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Abstract: Up to 80% of the patients with metastatic breast cancer (BC) and 85% of the patients with 
metastatic prostate cancer (PC) are diagnosed with bone metastases (BM). Degradation of the bone 
matrix occurs during metastasis and, subsequently, collagen type I is degraded into fragments that are 
released into serum and urine. Some of these fragments have been identified as strong prognostic 
markers in patients with BM. This fact led to the hypothesis that these by-products of collagen 
breakdown could play a role in the metastatic cascade. Thus, the overall goal of this Thesis is to 
contribute for unravelling the putative biological activity of collagen type I fragments. We aimed at 
assessing the effect of selected fragments at the cellular level in order to understand how functional 
characteristics, like proliferation, migration and invasion, of the BC and PC cells, might be affected in 
their presence. Hydroxyproline (Hyp) isomers (HO-L-proline, HO-D-proline), hydroxylysine (Hyl) and 
deoxypyridinoline (DPD) were chosen for this study. Breast MDA-MB-231 and prostate PC-3 were the 
selected cancer cell lines to evaluate the role of those collagen fragments on the early stages of the 
metastatic cascade. Our results have shown that the Hyp isomers and Hyl did not induce significant 
effect on the cellular proliferation. DPD presented moderate anti-proliferative effect on PC-3 cells. The 
same compound had an opposite effect in MDA-MB-231 cells. Hyl and DPD did not influence greatly the 
migration and invasion of both cell lines, in comparison to untreated cells. Brought together our results 
have shown that DPD is the only fragment tested that displays a biological effect in cancer cell lines, 
namely in proliferation, which might potentially affect the tumour burden in advanced BC and PC. 
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Introduction 

 

Collagen, the most abundant protein in 
mammalian organisms, is the most prevalent 
component of extracellular matrix (ECM) that 
provides mechanical support to connective tissues 
and controls a wide range of cellular functions, 
such as growth, differentiation and 
morphogenesis [1,2].  
The structural unit of a typical collagen is a long 
and thin protein that consists of three coiled 
chains. Each chain is wrapped around one 
another in a right-handed triple helix. The triple-
helical structure of collagen arises from an 
abundance of three amino acids, resulting in a 
repeating XaaYaaGly sequence, where Xaa and 
Yaa can be any amino acid whereas glycine (Gly) 
is always a third residue. The amino acids in the 
Xaa and Yaa positions of collagen are often (2S)-
proline (Pro, 28%) and (2S,4R)-4-hydroxyproline 
(Hyp, 38%), respectively [1]. The type I collagen is 
the most common form of fibrillar collagen, 
constituting 90% of the organic matrix of bone. It 
is the archetypal collagen in that its triple helix has 
no imperfections whereas other collagen types 
can have interruptions in the triple helix and do 
not necessarily assemble into fibrils [1,3].  
The bone matrix is composed of 35% of osteoid 
component and 65% of mineral component. The 

