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Introduction
Tumorigenesis and metastasis are multistep events in which the 

overgrowing and invading cancer cells show a number of alterations 
that allow them to be increasingly self sufficient, promote angiogenesis 
and invade normal tissues. Tumor angiogenesis or the proliferation of 
neo-vessels from the pre-existing microvasculature is a prerequisite 
and a limiting step for tumor growth, restricted by nutrient diffusion 
in the microenvironment [1]. To expand in size and to metastatize, 
tumors must induce an “angiogenic switch”, changing the local balance 
in favor of pro-angiogenic rather than anti-angiogenic factors [2,3]. 

It is well established that a wide variety of proteases are involved in 
angiogenesis regulation and tumor progression, owing to their ability 
to degrade components of the extracellular matrix (ECM). Proteolysis 
can help the cancer cells not only by remodeling the ECM, but also 
by stimulating tumor growth, invasion and angiogenesis by releasing 
growth factors which are embedded in the surrounding matrix [4,5]. 
Among the proteases expressed by tumor cells, many studies have 
reported on the increased expression, activity, cell surface and secreted 
forms of various cathepsins in human cancers [6]. 

Upregulation of cathepsins, in several types of cancer, may have 
diagnostic and prognostic value. Deletion of specific cathepsin genes 
using mouse cancer models allowed suggestions about their individual 
roles in cancer progression.  In RIP-Tag2 mice, an animal model for 
pancreatic islet-cell cancer, deletion of cathepsin B or S reduced tumor 
angiogenesis, whereas cathepsin B- or L-deficient mice showed a 

decrease in tumor cell proliferation [5]. Kruszewski et al. [7] showed a 
positive correlation between high levels of cathepsin B and angiogenesis 
and, agreeing with this, down regulation of cathepsin B was associated 
with angiogenesis suppression [8]. In highly metastatic B16F10 murine 
melanoma, down regulation of cathepsin L impaired cell invasion and 
migration, using antisense constructs [9]. Similarly, melanoma cells 
treated with cysteine protease inhibitors (E-64 or chagasin) showed 
delayed growth in syngeneic mice and increased animal survival [10]. 
Further, the inhibition of cathepsin K greatly reduced melanoma cell 
invasion through Matrigel [11].   

Assuming that cathepsins among functional cysteine proteases 
display various activities related to establishment and development 
of cancer cells, inhibitors of this class of enzymes may have a role in 
anticancer therapy.  Cystatins are natural cysteine protease inhibitors 
with specific activities.  Although the primary function of cystatins 
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Abstract
Study background: Cathepsins are lysosomal cysteine proteases that have increased expression in tumor 

cells, may translocate to the cell surface and be secreted. They play a role in tumor angiogenesis. Cystatins are 
natural cysteine protease inhibitors that can inhibit tumor development, growth and metastasis. In the present work 
we evaluated the potential therapeutic use of sugarcane cystatin CaneCPI-4 as an anticancer drug.

Methods:  Viability, migration, invasion and anchorage-independent growth were investigated in B16F10-Nex2 
melanoma and HUVEC cells in the presence of CaneCPI-4. The in vivo effect of CanceCPI-4 on tumor development 
was assessed using a murine model. Angiogenesis in vitro was evaluated using HUVEC cells plated on Matrigel. 
Immunohistochemical analysis of CD34 expression in primary melanoma was also carried out.

Results:  Sugarcane cystatin CaneCPI-4 was not cytotoxic to melanoma or HUVEC cells growing in vitro, 
but efficiently inhibited melanoma cell development in vivo.  CaneCPI-4 inhibited melanoma and endothelial 
cell migration and tumor invasion in vitro. Using a Matrigel angiogenesis assay, CaneCPI-4 at 1 mM was able 
to completely abolished endothelial cell sprouting in vitro. Angiogenesis inhibition was confirmed in vivo by 
immunohistochemistry.

