
Cancer Science. 2021;112:217–230.     |  217wileyonlinelibrary.com/journal/cas

 

Received: 19 August 2020  |  Revised: 11 October 2020  |  Accepted: 12 October 2020

DOI: 10.1111/cas.14700  

O R I G I N A L  A R T I C L E

Differential glycosylation of collagen modulates lung cancer 
stem cell subsets through β1 integrin-mediated interactions

Cecilia Gardelli1 |   Laura Russo2  |   Laura Cipolla2 |   Massimo Moro1 |   
Francesca Andriani1 |   Ornella Rondinone1 |   Francesco Nicotra2  |   Gabriella Sozzi1 |   
Giulia Bertolini1  |   Luca Roz1

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction 
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2020 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

Giulia Bertolini and Luca Roz contributed equally to this work. 

Abbreviations: CAF, cancer associated fibroblast; CSC, cancer stem cell; ECM, extracellular matrix; ELDA software, extreme limiting dilution analysis; EMT, epithelial-to-mesenchymal 
transition; Gal, galactose; Glc, glucose; ITGB1, integrin β1; MIC, metastasis-initiating cells; NSCLC, non-small cell lung cancer.

1Tumor Genomics Unit, Fondazione IRCCS 
Istituto Nazionale dei Tumori, Milan, Italy
2Department of Biotechnology and 
Biosciences, University of Milano-Bicocca, 
Milan, Italy

Correspondence
Luca Roz, Tumor Genomics Unit, Fondazione 
IRCCS Istituto Nazionale dei Tumori, Via 
Venezian 1, 20133 Milan, Italy.
Email: luca.roz@istitutotumori.mi.it

Laura Russo, Department of Biotechnology 
and Biosciences, University of Milano-
Bicocca, Piazza della Scienza 2, 20126 Milan, 
Italy.
Email: laura.russo@unimib.it

Funding information
Associazione Italiana per la Ricerca sul 
Cancro, Grant/Award Number: IG21431; 
Ministero della Salute, Grant/Award 
Number: RF-2016-02362946

Abstract
In lung cancer, CD133+ cells represent the subset of cancer stem cells (CSC) able to 
sustain tumor growth and metastatic dissemination. CSC function is tightly regulated 
by specialized niches composed of both stromal cells and extracellular matrix (ECM) 
proteins, mainly represented by collagen. The relevance of collagen glycosylation, a 
fundamental post-translational modification controlling several biological processes, 
in regulating tumor cell phenotype remains, however, largely unexplored. To investi-
gate the bioactive effects of differential ECM glycosylation on lung cancer cells, we 
prepared collagen films functionalized with glucose (Glc-collagen) and galactose (Gal-
collagen) exploiting a neoglycosylation approach based on a reductive amination of 
maltose and lactose with the amino residues of collagen lysines. We demonstrate that 
culturing of tumor cells on collagen determines a glycosylation-dependent positive 
selection of CSC and triggers their expansion/generation. The functional relevance 
of CD133+ CSC increase was validated in vivo, proving an augmented tumorigenic 
and metastatic potential. High expression of integrin β1 in its active form is associ-
ated with an increased proficiency of tumor cells to sense signaling from glycosylated 
matrices (glyco-collagen) and to acquire stemness features. Accordingly, inhibition of 
integrin β1 in tumor cells prevents CSC enrichment, suggesting that binding of inte-
grin β1 to Glc-collagen subtends CSC expansion/generation. We provide evidence 
suggesting that collagen glycosylation could play an essential role in modulating the 
creation of a niche favorable for the generation and selection/survival of lung CSC. 
Interfering with this crosstalk may represent an innovative therapeutic strategy for 
lung cancer treatment.
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1  | INTRODUC TION

Contribution of the microenvironment in its cellular and non-cellular 
components including the ECM has been described as crucially in-
volved in tumor development.1

In particular, the ECM has a prominent role in dictating tumor 
progression and cancer cell fate through multiple mechanisms 
involving both biomechanical and physical properties.2-5 In fact, 
ECM-driven signaling relies on the interactions of ECM compo-
nents with cell receptors and on mechanosensing,6-8 which can 
both control cancer cell differentiation, proliferation and migra-
tion.9 Collagen represents the main structural protein in the ECM, 
and its modifications in terms of deposition and post-translational 
modifications impose profound changes in ECM features.10,11 
Indeed, matrix stiffening induced by increased collagen deposition 
and cross-linking has been shown to promote malignant transfor-
mation in breast cancer.12

ECM is also crucial for the maintenance of stemness properties, 
preservation of cell polarity and regulation of asymmetric cell di-
vision.13 Similar to normal stem cells, CSC, which are operationally 
defined as the cancer cell subset endowed with stem-like properties 
that can drive and sustain tumor formation,14 also rely on specific 
niches which control their self-renewal and differentiation.15

In lung cancer, CD133+ cells represent the CSC and, within 
this subset, MIC have been recently defined as CD133+ CXCR4+ 
EpCAM– cells.16,17 Stimuli from the tumor microenvironment are 
able to modulate this specific subset;17,18 however, little informa-
tion is available on the contribution of the ECM proteins and their 
post-translational modification, in particular glycosylation, in dictat-
ing tumor behavior. Interestingly, some emerging evidence suggests 
that investigation of glycosylation in the tumor microenvironment 
may be crucial to advance the comprehension of cancer biology, dis-
ease progression and dissemination processes.19,20

Glycosylation is critical for a wide range of biological processes 
including maintenance of tissue homeostasis, cancer progression 
and ECM remodeling.21,22 Glycosylation events also regulate in bidi-
rectional ways interactions between integrins and ECM proteins. 23

The role of ECM glycosignatures in mediating tumor cells–ECM 
interactions therefore appears of crucial importance.