bone-forming cells include osteoblasts and 
osteocytes, while bone-digesting cells include 
osteoclast precursor cells and mature functional 
osteoclasts [4]. Osteoblasts become osteocytes 
when engrafted in the bone or undergo apoptosis 
if deposited to new bone matrix [5]. The bone is a 
very dynamic tissue and subject to constant 
breakdown and renewal, a process referred to as 
bone remodelling. This phenomenon is 
determined by the relationship between osteoblast 
activity, which forms new bone, and osteoclast 
activity, which resorb bone. In normal health, this 
relationship is finely balanced [4,6]. Cancer 
metastasis to bone can alter bone physiology 
resulting in unbalanced bone remodelling. In this 
situation the degradation of collagen is activated, 
i.e., it occurs the cleavage of mature collagen, 
which leads to the release of amino-terminal 
(NTX-I) and carboxy-terminal (CTX-I) crosslinked 
telopeptides of type I collagen of various sizes into 
plasma [7]. These fragments are attached to 
helical portions of a nearby molecule by a 
pyridinium cross-link. When the fragments are 
carried to the liver and kidney they are finally 
broken down to their constituent amino acids 
derivatives, including hydroxyproline (Hyp) and 
hydroxylysine (Hyl), and cross-links, including 
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pyridinoline (PYD) and deoxypyridinoline (DPD). 
PYD and DPD are pyridinium cross-links of bone 
collagen, naturally fluorescent, that play a crucial 
role in maintaining the structure of the collagen-
fibril network [8]. PYD cross-links result from the 
post-translational combination of three Hyl 
residues, whereas DPD cross-links result from the 
post-translational combination of two Hyl residues 
with one lysine residue. PYD cross-links are found 
in collagen in bone, cartilage and other connective 
tissues, whereas DPD is almost exclusive to bone 
[9]. Both PYD and DPD have been found to be 
elevated in patients with metastatic bone disease. 
However, in a separate study, DPD was a more 
sensitive indicator of bone resorption in patients 
receiving bisphosphonates therapy [10]. Urine 
levels of DPD are markedly abnormally high in 
majority of patients with breast and prostate 
cancers metastatic to bone [11].  
Hydroxyproline is produced by hydroxylation of 
the amino acid proline [8]. Although urinary Hyp is 
a useful indicator of accelerated collagen 
breakdown in metastatic bone disease, it lacks 
sensitivity and specificity to small changes in bone 
metabolism [9].  
Hydroxylysine is a hydroxylated derivative of the 
amino acid lysine. During collagen biosynthesis, 
Hyl residues become glycosylated in two forms, 
glycosyl-galactosyl-hydroxylysine (GGHL) and 
galactosyl-hydroxylysine (GHL) [12]. Although 
hydroxylysine-glycosides have potential as 
markers of bone resorption, their major limitation 
is the absence of a current immunoassay format 
[13]. Hyl is a better marker of bone turnover than 
Hyp because its glycosylated forms (GHL) are not 
metabolized and are not influenced by dietary 
components [14,13].  However, both Hyp and Hyl 
are found in certain serum proteins. This 
disadvantage makes them less specific indices of 
bone resorption in comparison to DPD [14]. 
Within this work we decided to analyse the effect 
of some type I collagen derivatives mentioned 
before, Hyp (HO-L-proline and HO-D-proline), Hyl 
and DPD, on the breast and prostate cancer cells. 
Those fragments have “simple” chemical 
structures and low molecular weight as compared 
to the complete set of collagen type I fragments. 
 
Materials and Methods 
 
Bone collagen fragments 
The synthetic collagen fragments selected for the study 
are identified specifically as: trans-4-hydroxy-D-proline 
(herein HO-D-proline), trans-4-hydroxy-L-proline (herein 
HO-L-proline), DL-5-hydroxylysine hydrochloride 
(herein Hyl) and deoxypyridinoline·TFA salt (herein 
DPD). The first three compounds were provided by 
Sigma-Aldrich [15]. The last compound (5 mg, 6% 
water, 34.4% trifluoroacetic acid (TFA)) was purchased 
to PolyPeptide Group, a French company [16]. 
 

Cell culture 
The human prostate PC-3 and breast MDA-MB-231 
cancer epithelial cell lines were purchased from the 
American Type Culture Collection (ATCC). PC-3 cells 
were maintained in Roswell Park Memorial Institute 
(RPMI)-1640 medium containing 10% (v/v) fetal bovine 
serum (FBS) and 1% antibiotics 
(penicillin/streptomycin). MDA-MB-231 cells were 
maintained in high-glucose (4.5 g/L) Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 
stable glutamine (glutaMAXTM), 10% FBS and 1% 
penicillin/streptomycin. Both cancer cell lines were 
maintained in a 5% CO2 incubator at 37ºC in a 
humidified atmosphere. 
 
