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Abstract. Collagen type I is an abundant component of the 
extracellular matrix and due to its longevity, constitutes a 
prominent target of non-enzymatic post-translational in vivo 
modifications such as carbamylation and glycation. These 
protein modifications involved in aging, renal diseases and 
diabetes, are linked to elevated cancer risk. In this in vitro 
study, we investigated the impact of carbamylated and glycated 
collagen type I on the migratory behavior of the highly inva-
sive HT1080 human fibrosarcoma cells. The proliferation of 
HT1080 on modified collagens did not differ from that on 
native form. The glycated collagen delayed the cell adhesion 
time whereas the carbamylated one had no effect. The migra-
tion ability of HT1080 was studied by quantifying single cell 
speed using videomicroscopy. Glycation strongly inhibited 
mean cell speed by 47% whereas carbamylation moderately 
affected it by 12%. In addition, the influence of these collagen 
modifications on actin and vinculin organization was studied. 
On the glycated collagen, 63% of cells revealed a dramatic 
loss of actin stress fibers vs. 28% on the carbamylated one. 
In these cells, disorganized F-actin was accompanied with a 
disturbance of vinculin and both proteins were localized at 
the rim of the cells. Concerning the focal adhesion kinase 
(FAK) expression, glycated collagen only induced a significant 
inhibition. Whereas, both collagen modifications provoked a 
differential inhibition of FAK phosphorylation state by 25% 
for carbamylation and 60% for glycation. In conclusion, our 

data suggest that, in vivo, collagen glycation and carbamylation 
may affect tumor cell metastasis. This suggestion is supported 
by clinical studies reporting less aggressive tumors in diabetic 
or uremic patients. Consequently, the impact of such post-
translational modifications has to be taken into account in 
order to better understand the link between aging, diabetes or 
uremia and cancer progression.

Introduction

Carbamylation and glycation are well-known post-translational 
modifications which occur throughout the lifespan of proteins 
in vivo. They are due to the non-enzymatic binding of various 
low molecular weight molecules to the free amino groups where 
lysine is reported as being the commonly involved amino acid 
(1). Carbamylation results from the binding of isocyanic acid, 
spontaneously deriving from high concentration of urea and 
leading to the formation of homocitrulline from lysine residues 
(2). Glycation is initiated by spontaneous binding of carbonyl 
groups of reducing sugars to form Schiff bases and then 
Amadori products. These products undergo further complex 
reactions that induce the formation of stable adducts and 
cross-links of proteins currently called advanced glycation end-
products (AGE) (3,4). These post-translational modifications of 
proteins have been described in pathological as well in physio-
logical circumstances and in both cases they are suggested to be 
associated to cancer development. High blood concentrations 
of urea leading to the carbamylation process were detected in 
patients with end-stage renal disease (ESRD) (2). Those patients 
on dialysis show a higher prevalence for renal cell carcinoma 
(RCC) than age-matched healthy controls (5). In a similar way, 
AGE concentration is increased in tissues of elderly people or in 
diabetic patients (6); two situations highly correlated to cancer. 
The incidence of cancers rises markedly in patients of advanced 
age (7) where tumors are less metastatic than those in younger 
patients (8). In addition, recent studies suggested that diabetes 
is associated with an increased risk of cancers of the liver, 
pancreas, colon, kidney and breast (9).

Collagen type I can be considered as a prominent target 
of carbamylation and glycation, due to its particular longevity 
with an estimated half-life of 15 years in humans (10). These 
post-translational modifications of collagen type I are irrevers-
ible and cumulative (11,12). Interestingly, collagen type I is a 
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main component of connective tissues and plays a key role in 
the adhesion/migration process of tumor cells preparing at 
this stage the formation of metastases. Consequently, further 
investigations on the effects of post-translational modifications 
on the migration parameters and machinery of single cells 
are needed. They will contribute to a better understanding of 
the relationship between physiopathological modifications of 
collagen and the tumor cell behavior.

In the present in vitro study, we investigated the influence 
of carbamylated and glycated coated-collagen on the migra-
tory behavior of the human HT1080 fibrosarcoma cell line. 
The proliferative capacity was first determined, and then at 
the single cell level, the migratory parameters were defined by 
time-lapse videomicroscopy, as well as the actin and vinculin 
organization and, the expression and the activation state of 
focal adhesion kinase (FAK) that is involved in the formation 
of focal adhesion complexes and cell motility.