Conclusions: Sugarcane cystatin CaneCPI-4 inhibits melanoma development in vivo by angiogenesis 
disruption and inhibition of melanoma invasion, migration and anchorage-independent growth.
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is to limit the cysteine protease activity released from lysosomes and 
produced during inflammation [12], they may also interfere in tumor 
development and metastasis [6]. Several studies point to an increased 
ratio of cathepsin to cystatin in most tumor types compared to 
normal tissues [13]. Thus, an imbalance in the levels and activity of 
cathepsins B and L and the levels of cystatins, which are reduced in 
tumor cells, has been observed [14,15]. Further, Nishikawa et al. [16] 
detected significantly higher cystatin levels in benign than in malignant 
ovarian cancers, while no significant difference in serum cathepsin B 
was observed.  Therefore, cystatins could be potential regulators of 
cathepsin activity of potential therapeutic interest [13].

The inhibitory effect of phytocystatins on human breast cancer 
invasion has been recently evaluated.  Sugarcane cystatin, CaneCPI-4, 
showed strong inhibitory activity against cathepsins B and L and 
significantly reduced tumor cell invasion on Matrigel in vitro [17]. 
In the present work, we evaluated the potential therapeutic abilities 
of sugarcane cystatin CaneCPI-4 in a syngeneic mouse melanoma 
model. CaneCPI-4 strongly inhibited melanoma development in vivo 
and was able to decrease angiogenesis in vitro and in vivo. This is the 
first description of using phytocystatins as therapeutic agents against a 
melanoma model in vivo.

Materials and Methods
Mice and cell lineages 

Inbred male C57BL/6 mice, six- to eight-week-old, were purchased 
from the Center for Development of Experimental Models (CEDEME) 
animal facility at Federal University of São Paulo (UNIFESP), and were 
kept in isolators, with autoclaved water and food in spf conditions. The 
animal experiments were carried out in accordance with the UNIFESP 
Ethics Committee for Animal Experimentation.

B16F10-Nex2 is a subline derived from B16F10 murine melanoma 
cells obtained from the Ludwig Institute for Cancer Research (São 
Paulo Branch), syngeneic to C57Bl/6 mice. The melanotic subline 
Nex2 (B16F10-Nex2), isolated at the Experimental Oncology Unit 
(UNONEX) is characterized by low immunogenicity and moderate 
aggressiveness. It forms lethal subcutaneous tumors, with no 
metastasis to the lung unless injected intravenously.  Human umbilical 
vein endothelial cell (HUVEC) line was provided by Julio Scharfstein 
from Federal University of Rio de Janeiro. Cells were maintained in 
complete RPMI 1640 medium, pH 7.2, supplemented with 10 mM 
N-2-hydroxyethylpiperazine-N’-2-ethanesulphonic acid (HEPES), 24 
mM sodium bicarbonate, 10% heat-inactivated fetal calf serum (FCS) 
from Gibco (Minneapolis, MN, USA) and 40 µg/mL gentamicin sulfate 
(Hipolabor Farmacêutica, Sabará, MG, Brazil). 

Recombinant sugarcane cystatin 

Recombinant cystatin from sugarcane was produced in Escherichia 
coli Rosetta (DE3) as described previously [17,18]. 

In vitro viability assays 

B16F10-Nex2 and HUVEC (5x103 cells per well) cells were grown 
on 96-well plates and incubated for 24h with sugarcane cystatins. After 
cell attachment to plastic, the assay was carried out in the presence 
of RPMI medium without fetal calf serum (FCS). Alternatively, 103 
B16F10-Nex2 cells were cultivated on 96-well plates and incubated for 
24h, 48h and 72h with 1µM of CaneCPI-4 in the presence of RPMI 
with 10% FCS. Cell viability was measured using the Cell Proliferation 
Kit I (MTT) (Boehringer Mannheim), an MTT-based colorimetric 

assay for quantification of cell proliferation and viability, following 
manufacturer’s instructions. Readings were performed in a plate reader 
at 570 nm.  