Proliferation assay 
The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium 
bromide (MTT) and AlamarBlue® assays were 
performed to determine cell viability. For the MTT 
(Sigma-Aldrich) assay, a total of 2x104 cells per well 
(200 µL) were seeded in 96-well plates and incubated 
overnight to adhere. After 24h, all compounds at 
selected concentrations were solubilized in medium and 
added to the cells. After 48h of incubation the medium 
was discarded and 0.5 mg/mL of MTT in phosphate 
buffer pH 7.2 was added to the cells. After 2 hours and 
half of incubation, the medium was washed away and 
then the purple crystals of formazan were solubilized in 
100 µL of dimethyl sulfoxide (DMSO). The absorbance 
in each well was read at 570 nm using an ELISA plate 
reader. For AlamarBlue® (Invitrogen) assay, a total of 
1x104 PC-3 cells and 7.5x103 MDA-MB-231 cells per 
well were seeded in 96-well plates and incubated 
overnight to adhere. After 24h, the compounds at 
selected concentrations were solubilized in medium and 
added to the cells. After 48h of incubation, 10 µL of 
alamarBlue® reagent was added in each well of the 
plates. After 2 hours and half of incubation, 
fluorescence signals of each plate were measured on a 
microplate reader (Infinite 200 multimode Reader, 
Tecan).  
 
Migration assays 
Migration of cancer cells was assessed using in vitro 
wound healing assays. 3x104 PC-3 cells and 1.5x104 
MDA-MB-231 cells per well were cultured in 24-well 
plates supplemented with medium containing 10% FBS 
until the confluence was reached. All cells were serum-
starved during 24h. After incubation, the medium was 
washed away and the monolayers of all wells were 
scratched using a 200 µL pipette and washed with 
medium to remove loose cells and then cultured up to 
24h with medium stimulated with 2 mM Hyl and 0.182 
mM DPD. Images were obtained using phase-contrast 
microscopy (ZEISS AxioCam ERc5s), with 40 × 
magnification. The wound areas of each well were 
measured using ImageJ® software. Migration of these 
cells was also evaluated using in vitro chemotaxis 
assay (ChemoTX®, Neuroprobe). On the lower 
compartment of the device it was added each cancer 
cell line medium, stimulated with each prepared 
compound (2 mM Hyl; 0.182 mM DPD), serum-free. On 
the top of the filter membrane it was added 2x104 cells 
(PC-3, MDA-MB-231), 50 µL for each well, serum-free. 
The areas of migrated cancer cells were obtained using 
Leica microscope, with 100 ×  magnification, and 
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measured using ImageJ® software.  
 
Invasion assay 
Invasion of cancer cells was evaluated using 
chemotaxis assay (ChemoTX®, Neuroprobe), which 
was performed in a 96-well chamber with polycarbonate 
filter (8 µm pore size). The filter was coated with 1.5 
mg/ml human type I collagen (StemCell Technologies) 
in cell culture media, serum-free, during 1h, at 37ºC. 
Each cancer cell line medium stimulated with each 
prepared compound (2 mM Hyl; 0.182 mM DPD), 
serum-free, was added to the lower compartment of the 
device. The filter membrane was added to the upper 
compartment and on the top it was added 2x104 cells 
(PC-3; MDA-MB-231), 50 µL for each well, serum-free. 
The assay was incubated for 24h at 37ºC. The medium 
on the upper chamber was removed. The medium on 
the lower chamber was removed and it was added 
2.34% paraformaldehyde (PFA) solution in PBS buffer 
during 10 minutes. The solution was removed and the 
fixed cells on the filter membrane were stained with 
crystal violet (Sigma-Aldrich). The violet solution was 
washed away and the non-invasive cells were removed 
with a cotton swab. Images of the assay were obtained 
using Leica bright field microscope, with 100 × 
magnification. The areas of invasive cancer cells were 
measured using ImageJ® software. 
 
Statistical analysis 
Results from different groups were compared using 
unpaired two-tailed Student’s t-tests. All data are 
expressed as mean ± standard deviation. Values of 
P<0.05 were considered statistically significant. All 
statistical analysis was performed with GraphPad Prism 
5 software (GraphPad Software, Inc.).  
 