Materials and methods

Cell line. The human fibrosarcoma cell line HT1080 (CCL-121) 
was purchased from the American Type Culture Collection 
(ATCC, Rockville, USA) and cultured in MEM with Earle 
salts and Glutamax I (Invitrogen, Cergy-Pontoise, France) 
supplemented with 10% fetal calf serum (Invitrogen) and 1% 
penicillin-streptomycin (Invitrogen). Cultures were main-
tained at 37˚C in a humidified atmosphere containing 5% CO2 
(v/v). Cells were routinely passaged at preconfluency using 
0.05% trypsin, 0.53 mM EDTA (Invitrogen) and screened for 
the presence of mycoplasma using PCR methods.

Preparation of carbamylated or glycated collagen type I. 
Fibrillar, non-pepsinized collagen type I was extracted from rat 
tail tendons and prepared as already described (13). Under sterile 
conditions, the lyophilized collagen (1 mg/ml) was incubated, at 
37˚C for 24 h, with different concentrations of KCNO (Sigma) in 
0.15 M phosphate buffer pH 7.4 to obtain carbamylated collagen. 
Glycated collagen was obtained by incubating at 37˚C for 5 days 
the lyophilized collagen (1 mg/ml) with different concentrations 
of ribose (Sigma, L'isle d'Abeau Chesnes, France) in 0.15 M 
phosphate buffer pH 7.4. Both types of modified collagens were 
extensively dialysed against distilled water for 3 days, 0.018 M 
acetic acid for 2 days and then lyophilized.

Electrophoretic properties of carbamylated collagen were 
estimated by 5% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE), under denaturing conditions 
(2 min for 90˚C). Gels were stained with Coomassie Brillant 
Blue R250. To quantify the number of homocitrulline residues 
generated by carbamylation, 0.5 mg of collagen (2 mg/ml) 
were hydrolyzed in 12 M HCl for 18 h at 110˚C. Analysis of 
amino acid composition was performed by HPLC (Hitachi 
L-8800) with cations exchange column. Collagen glycation 
was quantified by measuring the collagen autofluorescence 
under spectrofluorimetry at λexc=380 nm and λemi=440 nm 
(Shimadzu Rf-500).

Cell proliferation, adhesion and migration. The effects of the 
carbamylated or glycated collagen type I on HT1080 cell prolif-
eration were studied using 24-well plates. Each well was coated 
by adding 250 µl of native or modified collagens solubilized 

in 0.018 M acetic acid at a concentration of 35 µg/ml. Then, 
coated substrates were dried overnight at room temperature 
under sterile conditions and rinsed once in PBS (Invitrogen) 
before cell plating. HT1080 cells were seeded on the coated 
surfaces at a concentration of 25x103 cells/well (1 ml/well). Cell 
viability and cell number were determined by phase contrast 
microscopy after 24, 48 and 72 h of incubation.

The cell adhesion assay was performed in 12-well plates. 
Each well was coated with 500 µl of the different collagens at 
35 µg/ml. A total of 1 ml of cells (60x103) was seeded in each 
well and incubated for 0.5-4 h at 37˚C. After the incubation times, 
wells were gently washed with PBS to remove unattached cells. 
Then, the remaining bound cells were detached with trypsin-
EDTA and counted. Percentage of adhesion was calculated by 
considering the cells in the initial suspension as 100%.

For the cell migration assay, 2 ml of cells/well (10x103 cells) 
were seeded in 12-well plates coated in the same conditions as 
above. Cell motility was analyzed by time-lapse videomicro-
scopy using an inverted microscope Axiovert 200 M (Zeiss, Le 
Pecq, France) equipped with a small transparent environmental 
chamber Climabox (Zeiss), at 37˚C in an humidified atmo-
sphere containing 5% (v/v) CO2. The microscope was driven by 
the Metamorph software (Roper Scientific, Evry, France) and 
images were recorded with a charge-coupled device camera 
CoolsnapHQ (Roper Scientific). Cell speed was quantified 
(µm/h) for each individual non-mitotic cell using an interactive 
tracking method as previously described (14).