In vitro angiogenesis assay on Matrigel 

In vitro angiogenesis assay on Matrigel was performed as described 
previously [19]. Briefly, BD MatrigelTM Matrix (B&D Biosciences, 
Bedford, MA, USA) was thawed on ice, distributed in 96-well plates 
(15 µL per well) and allowed to polymerize for 1h at 37ºC. HUVECs 
(5 x 103 cells/well) were suspended in 100 µL of RPMI medium 
supplemented with 0.5% of FCS and added to each well in the presence 
of recombinant sugarcane cystatin. The plates were incubated at 37ºC 
for 18h and then images were captured at 8x magnification with a Sony 
Cyber-shot camera coupled to a light inverted microscope. The number 
of pro-angiogenic structures (closed rings arising from dendritic 
extensions of endothelial cells) was counted from 4 different wells, 
and the average value was determined for each sample. HUVECs were 
plated on Matrigel without cystatin, in the control system.

Monolayer wound-healing assay 

HUVEC and B16F10-Nex2 melanoma cells (both 105 cells/well) 
were plated on 12-well plates in triplicates. After cell attachment and 
growth to a confluent monolayer, the medium was pipetted out, replaced 
by PBS and one scratch wound was made with a blue P1000 tip (Fisher) 
in each well. PBS was pipetted out, the serum-free RPMI medium with 
CaneCPI-4 was added to each well and cells were incubated for 16h. 
The plates were observed in a phase contrast microscope and images 
were captured with a Sony Cyber-shot camera coupled to the light 
inverted microscope at 0h and 16h. The cell migration distance was 
determined by measuring the width of the wound and subtracting this 
value from the initial half-width value of the wound. 

Transwell invasion assay 

The Matrigel invasion ability of B16F10-Nex2 melanoma cells 
pre-incubated with CaneCPI-4 was tested using Biocoat Matrigel 
Invasion Chambers (B&D Biosciences, Bedford, MA, USA). Briefly, 
56 µL of Matrigel diluted (1:12) in cold PBS was added on the upper 
chambers of 24-well transwells and incubated for 30 min at 37oC for 
gel formation. After incubation, 500 µL of serum-free RPMI containing 
2x105 cells pre-incubated or not with sugarcane cystatin was added on 
the Matrigel-coated PET filters (8-µm pore size). The lower chamber of 
the transwell unit was filled with 500 µL of RPMI supplemented with 
10% FCS, as chemoattractant. Plates were incubated for 24h at 37ºC 
and then noninvading cells were scraped off on the top of the transwell 
with a cotton swab. Transwell units were removed from 24-well plates, 
fixed for 30 min with methanol and stained with Giemsa’s stain for 15 
min. Invading cells were counted under a light microscope.

Anchorage-independent growth assay

Base layers (0.5 mL) of complete RPMI medium containing 0.5% 
agar were set on 12-well plates in quadruplicate. The bottom agar was 
overlaid with 0.5 mL of 0.35% Agarose containing 5x103 B16F10-
Nex2 cells and CaneCPI-4 at 1 µM. Cultures were incubated for 2-3 
weeks at 37ºC in humidified incubator and the colonies were stained 
with 0.005% crystal violet for more than 1 hour and counted using an 
inverted microscope. 

In vivo tumor protection assay with sugarcane cystatins

Six-to eight-week-old male C57BL/6 mice were injected 
subcutaneously on the right flank with a suspension containing 5 × 104 
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viable cells in 0.1 mL of serum-free RPMI medium in the presence of 
sugarcane cystatin at 1 mM. Alternatively, female mice were injected 
with melanoma cells at the same condition in the presence of 150 nM of 
CaneCPI-4. Measurement of tumor growth was followed with a caliper 
every two days for 60 days and the survival of challenged animals was 
scored and statistically compared. The tumor volume was calculated 
using the formula: V = 0.52 × D12 × D3, where D1 and D3 are the short 
and long tumor diameters, respectively. Maximal volumes of 3 cm3 
were allowed before sacrifice. A group of control and treated animals 
were used for immunohistochemistry analysis. In this case, when 
tumors in the control group reached a diameter of 1 cm, tumors were 
removed and fixed with formalin for immunohistochemical reaction 
and staining.

To investigate the protective effect of recombinant sugarcane 
cystatin on the pulmonary metastatic melanoma model, C57Bl/6 mice 
were inoculated intravenously with 5x105 syngeneic B16F10-Nex2 
viable cells in 0.1 mL for each mouse. Animals received on days 2, 4, 6, 
8, 10 and 12 after tumor cell challenge, i.p. doses of 1 µM of CaneCPI-4 
in 100 µL of RPMI, or PBS, at the same time period. After 15 days, 
the lungs were collected and inspected for metastatic colonization and 
the melanotic nodules were counted at 2X magnification. Data are 
reported as the mean number of tumor nodules ± SE for six or more 
mice per group.