Results and discussion 
 
Influence of bone collagen synthetic 
derivatives on cell proliferation 
In the present study we have used two 
proliferative assays, MTT and AlamarBlue®, using 
two important known cancer cell lines, PC-3 and 
MDA-MB-231. We selected those cancer cell lines 
because they present recognized tropism to the 
bone. 
As mentioned before, BM of prostate cancer is 
often blastic. However, according to a study, PC-3 
cells colonized implanted human bone fragments 
with osteolytic lesions. PC-3 cell line produces 
poorly differentiated tumour if inoculated into nude 
mice [17]. MDA-MB-231 cells form typical 
osteolytic BM when inoculated into the arterial 
circulation of mice. 
As regards the isomers HO-L-proline and HO-D-
proline, the results of both proliferative assay 
methods have shown that there is no relevant 
effect on the cell viability of prostate cancer cells 
(Figures 1 and 2). Indeed, there is no statistical 
difference (all p-values superior to 0.05) in cell 
viability on any concentration of HO-L- or HO-D-
proline compared to the controls.  
 

 
Figure 1 – Effect of HO-L-proline concentration on the 
proliferation of PC-3 cancer cells at 48h. A) MTT assay. 
B) AlamarBlue assay. Error bars represent standard 
deviation. P > 0.05 compared to PC-3 cells (control). 
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Figure 2 – Effect of HO-D-proline concentration on the 
proliferation of PC-3 cancer cells at 48h. A) MTT assay. 
B) AlamarBlue assay. Error bars represent standard 
deviation. P > 0.05 compared to PC-3 cells (control). 
 
The results of MTT assay indicate that there is no 
significant difference in PC-3 cell proliferation in 
the presence of Hyl. Regarding alamarBlue 
results, 2 mM Hyl also did not significantly affect 
the proliferation of PC-3 cancer cells.  

Figure 3 – Effect of Hyl concentration on the 
proliferation of PC-3 cancer cells at 48h. A) MTT assay. 
B) AlamarBlue assays. Error bars represent standard 
deviation. P > 0.05 compared to PC-3 cells (control). 
 
Similarly to the HO-Proline isomers and Hyl, the 
MTT assay results show that there is no influence 
of DPD in the viability of PC-3 cells compared to 
the control, in the range of concentrations tested. 
Interestingly, in the case of the AlamarBlue assay, 
DPD presents moderate anti-proliferative activity 
in this cell line (65.8% proliferated PC-3 cells, at 
0.182 mM DPD, with P < 0.01).  
 

Figure 4 – Effect of DPD concentration on the 
proliferation of PC-3 cancer cells at 48h. A) MTT assay. 
B) AlamarBlue assay. Error bars represent standard 
deviation. *P < 0.05 compared to PC-3 cells (control). 
 

Similarly to what has been observed in PC-3 cells, 
the results of MTT and AlamarBlue proliferative 
assays have shown that the compounds HO-L-
proline, HO-D-proline and Hyl had no influence in 
the viability of the breast cancer cell line tested 
(Figure 5 and 6) in the concentration range used.  
 
 

 
 
 
Figure 5 – Effect of Hyp isomers concentrations on the 
proliferation of MDA-MB-231 cancer cells at 48h, 
assessed by MTT assays. A) HO-L-proline. B) HO-D-
proline. Error bars represent standard deviation. P > 
0.05 compared to MDA-MB-231 cells (control). 
 
Regarding the nature of Hyp isomers, the D form 
is an optical isomer, the mirror image of the L-
isomer. All amino acids and derivatives in L form 
are found in animals and plants whereas D-
isomers of amino acids are synthetics and are 
used in synthetic peptides, which lead to higher 
resistance to proteases and, consequently, a 
higher stability in biological environments [18]. 
However, our results indicate that the isomers of 
Hyp, HO-L-proline and HO-D-proline, have a 
similar influence on the cell growth of both cell 
lines tested. 
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Figure 6 – Effect of Hyl concentration on the 
proliferation of MDA-MB-231 cancer cells at 48h. A) 
MTT assay. B) AlamarBlue assay. Error bars represent 
standard deviation. P > 0.05 compared to MDA-MB-231 
cells (control).  
 
Concerning the influence of DPD in the 
proliferation of MDA-MB-231 cells (Figure 7), MTT 
results show that there is a statistical difference at 
0.182 mM DPD on MDA-MB-231 cells compared 
to the control (108% proliferated cells with 
P<0.05). According to alamarBlue results, 
although p-value is superior to 0.05 for 0.182 mM 
DPD, the effect of DPD on these cells showed at 
least 20% increase in cellular viability, therefore, 
both proliferative assays suggest that DPD 
enhances proliferation on breast cancer cells.  