Actin and vinculin staining. Cells were seeded in 35-mm glass-
based dishes (Dutscher, Brumath, France) coated with 2 ml of 
the different collagens at 35 µg/ml. After 24 h of incubation, 
cells were washed with PBS and fixed using 4% parafor-
maldehyde in PBS for 10 min at room temperature. After 3 
further washes and permeabilization with 0.5% Triton X-100 
in PBS for 5 min, cells were blocked with PBS containing 3% 
bovine serum albumin for 30 min. Then, a primary mono-
clonal antibody specific for vinculin (Clone hVIN-1, Sigma) 
was applied for 60 min at room temperature and staining 
was detected with Alexa Fluor 568 conjugated secondary 
antibody (Invitrogen). F-actin was detected using Alexa Fluor 
488 Phalloidin (Invitrogen). After cell washing, fluorescence 
images captured with the microscope Axiovert 200 M, were 
treated with MetaMorph® software using a deconvolution 
algorithm to eliminate fluorescent backgrounds. The number 
of cells showing organized actin stress fibers was determined 
by direct fluorescent counting and cell surfaces (pixels) were 
quantified using ImageJ® software.

FAK activation assay. Cells were lyzed with extraction buffer 
[0.01 M Tris-HCl, 0.15 M NaCl, 0.005 M EDTA, 1% (v/v) SDS 
10%, 1% (v/v) glycerol, pH 7.4]. Cell lysates were clarified by 
centrifugation at 450 x g at 4˚C for 4 min. Briefly, proteins 
were separated by 9% SDS-PAGE gels and transferred to a 
PVDF membrane. Then, membranes were blocked with Tris-
buffered saline (TBS) (0.02 M Tris-HCl, 0.137 M NaCl, pH 7.4) 
containing 0.1% Tween (TBS-T) and 5% non-fat dry milk at 
room temperature during 2 h and incubated overnight at 4˚C 
with either mouse monoclonal antibodies raised against total 
FAK (1:5000, Millipore, Saint-Quentin en Yvelines, France) or 
(Y397) phosphorylated-FAK (1:1000, Millipore). Membranes 
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were washed with TBS-T and incubated with peroxidase-
conjugated anti-mouse IgG (1:20000, Millipore) at room 
temperature for 1 h. Chemiluminescent detection was realized 
by using an ECL+ Kit (GE Healthcare, Orsay, France).

Statistical analysis. Data are presented as mean ± SEM except 
for migration speed which displayed as box-blot ranging from 
the 25th-75th percentile including the median and whiskers 
from the 5th-95th percentile. The values were analyzed with 
Kruskall-Wallis followed by Mann-Whitney test. Statistical 
significance was set at p<0.05.

Results

Characterization and identification of carbamylated and 
glycated collagen type I. Carbamylation was performed by 
incubating collagen type I, with increasing potassium cyanate 
(KCNO) concentrations ranging from 0.025 to 0.4 M, at 37˚C 
for 24 h. The level of carbamylation was assessed by electro-
phoresis and high performance liquid chromatography (HPLC) 
that permitted to estimate homocitrulline residue content. As 
shown in Fig. 1A, native collagen exhibited two characteristic 
bands corresponding to α1 and α2 chains. With carbamylated 

collagen, the more the cyanate concentration increased, the 
slower the α chains migrated to reach a plateau at 0.1 M. 
In addition, HPLC amino acid analysis revealed that native 
collagen did not contain homocitrulline residues, contrarily 
to carbamylated collagens. Indeed, these residue indicators 
of lysine carbamylation gradually increased between 0.025 M 
and 0.1 M KCNO (12 and 20 homocitrulline residues per 
1000 amino acids, respectively) to reach a plateau (Fig. 1B).

Glycation was performed with increasing ribose concen-
trations ranging from 0.125 to 2 M at 37˚C for 5 days. Using 
spectrofluorimetry, glycation was quantified by detecting 
fluorescing AGE. Fig. 2 shows that glycated collagen auto-
fluorescence progressively increased as of 0.125 M ribose 
[335 arbitrary units (a.u.) vs. 26 for native form] and reached a 
plateau for 0.5 M ribose (495 a.u.). In all further experiments, 

Figure 1. Biochemical characteristics of carbamylated collagen. (A) SDS-
PAGE of carbamylated collagen, 25 µg of either native or KCNO-treated 
collagens for 24 h at 37˚C were analyzed on 5% polyacrylamide gels under 
denaturing conditions. MW, standard high molecular weight markers. (B) 
Analysis of homocitrulline content in the different carbamylated collagens 
mentioned above. The number of homocitrulline and lysine residues was 
determined by HPLC after acid hydrolysis. Data shown in (A) and (B) are 
representative of three independent experiments.