Immunohistochemistry staining

Immunohistochemistry analysis was performed as described 
previously. Briefly, the paraffin-embedded primary melanoma tissues 
were sectioned with a microtome, deparaffinized with xylene and 
rehydrated. Antigen retrieval was possible with citrate buffer (0,01 
M, pH 6.0) for 3 minutes under pressure and blocking of endogenous 
peroxidase  with 6% hydrogen peroxide solution was performed. Tissue 
sections were incubated with polyclonal goat anti-mouse CD34 (C-18) 
(Santa Cruz Biotechnology, CA, USA) at 37ºC for 30 min and then 
overnight at 4ºC. The slides were then incubated with the anti-goat 
secondary antibody conjugated with streptavidin-biotin-peroxidase 
complex (LSABTM+ kit; DAKO, Denmark) and the final reaction was 
developed DAB (3´-3-diaminobenzidine tetrahydrochloride, Sigma, 

Figure 1: CaneCPI-4 is not toxic to B16F10-Nex2 and HUVEC cells. 
B16F10-Nex2 (A) or HUVEC (B) cells (5 x 103) were grown in 96-well plates, 
incubated for 24h with CaneCPI-4 in RPMI medium without FCS and the cell 
viability was measured using MTT reagent. * p < 0.003. Error bars, SD of 
triplicate determinations.

Figure 2: CaneCPI-4 does not modulate B16F10-Nex2 melanoma cell pro-
liferation. B16F10-Nex2 melanoma cells (103) were plated in 96-well plates 
and incubated with CaneCPI-4 at 1 mM in complete RPMI medium. Cell vi-
ability was measured using MTT reagent. Error bars, SD of quadruplicate 
determinations.

Figure 3: Sugarcane cystatin CaneCPI-4 inhibited endothelial cell angio-
genesis on Matrigel in vitro. HUVEC cells (5 × 103) were plated on Matrigel 
supplemented with 0.5% FCS in the presence of CaneCPI-4 at 0.15, 0.5 and 
1 µM. The number of pro-angiogenic structures was counted after 18 h. p 
values in comparison with the control are shown. Error bars, SD of triplicate 
samples. A representative image with results of the three different treatments 
is shown. Scale bar = 100 µm. 
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USA) chromogen substrate for 5 min at 37ºC. The sections were 
counterstained with Mayer’s hematoxylin.

Microvessels were counted from three separated, most highly 
vascularized areas (“hot spots”) as described previously [20]. The 
three areas were identified by scanning the stained tumor at X100 
magnification and vessels were counted at X200 magnification using 
a Nikon digital site by an experienced pathologist. A square grid of 
0.27 mm2 was used. Only vessels wholly within the area of the grid or 
touching the top or left-hand borders were counted.

Statistical analysis 

The data values are means ± SE. Statistical significance was 
determined by the Student’s t test. All experiments were repeated two 
or more times. Reproducible results were obtained and representative 
data are shown. The survival curves were analyzed by the Kaplan 
Meier and log rank significance tests. p-values <0.05 were considered 
significant.

Results
Sugarcane cystatin CaneCPI-4 did not inhibit cell growth in 
vitro 

To study the effect of sugarcane cystatins on cell viability, B16F10-
Nex2 melanoma cells and HUVECs were plated on 96-wells plates 

in the presence of CaneCPI-4 for 24h. Figures 1A and 1B show that 
sugarcane cystatin is not cytotoxic to melanoma and endothelial cells, 
respectively, when growing in a serum-free medium.  CaneCPI-4 had 
no effect either on melanoma or on endothelial cell viability in these 
serum-free conditions and in the concentrations used.

In addition, CaneCPI-4 had no effect on B16F10-Nex2 melanoma 
cell proliferation as can be seen in Figure 2, when sugarcane cystatin 
at 1 µM was incubated with melanoma cells for 24, 48 and 72h in the 
presence of complete RPMI.