Figure 7 – Effect of DPD concentration on the 
proliferation of MDA-MB-231 cancer cells at 48h. A) 
MTT assay. B) AlamarBlue assay. Error bars represent 
standard deviation. *P < 0.05 compared to MDA-MB-
231 cells (control). 
 
Brought together the results show that DPD, the 
cross-link of collagen, induce higher cell growth of 
MDA-MB-231 and inhibited the cell growth of PC-
3. Since DPD has differentially affected the cell 
proliferation on both cell lines, further genomic 
studies, for instance, are needed to better analyse 
the signalling pathways of breast and prostate 
cancer cells in the presence of relevant collagen 

type I fragments. 
The differences found among the results obtained 
using the two proliferative assay methods could 
be due to intrinsic differences of the methods 
related with the proper metabolism of each cell 
line. The methods evaluate metabolic active cells, 
through the analysis of different metabolites. MTT 
assay is a colorimetric method in which the 
yellowish water-soluble MTT is converted into an 
insoluble compound, purple formazan, which is 
formed upon the action of mitochondrial 
dehydrogenases [19]. MTT is based on the 
cleavage of the tetrazolium salt MTT in the 
presence of an electron-coupling reagent. 
Tetrazolium salts are cleaved to formazan by 
enzymes of the endoplasmic reticulum. This 
bioreduction occurs in viable cells, and is related 
to NADPH production through glycolysis. 
Whereas AlamarBlue® assay is another 
fluorimetric method that incorporates an oxidation-
reduction indicator that fluoresces and changes 
colour in response to chemical reaction resulting 
from cell metabolism [20]. This assay monitors the 
reducing environment within the cytosol of the 
cells. Resazurin, the active ingredient, is blue, 
non-fluorescent, water-soluble, stable in culture 
medium, non-toxic and permeable through cell 
membranes. As the resazurin dye accepts 
electrons it is reduced to resorufin, a compound 
that is red in color and highly fluorescent. Viable 
cells continuously convert resazurin to resorufin, 
increasing the overall fluorescence [19,21]. Both 
assays are designed to measure quantitatively 
cell viability, i.e., the absorbance or fluorescence 
of these metabolized products correlates 
proportionally to the number of living cells in the 
culture [20]. In addition, the results might detect 
possible changes in intracellular metabolism 
instead of the cellular proliferation.  
 
Influence of bone collagen synthetic 
derivatives on cell migration 
Migration in vivo is the directed movement of cells 
within tissues or between different organs. Being 
part of the metastatic cascade, migration is 
essential for cancer cells to spread and colonize 
different organs [22].  
Herein, we have decided not to include HO-L-
proline and HO-D-proline in further cell assays as 
we do not observe any alterations in the cellular 
morphological characteristics, typically associated 
with migration and invasion, in the presence of 
these amino acids. Additionally, those compounds 
also did not influence cell proliferation as shown 
before. Thus, we have evaluated how the 
synthetic collagen derivatives Hyl and DPD 
affected the migratory potential of PC-3 and MDA-
MB-231 cell lines.  
The images, presented in figures 8 and 10, 
represent the wound-healing assay in presence of 
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the compounds during 24h. Surface areas of 
migrated cells were calculated by measuring the 
decrease of the uncovered region at two time 
points, 0 h and 24 h, until the “wound” is closed.  
 
 

 
Figure 8 – Representative images of wound-healing 
PC-3 migration assay. A) Control cells at 0h; B) Control 
cells at 24h; C) Cells tested with Hyl at 0h; D) Cells 
tested with Hyl at 24h; E) Cells tested with DPD at 0h; 
F) Cells tested with DPD at 24h; t=0h: before migration; 
t=24h: after migration. 

 
Overall there are no statistical differences of the 
effect of Hyl and DPD fragments on the migration 
of PC-3 cells in comparison to the control (Figure 
9). However, in the wound-healing assay (graph 
A), we could observe a tendency: PC-3 cells 
stimulated with Hyl and DPD tend to migrate more 
than the non-stimulated cells. 
 