Figure 2. AGE formation on glycated collagen. Detection of autofluorescence 
intensity of glycated collagens obtained after a 5-day incubation at 37˚C with 
increased ribose concentrations (0.125, 0.25, 0.5, 1 and 2 M). The graph 
shows the mean value of three independent experiments.

Figure 3. Proliferation of HT1080 cells cultured on native, carbamylated or 
glycated collagens. Cells were seeded on collagen-coated 24-well plates at 
25x103 cells/well. Cell numbers were evaluated by phase contrast micro-
scopy. The graphs show the mean values of three independent experiments.
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the respective impacts of carbamylation and glycation on 
HT1080 cell adhesion and migration were studied for colla-
gens exhibiting the highest amount of homocitrulline residues 
(0.1 M KCNO) or AGE production (0.5 M ribose).

Carbamylation and glycation did not affect HT1080 cell 
proliferation. Cells were seeded on surfaces coated with native, 

carbamylated or glycated collagen and cell proliferation was 
monitored during the first 3 days of culture (Fig. 3). After a 
one day of latency phase, similar cell proliferation profiles 
were obtained with the different substrata at days 2 and 3. 
These results indicate that carbamylation and glycation did not 
influence the proliferation of HT1080 cells compared to native 
collagen.

Differential impact of carbamylation and glycation on HT1080 
cell adhesion. As shown in Fig. 4, we examined whether carba-
mylation and glycation affected the cell adhesion process, which 
is a basic prerequisite for efficient cell migration. After only 
30 min of incubation at 37˚C, 90% of cells adhered on native 
collagen. Similar results were obtained with carbamylated 
collagen. By contrast, cell adhesion on glycated collagen was 
markedly delayed since only 20% of cells had adhered at 
that time point. Similarly, after 1 h most of the HT1080 cells 
adhered on native collagen vs. 65% on the glycated one. It is 
only after 4 h of incubation that the percentage of cells adherent 
to glycated collagen were identical to that found with native and 
carbamylated collagens.

Differential inhibition of carbamylation and glycation on 
HT1080 cell migration. We next evaluated whether the 
post-translational modifications of collagen type I modu-
lated HT1080 cell migration (Fig. 5). The migration speed 
of individual cells cultured on surfaces coated with the 
different collagens was thus quantified using time-lapse video-
microscopy. As early as day 1 of culture, glycation induced a 
marked anti-migratory effect by inhibiting cell speed by 47%. 
Indeed, on glycated collagen, cells exhibited a median speed 

Figure 4. Effect of carbamylated or glycated collagen on HT1080 cell adhe-
sion. The adhesion assay was performed on collagen-coated 12-well plates at 
60x103 cells/well. Adherent cells were counted as described in experimental 
procedures. Data shown are the mean of three independent experiments.

Figure 5. Effect of carbamylated or glycated collagen on HT1080 cell migration. Cells were cultured on collagen-coated 12-well plates at 10x103 cells/well. Cells 
were tracked by time-lapse videomicroscopy during the last 6 h of each day. The migration speed was displayed as box plot (bottom of box, 25th percentile; 
and top of box, 75th percentile) and the middle line indicates the median (80 cells/condition). **p<0.01, ***p<0.001 significant differences between native and 
modified collagens.
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of 20.2 µm/h compared to 38.8 µm/h for those cultured on 
native collagen. In contrast, carbamylation induced a moderate 
but significant 12% inhibition of cell speed. For both collagen 
modifications, identical cell speed inhibitions were obtained at 
days 2 and 3 of culture.

Impact of carbamylation and glycation on cell morphology 
and cytoskeletal organization. The observed decrease of cell 
motility in presence of modified collagens was accompanied 
by cytoskeletal and morphological changes specially marked 
with glycated collagen. As shown in Fig. 6A, 63% of cells 
migrating on glycated collagen exhibited a disorganized actin 
network vs. 28% with carbamylated form. It should be noted 
that with native collagen, 18% of the cells presented disorga-
nized actin which could correspond to cells undergoing mitosis. 
The area of individual migrating cells was also affected on 
glycated collagen (Fig. 6B), as it was significantly decreased 
by about 41% compared to native and carbamylated collagens. 
Cell morphology changes and disorganization of both actin 
and vinculin that are considered as key proteins involved in 
cell migration are illustrated in Fig. 6C for glycated collagen. 