CaneCPI-4 inhibited endothelial cell angiogenesis on 
Matrigel in vitro 

The effect of sugarcane cystatin on endothelial cell angiogenesis 
was tested using HUVEC cells plated on Matrigel in the presence of 
CaneCPI-4 (Figure 3). The growth of endothelial cells on Matrigel with 
0.5% of FCS led to the formation of closed rings due to endothelial cell 
tube formation (pro-angiogenic structures) independent of any other 
factor. The addition of CaneCPI-4 clearly inhibited the angiogenic 
process. The inhibitory effect of CaneCPI-4 on endothelial cell 
angiogenesis was dose-dependent and at 1 µM it completely abolished 
endothelial cell sprouting. 

Inhibition of cell migration and invasion by CaneCPI-4 

The ability of sugarcane cystatin to modulate cell migration was 
tested using a monolayer wound-healing assay. B16F10-Nex2 and 
HUVEC cells were seeded and after complete cell confluence, one 
scratch wound was made in each well and CaneCPI-4 was added for 
24h. The cell migration through the gap was determined and the results 
are shown in Figure 4 A. CaneCPI-4 was able to inhibit B16F10-Nex2 
migration 25% and completely abolished HUVEC migration.   

A transwell invasion assay using Matrigel was carried out to 
investigate the effect of recombinant sugarcane cystatin on the invasive 
capability of melanoma cells. B16F10-Nex2 cells were pre-incubated 
with CaneCPI-4 on transwell units coated with Matrigel and the 
invading cells were counted after 24h. The result can be visualized in 
Figure 4B. CaneCPI-4 inhibited significantly melanoma cell invasion 
by 60% compared to control. 

CaneCPI-4 inhibited primary melanoma growth, 
angiogenesis and melanoma lung metastasis 

To assess the effect of sugarcane cystatin on the tumor development 
in vivo, melanoma cells were injected subcutaneously (5 × 104 viable 
cells in 0.1 mL of serum-free RPMI medium) in male syngeneic mice 
together with CaneCPI-4  (0.16 µM), and the tumor growth (maximum 
of 3 cm3) and survival of challenged animals were measured. Animals 
(60%) treated with CaneCPI-4 and challenged with murine melanoma 
cells showed prolonged survival (Figure 5A and B). The same 
experiment was carried out using female mice injected with melanoma 
cells and treated with CaneCPI-4 (0.15 µM). Curiously, none of the 
treated-mice allowed tumor development after challenge (Figure 5C 
and D).

CD34 is an endothelial antigen used to determine the number of 
microvessels hence the degree of angiogenesis in vivo. Upon analyzing 
the immunohistochemical staining, the number or microvessels of the 
untreated group was 2-fold higher than that of the CaneCPI-4-treated 
animals (Figure 6A and B), indicating that angiogenesis in vivo was 
effectively inhibited by CaneCPI-4. 

Figure 4: CaneCPI-4 inhibited cell migration and invasion in vitro. B16F10-
Nex2 melanoma cells and HUVECs at 105 cells/well in 1 mL were seeded on 
12-well plates and after growing to form a confluent monolayer, one scratch 
wound was made. Cell migration (A) was determined by measuring the width 
of the wound at 0h and after 24h incubation. For invasion assay, B16F10-
Nex2 melanoma cells (5 x103) were incubated on transwell units coated with 
Matrigel in the presence of CaneCPI-4 at 1 µM for 24h. Invading cells were 
quantified by counting after crystal violet staining (B). Values are expressed 
in percentage comparing to control. p values comparing to control are shown. 
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p = 0.018

Figure 6: Tumor angiogenesis evaluation in CaneCPI-4-treated animals. B16F10-Nex2 cells (5x104) were injected subcutaneously in C57Bl/6 male in the presence of 
Cane-CPI-4 or PBS. When tumors in the control group reached a diameter of 1 cm, tumors were removed and fixed in formalin for immunohistochemistry analysis of 
angiogenesis by antibodies to CD34. (A) Quantification of microvessels. Error bars, SD of 5 animals. (B) Immunohistochemical analysis of CD34 expression in tumor 
tissue. (a) PBS control and (b) mice treated with CaneCPI-4 at 1 µM.