 

 
 
 

Figure 9 – Migration assay of PC-3 cells, at control, 
and tested with 2 mM Hyl and 0.182 mM DPD. A) 
Wound-healing assay. B) Chemotaxis assay. P > 0.05 
compared to the control. 
 
Both figures 8 and 10 suggest that MDA-MB-231 
and PC-3 cells have different cellular morphology, 
which confirms they have specific intracellular 
pathways. However, comparing those figures, 
both cell lines appear to have similar migratory 
patterns. 

 

Figure 10 – Representative images of wound-healing 
MDA-MB-231 migration assay. A) Control cells at 0h; 
B) Control cells at 24h; C) Cells tested with Hyl at 0h; 
D) Cells tested with Hyl at 24h; E) Cells tested with 
DPD at 0h; F) Cells tested with DPD at 24h 
 
The migratory potential of PC and BC cells 
involves the loss of epithelial phenotype and the 
gain of mesenchymal phenotype, which is a 
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migratory phenotype. In theory, mesenchymal 
migration involves strong focal attachment to the 
ECM and elongated spindle-like cell bodies [23]. 
The elongated cells might be confirmed 
microscopically through the use of both migration 
assays. It is noteworthy that the ability to migrate 
is a prerequisite to invade. A cell cannot invade 
without migration but can move without invasion 
[22]. 
There is also no statistical differences on MDA-
MB-231 cells in terms of migratory potential, as 
shown in figure 11. As it can be seen in figure A, 
the migration of breast cancer cells is similar for 
all the conditions tested.  
 

Figure 11 – Migration assay of MDA-MB-231 cells, at 
control, and tested with 2 mM Hyl and 0.182 mM of 
DPD. A) Wound-healing assay. B) Chemotaxis assay. 
P > 0.05 compared to the control. 
 
 
Regarding the migration of the PC-3 and MDA-
MB-231 cells through the use of the chemotaxis 
assay, no statistical difference was detected on 
treated cells with the compounds in comparison to 
the untreated cells, which it is confirmed by the 
results through the use of wound-healing assay. 
However, the migration area of MDA-MB-231 cells 
treated with Hyl tends to be lower than migration 
areas of untreated cells and cells treated with 
DPD (Figure 11 B). 
 

Influence of bone collagen synthetic 
derivatives on cell invasion 
The acquisition of a migratory phenotype is the 
prerequisite for metastatic spreading therefore the 
determination of the migratory and invasive 
potential of tumour cells behind this process is 
fundamental for proposing novel clinical strategies 
in cancer diagnosis, prognosis and drug 
development [22]. Tumour invasion requires 
partial degradation of ECM, which is an obligatory 
step in metastasis [5].  
Invasion of carcinomas is defined as the 
penetration of tissue barriers, such as passing the 
basement membrane and infiltration into the 
underlying interstitial tissues by malignant tumour 
cells [22]. Therefore, to study the influence of 
selected collagen fragments in the invasiveness 
character of cancer we have used chemotaxis 
assay. The results show the invasion of those 
cells in vertical direction through the pores of the 
filter membrane into the lower compartment, in 
which cell culture medium potentially contains 
attractants. In the case of invasive cells, those 
cells degraded type I collagen matrix, which it is 
supposed to mimic ECM, to pass through the filter 
membrane. Moreover, the size of pore diameter 
has to be smaller than the cell diameter to avoid 
unspecific dropping of the cells.  
 

Figure 12 – Representative images of chemotaxis 
invasion assay before 24h. A) Control PC-3 cells; B) 
PC-3 cells tested with Hyl; C) PC-3 cells tested with 
DPD; D) Control MDA-MB-231 cells; E) MDA-MB-231 
cells tested with Hyl; F) MDA-MB-231 cells tested with 
DPD. 
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The surface areas of invasive PC-3 and MDA-MB-
231 cells are directly proportional to the number of 
invasive cells that were chemically attracted by 
cell culture media containing Hyl and DPD 
(Figures 13 and 14). Untreated PC-3 cells, which 
are stained in violet colour, have the same pattern 
of cell invasion as the pattern of treated PC-3 cells 
with the compounds Hyl and DPD. In MDA-MB-
231 cells the invasion pattern is also the same for 
all the conditions (Figure 4.12). 
According to Jacquemet et al., invasive cells 
commonly turn elongated and show multiple 
filopodia. Filopodia are thin, finger-like and highly 
dynamic actin-rich membrane protrusions that 
extend out from the cell edge [24].  
Observing the figures 13 and 14, PC-3 cells 
tested with the compounds tend to invade slightly 
less than control whereas MDA-MB-231 cells with 
the same compounds tend to invade slightly more 
than untreated cells. Nevertheless, there are no 
statistical differences on the invasion areas of 
both treated cancer cells comparing to the control.  