This cell presented an elongated shape, a loss of actin stress 
fibers and a disorganization of vinculin. Actin was principally 
localized at the rim of the cell and in a very small network 
throughout the cytoplasm. Vinculin patches were essentially 
localized at the cell periphery and less detected at the cyto-
plasmic level. By contrast, a representative cell cultured on 
native collagen exhibited classical tear-drop morphology with 
a broad lamellipodium and a narrow tail. In addition, this 
cell displayed, throughout the cell body, many actin stress 
fibers at the end of which vinculin patches were localized. 
Concerning the carbamylated collagen, we observed that the 
majority of cells presented the same phenotypic aspect as the 
native form.

Effect of carbamylation and glycation on FAK expression and 
activation. Due to the role of the non-receptor protein tyrosine 
kinase FAK in cell motility regulation, both its expression and 
activation state were examined by western blot analysis. As 
shown in Fig. 7, carbamylation did not affect FAK expression 
and only induced a moderate decrease of FAK activation by 
15%. By contrast, glycated collagen affected both total expres-

Figure 6. Impact of modified collagens on HT1080 cell morphology and cytoskeletal organization. Cells were plated on coated surfaces 24 h at 37˚C. (A) Cells 
were stained for F-actin as described in experimental procedures and statistically analyzed for actin disorganization. (B) Cell surface areas were quantified 
using ImageJ®. Values are the means of three independent experiments, *p<0.05, ***p<0.001. (C) Representative fluorescence images of F-actin (green), 
vinculin (red), and merge in cells cultured on native and glycated collagens. Scale bars, 20 µm.
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sion and enzyme activity. Indeed, glycation inhibited FAK 
expression by 25% and phosphorylation state by 60%.

Discussion

In this in vitro study, we provide evidence that both glycation 
and to a lesser extent carbamylation of collagen type I inhibit 

invasive cell migration of human HT1080 fibrosarcoma cells 
without affecting their proliferation. Collagen type I was used 
here as a model of a pre-intravasation microenvironment 
through which, in vivo, tumor cells move to form metastases 
(15). In addition, due to its long lifespan, this key ECM protein 
represents a preferential target for non-enzymatic post-trans-
lational modifications. The impact of these metabolic events 

Figure 7. Effect of modified collagens on FAK expression and activation state in HT1080 cells. Cells were cultured for 24 h on wells coated with native or 
modified collagens. (A) Total-FAK and (B) phosphorylated Tyr397-FAK. The graphs show the mean values of three independent experiments. Representative 
immunoblots are presented below the graphs. *p<0.05, ***p<0.001; ns, not significant.

Figure 8. Amino acid sequence of the rat collagen type I α1 chain (P02454, http://www.uniprot.org/uniprot/P02454). The preferential glycation motifs PKG 
and AKG are indicated in yellow and the cell binding RGD motifs are in red.
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on tumor cell proliferation and migration was determined 
for optimal levels of carbamylation and glycation of collagen 
type I. For this, carbamylation was investigated by analyzing 
the electrophoretic mobility of α1, α2 collagen chains and by 
quantifying homocitrulline residues using HPLC. Glycation 
was only assessed by AGE spectrofluorimetric measurements. 
Although the samples were under denatured conditions, it was 
impossible to detect by electrophoresis the α1 and α2 chains of 
glycated collagen (data not shown): probably due to the pres-
ence of crosslinks which prevented the migration of proteins 
inside the polyacrylamide gel.

Using time-lapse videomicroscopy, we demonstrated 
that carbamylated collagen, moderately but significantly 
inhibited individual HT1080 cell speed by 12% compared to 
its native form. To our knowledge, these data are the first to 
demonstrate that carbamylated collagen reduces tumor cell 
migration. This is in agreement with clinical studies showing 
that ESRD-induced RCC in dialyzed patients is less metastatic 
than sporadic RCC (16,17). Indeed, the presence of carba-
mylated proteins has been detected in mesangial cells and in 
ECM renal biospsies of dialyzed ESRD patients (12,18). By 
contrast, glycated collagen inhibited cell migration consider-
ably more than the carbamylated one by decreasing individual 
cell speed by 47%. This differential effect was confirmed 
using other cancer cell lines specially skin SK-MEL-28 and 
mammary MDA-MB-231 cells (data not shown). Using bulk 
methods such as transwell migration assay, it was reported 
that ribose-induced glycation of collagen also affected, but to 
a lesser extent, the migration of H322 lung carcinoma cells and 
Panc-1 pancreatic carcinoma cells, respectively, by 16-20% 
(19). Altogether, the above data and those obtained with other 
glycation modes such as glycolaldehyde (20) and 3-deoxyglu-
cosone (21) or with aged collagen originated from old rats (19), 
strongly suggest that glycation reduces the in vitro invasive 
migration of tumor cells. However, the extent of this inhibition 
depends on the type of the studied tumor cell line.