Figure 5: CaneCPI-4 reduces tumor cell development in vivo. Tumor cells (5x104) were injected subcutaneously in C57Bl/6 male (A and B) or female (C and D) mice 
in the presence of Cane-CPI-4 (open circles), or PBS (control, closed circle). The tumor volume was measured every 2-3 days and the animals were sacrificed at a 
maximum volume of 3cm3. (A and C) Survival plots. (B and D) Tumor volume of individual animals. Statistical analysis of survivals was performed using Kaplan-Meier 
test and p value comparing to control is shown in the Figure. Statistical analysis of survivals was performed using Kaplan-Meier test and p value in comparison with 
the control is shown.
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Treatment of mice challenged intravenously with B16F10-Nex2 
cells was also investigated using sugarcane cystatins. Mice were injected 
intravenously with 5x105 tumor cells in 0.1 mL of serum-free RPMI and 
treated on days 2, 4, 6, 8, 10 and 12 with CaneCPI-4 at 1µM/injection 
in 100 µL of PBS.  In Figure 7A it is shown that animals treated with 
sugarcane cystatin exhibited nodules than animals treated with PBS. 
Lungs of animals treated with CaneCPI-4 and PBS can be visualized 
in Figure 7B.  

Sugarcane cystatin partially inhibited B16F10-Nex2 
anchorage-independent growth 

Melanoma cell line was cultivated in soft agar to verify the effect of 
sugarcane cystatin in the anchorage-independent growth. CaneCPI-4 
effectively inhibited the B16F10-Nex2 cell anchorage-independent 
growth approximately 45% (Figure 8).

Discussion
We have examined the effect of recombinant sugarcane cystatin 

CaneCPI-4 on tumor development in vivo and on cell migration, 
invasion and proliferation in vitro. Cystatins are natural cysteine 
protease inhibitors and its primary function is to regulate cathepsins 
released from lysosomes. A wide variety of cysteine cathepsins is 

known to be expressed in tumor cells and tumor-associated cells and 
such enzymes contribute for cancer progression [6]. In tumor cells, 
cathepsins are upregulated, distributed in endosomal and lysosomal 
vesicles, on the cell membrane, being also secreted and recycled back 
onto the cell.  Extracellular cathepsins are able to degrade extracellular 
matrix proteins such as laminin [21,22], type IV collagen [21], tenascin 
C [23] and cell-adhesion proteins like E-cadherin [24], contributing to 
tumor cell detachment and invasion. Many reports have indicated an 
increased cathepsin to cystatin ratio in different tumors compared to 
normal tissues [13]. Therefore, cathepsin inhibitors could be effective 
as anti-cancer agents.    

The sugarcane cystatin CaneCPI-4 was not toxic to both melanoma 
and endothelial cells growing in vitro, but inhibited endothelial 
cell sprouting in vitro on Matrigel in a dose-dependent manner. 
Endothelial cells rapidly form capillary-like structures in vitro when 
plated on top of a reconstituted basement membrane extracellular 
matrix, such as Matrigel. The differentiation process involves several 
steps in blood vessel formation, including cell adhesion, migration, 
alignment, protease secretion, and tubule formation [25]. To verify the 
ability of sugarcane cystatin to modulate endothelial cell migration, 
a monolayer wound repairing assay was used. CaneCPI-4 (1 µM) 
inhibited melanoma cell migration and completely abolished HUVEC 
migration. The effect of CaneCPI-4 on endothelial cell migration was 
significantly more pronounced than that on melanoma cell migration. 

Anti-angiogenic therapy represents a recognized strategy for 
cancer treatment [26]. Angiogenesis is a fundamental process in tumor 
initiation, development and metastasis. To investigate the effect of 
sugarcane cystatins on angiogenesis-dependent tumor development in 
vivo, C57Bl6 mice were injected subcutaneously with B16F10-Nex2 cells 
in the presence of non-toxic concentrations of CaneCPI-4. CaneCPI-4 
was able to prolong the survival of mice challenged with tumor cells. 
The reduced angiogenesis in treated animals was confirmed by CD34 
staining in the growing tumor. 