 
Figure 13 – Surface area of human PC-3 invasive cells, 
at control, and tested with 2 mM Hyl and 0.182 mM 
DPD. These are the results obtained in the chemotaxis 
assay at 24h. 

Figure 14 – Surface area of human MDA-MB-231 
invasive cells, at control, and tested with 2 mM Hyl and 
0.182 mM DPD. These are the results obtained in the 
chemotaxis assay at 24h. 
 

Chemotaxis is the process by which the 
movement of cells is directed in response to an 
extracellular chemical gradient [23]. Extracts from 
bone can promote chemotaxis and invasion of 
PC-3 cells, whereas extracts from other organs 
have no such effect. These research data suggest 
that the bone contain chemotactic factors that 
attract prostate tumour cells. In addition, the newly 
formed bone contains type I collagen, which act 
as chemoattractant for PC cells migrating to bone 
[5]. However, from our results, bone collagen 
fragments did not stimulate the increasing of 
chemoinvasion of PC-3 and MDA-MB-231 cells. 
We need to take into account that the chemotaxis 
assay still remained with some non-invasive cells 
on the upper side of the transwell, which often 
turns out non-quantitative and of variable success. 
It is strongly recommended using fluorescent 
dyes, lysing the cells and quantifying them in a 
plate reader for more precise results [22]. Overall, 
in all in vitro results of this work, it was observed 
that Hyl and DPD always have similar patterns. 
This is explained by the fact that Hyl is a 
precursor of DPD, which obtained by post-
translational combination of two Hyl residues with 
one lysine residue. Further studies are needed to 
analyse precisely if these fragments actually 
induce any effect on invasion mechanism of these 
tumour cell lines [23]. 
 
Conclusion 
We hypothesized that collagen type I fragments, 
resulting from bone degradation during 
metastasis, are not only “metabolic waste” but 
display a putative biological role in BM. Those 
fragments may have the ability to manipulate 
signaling pathways to control disease progression 
associated with bone metastasis.  
Our results demonstrated that the isomers HO-L-
proline and HO-D-proline did not induce 
significant effect on the proliferation of PC-3 and 
MDA-MB-231 cells. AlamarBlue assay results 
indicated that 0.182 mM DPD presented anti-
proliferative effect on PC-3 cells (ca. 34% growth 
inhibition at 48 h). Interestingly, the same 
compound had opposite effect in MDA-MB-231 
cells (ca. 10 % proliferation increase at 48 h). 
Regarding migration assay results, Hyl and DPD 
did not influence greatly migration of PC-3 and 
MDA-MB-231 cell lines in comparison to 
untreated cells. Similarly, invasion assay results 
indicated that DPD and Hyl did not influence 
significantly the invasion of both cancer cell lines.  
In the present study we concluded that synthetic 
bone type I collagen fragments, more particularly, 
DPD, might potentially affect the proliferation role 
in progression of metastatic breast and prostate 
cancers. Hydroxyproline isomers and Hyl did not 
give any evidence of proliferation effect on those 
diseases. The regulatory interactions of bone 
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type I collagen with cellular pathways should be 
further investigated to identify dominant 
fragments factors engaged in the pathogenesis of 
metastatic diseases. As future work, similar in 
vitro studies should be performed evaluating the 
cell uptake and internalization rates of 
radiolabeled collagen fragments. Furthermore, it 
would be interesting to characterize the impact of 
collagen type I fragments, particularly DPD, in 
breast and prostate animal cancer models and in 
animal models of bone metastases.  
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