the 
cells to Texas Red-labeled dextran together with the 
FITC-labeled cystatin appeared to label distinct intracel-
lular vesicle populations (Figure 3). This observation 
suggested that each fluorescent label followed a distinct 
endocytotic pathway and that uptake of cystatin is not 
simply macropinocytosis as has been described for dex-
tran particle endocytosis. It was also noted that perinu-
clear regions of the melanoma cells tended to show co- 
localization of both labeled cystatin and dextran. Since 
lysosomes are generally perinuclearin location and repre- 

  
 

  
 

  

Figure 3. Uptake of FITC-labeled cystatin into B16F10 
melanoma cells.Melanoma cells were incubated with both 
labeled cystatin and Texas red dextran beads for one hour 
at 37˚C. Cells were then methanol fixed and in some cases 
stained with fluorescent antibody. ((A), (B)) control uptake 
of cystatin (green) and dextran (red); (C) cystatin uptake 
(green) plus caveolin-1 stained (red); (D) same as c, plus 
additional 2× magnification; (E) control cystatin uptake 
(green) and dextran (red); (F) chlorpromazine pretreated 
for 1 hour. Representative images of cystatin uptake ex-
periments performed in triplicate. Scale bar = 15 µm. 
 
sent a final destination for many endocytosed proteins, it 
appears the bulk of the endocytosed cystatin is destined 
for lysosomes. 

A major endocytotic pathway is through caveolae me-
diated uptake [19]. To examine this possibility, we used a 
primary antibody to caveolin-1 and a secondary TRITC- 
labeled antibody to stain cells which had been fixed and 
permeabilized following one hour exposure to labeled 
cystatin. We found no co-localization of labeled cystatin 
vesicles and caveolin-1 in the melanoma cell periphery 
near the membrane region (Figure 3). This finding sug-
gests uptake of cystatin is not mediated by caveosomes 
or caveolin-1 associated vesicles. To examine potential 
clathrin mediated uptake of cystatin, we pre-incubated 
melanoma cells in culture with chlorpromazine, a known 
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inhibitor of clathrin mediated uptake [20]. We found no 
inhibition of cystatin uptake with chlorpromazine treat-
ment, suggesting cystatin uptake is non-clathrin mediated 
(Figure 1). 

The involvement of the cellular cytoskeleton in endo- 
cytosis is well known. We tested the involvement of my- 
osin II in the uptake of cystatin by pretreatment of the 
cells with blebbistatin, a specific inhibitor of non-muscle 
myosin [21]. No major inhibition of labeled cystatin up- 
take was observed with blebbistatin pretreatment of the 
melanoma cells (Figure 4). In separate experiments, col-
chicine, a microtubule inhibitor, was used to pre-treat 
cells prior to cystatin uptake experiments. No dramatic 
inhibition of cystatin uptake was noted with colchicine 
pretreatment (Figure 4). We did not expect inhibition 
with colchicine as other reports found vesicular traffick-
ing of macropinocytosis most closely linked to micro- 
tubules. Since our earlier dextran uptake showed macro- 
pinocytosis was not involved the lack of colchicine effect 
was not surprising. We did find partial inhibition of cys-
tatin uptake with wortmannin inhibition of phosphoinosi-
tide 3-kinase (PI3K) (Figure 4). It was noted that intra- 
 

  
 

  
 

  

Figure 4. Uptake of FITC-labeled cystatin into B16F10 
melanoma cells, inhibitor treatment. Melanoma cells were 
pre-incubated at 37˚C for 1 hour prior to labeled-cystatin 
uptake experiments. (A) control blebbistatin; (B) bleb-
bistatin treated; (C) control colchicines; (D) colchicine 
treated; (E) control wortmannin; (F) wortmannin treated. 
Representative images of cystatin uptake experiments per-
formed in triplicate. Scale bar = 15 µm. 

cellular vesicles were enlarged which might indicate 
PI3K inhibition interferes with endocytotic vesicle traf-
ficking. PI3K is involved in macrophage and other cell 
phagocytosis through FcγR receptors [22]. Although of 
interest, more work will have to be undertaken to look at 
possible involvement of phagocytosis through a receptor 
mediated pathway in melanoma cells. 

Researchers have described another phagocytic path- 
way in melanoma and some other cancer cell types 
through ezrin linked vacuoles [23]. This phagocytic path- 
way is dependent on the actin cytoskeleton, and vacuoles 
found in this pathway also express lamp1, which might 
be expected for lysosomal destination of the vacuole 
cargo. Our approach to test for ezrin-linked cystatin 
phagocytosis was to allow melanoma cell uptake of la-
beled cystatin and then stain the cells for ezrin. We found 
no clear evidence of ezrin co-localization with fluores- 
cent cystatin which had been taken up (Figure 5). Future 
work should also examine lamp1 and rab5 which are 
endosomal markers linked with ezrin, particularly in light 
of the blockade of metastasis seen with ezrin mutants 
seen in metastatic melanoma [24]. In this work we have 
focused on a general description of the cystatin uptake 
process in metastatic melanoma cells. Information on the 
pathway of cystatin uptake and utilization by cancer cells 
may lead to new ways to exploit influence of cystatinas 
an anti-metastatic agent in the multiple cancer types pre- 
viously studied. 

4. Conclusion 

Work shown here on cystatin and other recent work had 
shown that uptake of cystatin by cancer cells is rapid, se- 
lective, and saturable, all pointing towards an active, spe- 
cific receptor mediated process [25]. First, we have 
demonstrated the bulk of labeled cystatin uptake by 
melanoma cells is not through macropinocytosis. We 
have also extended previous work to show that cystatin 
uptake by melanoma cells is mediated by a non-clathrin 
and non-caveolin endocytotic pathway. The uptake of 
cystatin into melanoma cells requires neither microtubule 
involvement nor myosin II dependence, but the process 
showed some inhibition with wortmannin treatment,  
 

 

Figure 5. Confocal image of labeled cystatin uptake (green) 
plus anti-ezrinantibody stained (red) B16 melanoma cells. 
(A) cystatin uptake, green channel, (B) cystatin uptake and 
anti-ezrin (red secondary). Nuclear stain (blue), Draq5. 
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suggesting PI3 kinase involvement. Ezrin staining did 
not localize with cystatin C uptake vesicles. Future work 
will define the membrane receptor for cystatin, define 
further requirements for cystatin uptake, and examine 
more closely possible involvement of phagocytic path- 
ways for cystatin uptake in metastatic cells. 
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