CaneCPI-4 was also used to treat animals injected intravenously 
with B16F10-Nex2 melanoma cells and also in this metastatic model 
there was inhibition of pulmonary nodule formation.  In a population 
of tumor cells, the metastatic phenotype is played by a small number 
of selected tumor cells that have survived in the blood circulation, are 
trapped in the capillary beds by adhering either to capillary endothelial 
cells or to subendothelial basement membrane that may be exposed 
[27]. Extravasations may involve mechanisms similar to those used 
during invasion. CaneCPI-4 efficiently inhibited melanoma cell 
invasion in vitro using a Transwell invasion assay. 

It is possible that sugarcane cystatin, considering our assay 
condition, may act on cysteine proteases essential for implantation and 
early development of the metastatic tumor.  Proteases target a great 
variety of substrates that inhibit or stimulate cancer progression, such 
as growth factors, cell death receptors, cystatin-C, galectin, procollagen, 
and other proteases [28]. Besides, proteases can cleave cell-adhesion 
molecules, such as epithelial E-cadherin, leading to the disruption 
of cell–cell junctions [5,29]. These different mechanisms of invasion 
modulated by proteases are not mutually exclusive; they act in concert 
to promote cancer cell spread [30]. The pharmacological inhibition 
or genetically ablation of these protease families promotes reduction 
in cancer cell invasion [24,31,32]. CaneCPI-4 inhibited tumor cell 
invasion in vitro in a Matrigel invasion assay and also reduced lung 
metastasis as natural cysteine protease inhibitors. Besides, CaneCPI-4 
partially inhibited the melanoma cell anchorage-independent growth. 

Figure 7: Effect of sugarcane cystatin in the lung colonization after implanta-
tion of B16F10-Nex2 melanoma cells. C57Bl/6 mice (n=7, control group; n=5, 
treated-group) were injected intravenously with 5x105 B16F10-Nex2 mela-
noma cells. CaneCPI-4 (1µM, ) was administered intraperitoneally (100 µL) 
on days 2, 4, 6, 8, 10 and 12 after tumor cell challenge. Control mice received 
PBS (control, ) at the same time period. Lungs were collected 15 days after 
tumor challenge and the nodules were counted. (a) Total number of lung me-
tastases. Number of lung lesions ± SE. Two independent experiments were 
performed. p = 0.0347, CaneCPI-4 vs control. (b) Lungs from B16-bearing 
mice treated with PBS and CaneCPI-4. 

Figure 8: Anchorage-independent colony growth in soft agar in the presence 
of sugarcane cystatin. B16F10-Nex2 cells (5x103) were cultivated in soft agar 
in 12-well plates as described previously in the presence of CaneCPI-4 at 
1 µM. After 2-3 weeks, the colonies were stained and counted. p values in 
comparison to the control are shown.
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The anchorage independent-survival is the ability of cancer cells to 
proliferate without adhesion to extracellular matrix and is fundamental 
in the invasion process and metastasis.   

Gianotti et al. [17] demonstrated that CaneCPI-4 have different 
inhibitory potencies when acting on human cathepsins B and L. 
CaneCPI-4 effectively inhibited the activity of cathepsin B, with a 
very low Ki of 0.83 nM [17]. We also tested the inhibitory effect of 
CaneCPI-4 against cathepsins K, and S and observed low Ki values in 
the nM order (2.90 nM and 4.38 nM, respectively), suggesting that this 
cystatin can be acting in multiple ways.

The role of cathepsins in angiogenesis modulation has been studied 
in a wide variety of tumor models. Im et al. [33] showed that cathepsin 
B can act as a regulator of the concentration of angiomodulators at the 
level of the endothelium. Besides, cathepsin B appears to contribute 
significantly to melanoma cell spreading and metastatic potential [34]. 
In the RIP1-Tag2 model, cathepsin S is required for angiogenesis and is 
associated with the pathobiology of tumor growth [35]. 

Conclusions
Presently, we demonstrate the potent inhibitory activity of 

CaneCPI-4 against melanoma cells in vitro and in vivo. New therapeutic 
strategies focusing on cysteine protease inhibitors are promising, with 
the possible application of this phytocystatin in anti-cancer strategies.
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