It is well known that the cell migration cycle, on coated-
ECM proteins basically depends on the adhesion process and 
requires a dynamic continuum formation and disassembly of 
the adhesion complexes and actin cytoskeleton (22). Concerning 
cell adhesion, we demonstrated that glycation dramatically 
delayed this process whereas carbamylation did not. Indeed, 
cell adhesion was strongly reduced at early stages after seeding 
on glycated collagen. Most of the cells adhered after only 4 h 
of incubation, whereas with native or carbamylated collagens 
all the cells adhered between 30 min and 1 h. Contrarily to 
our findings, it has been reported that methylglyoxal-glycated 
collagen irreversibly impaired HT1080 cell adhesion (23). 
These contrasting data highlight that the cell adhesion process 
depends on the glycation mode.

The ability of glycated collagen to delay tumor cell adhe-
sion and to decrease cell movement suggests that this modified 
matrix protein affects the formation of focal adhesions. These 
signaling complexes include critical adaptor proteins such as 
vinculin as well as kinases such as FAK that are especially 
involved in the signal transmission from the ECM to the 
cell cytoskeleton. Vinculin is described as an actin binding 
protein that is recruited to the β integrin cytoplasmic tail via 
its interaction with talin (24). Upon activation by integrins, the 
tyrosine kinase FAK undergoes autophosphorylation (Tyr397) 

and forms a complex with Src and other cellular proteins 
to trigger downstream signaling through kinase activity or 
scaffolding function (25,26). Consequently, both proteins are 
representative as critical regulators of integrin-mediated adhe-
sion and migration. In the present study we showed that the 
distribution of vinculin patches localized throughout the whole 
cell body on native collagen, are less present on glycated form 
and move to the cell periphery. This dramatic perturbation of 
vinculin distribution may explain the disorganization of actin 
cytoskeleton and loss of stress fibers. In addition, our results 
revealed that the level of FAK expression and phosphorylation 
was markedly inhibited compared to native collagen. It should 
be noted that with carbamylated collagen, actin organization 
and vinculin distribution were not affected (data not shown), 
whereas a moderate inhibition of FAK phosphorylation was 
observed. Recently, the decrease of FAK phosphorylation 
has been described for retinal microvascular endothelial cells 
incubated with methylglyoxal-modified fibronectin (27) or for 
keratinocytes incubated with glycoaldehyde-modified bovine 
serum albumin which correlated for those cells to a loss of 
their migratory and proliferation abilities (28).

Mechanistically, upstream events leading to impaired 
adhesion and migration consecutive to ribose-glycation could 
occur during the recognition phase between β1 integrin, highly 
expressed on HT1080 cells (29) and RGD ligands existing 
on the collagen chains. Indeed, this is supported by the fact 
that for rat α1 collagen chain, ribose-glycation takes place on 
lysine residues within preferential AKG and PKG motifs (30) 
which we identified to be located nearby RGD sequences. This 
location was deduced by examining the peptide map presented 
in Fig. 8. Such modifications could alter the triple helical 
structure of collagen leading to changes in cell-matrix inter-
actions. This is supported by IR microspectroscopic studies 
of glycated collagen fibers revealing marked conformational 
changes at the level of their secondary structure (unpublished 
data). On the other hand, the deleterious impact of glycation 
of arginine residues upon cell-matrix interactions cannot be 
totally excluded. Indeed, using methylglyoxal as glycating 
agent, it has been demonstrated that arginine within the 
RGD collagen binding sites, preferentially reacts with this 
compound and consequently affect HT1080 cell adhesion and 
spreading (23). Concerning carbamylation, its minor impact 
on tumor cell migration is in agreement with the capacity of 
this modified collagen to retain its triple helical structure as 
recently demonstrated by our laboratory using Raman micro-
spectroscopy (31).

In conclusion, our data indicate that collagen glycation 
and carbamylation differentially affect in vitro tumor cell 
migration. Consequently, our study suggests that such post-
translational modifications of the matrix proteins need to be 
taken into account when designing in vitro experiments to 
understand cell-matrix interaction mechanisms or to develop 
anti-metastatic drugs.
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