Here, we used glucose and galactose-functionalized collagen 
matrices (Glc-collagen and Gal-collagen) to mimic different glyco-
sylation patterns and to better understand the role of ECM glyco-
signatures in the regulation of carcinogenesis and metastasis by 
regulating CSC phenotypes in lung cancer.

2  | MATERIAL S AND METHODS

2.1 | Collagen preparation and neoglycosylation

Type I collagen films from bovine Achilles tendon (Sigma-Aldrich, 
catalog no. C9879) were produced as previously reported.24 
Neoglycosylation of collagen films was carried out as previously 

reported.24,25 Briefly, to obtain Glc-collagen, 342 mg maltose was 
dissolved in 20 mL citrate buffer pH 6.00 followed by sequen-
tial addition of NaBH3CN. The solution was added to the collagen 
film (80 mg, 12 × 7 cm) and reacted overnight. Collagen film was 
washed with 40 mL H2O mQ for 15 minutes (×3 times), and finally 
with 20 mL EtOH for 20 minutes. The same protocol was used for 
the functionalization of the collagen films with lactose to obtain Gal-
collagen (Figure S1).24,25

2.2 | Cell culture on collagen films

Cell lines A549 lung adenocarcinoma, H460 large cell lung carci-
noma (purchased from ATCC) and LT73 primary lung adenocar-
cinoma (established in our lab), were all cultured in RPMI medium 
supplemented with 10% fetal bovine serum-FBS (all from Lonza) at 
37°C under 5% CO2.

Collagen films were cut using a scalpel to adapt them to the 
size of the 6-well plates, sterilized under UV light and rehydrated 
with complete medium for 2 hours before cancer cell seeding at 
5 × 105 cells/well. Cells seeded on pristine (non-functionalized) col-
lagen or on plastic 6-well plates were used as control. Cells were 
then harvested by trypsinization for downstream experiments.

For siRNA transfection, 5 × 105 tumor cells were seeded in a 
6-well plate and, the day after, Opti-MEM + Lipofectamine 2000 
(ThermoFisher) containing 20 μM esiRNA1 ITGB1 (EHU065071) or 
esiRNA Universal Negative Control (both from Sigma) were added. 
Cells were then plated on collagen films 48 hours after transfection.

For integrin β1-blocking experiments, cells were incubated for 
15 minutes at 37°C with anti-Integrin β1 antibody 50 μg/mL (clone 
AIIB2 MABT409; Millipore), seeded on collagen matrices and ana-
lyzed after 4 hours.

2.3 | Flow cytometry analysis

List of anti-human antibodies: PE-CD133/1 (Clone AC133, Miltenyi 
Biotec), APC-CXCR4 (Clone 12G5), FITC-CD44 (Clone L178), PE-
CD166 (Clone 3A6) (all from BD Bioscience) and CD29-APC (clone 
TS2/16, BioLegend) were incubated with cells for 30 minutes at 4°C.

Integrin β1 antibodies: anti-mouse CD29 (Clone 9EG7-550531 
recognizing the active form of integrin β1), anti-human CD49b 
(Clone 12F1-555668), anti-human CD49a (clone SR84 559 594) (all 
from BD Bioscience) were incubated with cells for 1 hour at room 
temperature (RT), then washed and incubated with secondary anti-
body (anti-rat IgG2 Alexa Fluor 488 and/or anti-mouse IgG1, Alexa 
Fluor 647, Thermo Fisher), for 30 minutes at RT.

Prior to FACS analysis, samples were incubated with 7-AAD vi-
ability staining solution (10 μL/tube) (eBioscience) to exclude dead 
cells.

FACSCalibur and FACSCanto cell analyzers (Becton Dickinson) 
were used for data acquisition and FlowJo software V10 was used 
for data analysis.
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LT73 CD133neg cell line was generated by sorting CD133 nega-
tive cells from the parental LT73 cell line using FACSAria cell sorter 
(BD Biosciences), as already reported.17

Human disseminated tumor cells (DTC) were quantified in disso-
ciated murine lung tissue, as 7AAD- live cells negative for anti-mouse 
MHC class I (eBioscience), and their relative content of CD133+ 
CXCR4+ MIC was evaluated, as already detailed.17

2.4 | Cell cycle and apoptosis analysis

Single cell suspensions were incubated for 10 minutes in Flow 
Cytometry Fixation Buffer 1X (R&D Systems) at RT and then per-
meabilized with Triton solution 1X for 30 minutes. The samples were 
then incubated in a solution of propidium iodide (PI) 200 ng/mL and 
RNase 10 µg/mL (Sigma-Aldrich) for 45 minutes and analyzed by 
FACS.

For analysis of apoptotic cells, cell lines cultured on collagen 
matrices and plastic plates for 72 hours were stained with Annexin 
V and PI, using the Annexin V-FITC Kit (Miltenyi Biotec). Apoptotic 
cells were identified as Annexin V positive PI negative.

2.5 | Immunofluorescence

Cells were plated onto an 8-well chamber slide (Nunc Lab-
Tek), at 5 × 104 cells/well. After 24 hours, cells were fixed with 
Paraformaldehyde 4%, permeabilized with Triton X-100 0.2%, blocked 
with BSA 2% + 3% NGS (normal goat serum) solution for 30 minutes. 
Cells were then incubated with rat anti-mouse CD29 (Clone 9EG7-BD), 
for 1 hour at RT, and subsequently with goat anti-rat Alexa Fluor IgG 
555 (Abcam) secondary antibody, for 45 minutes at RT. Slides were 
mounted with VECTASHIELD Mounting Medium, containing DAPI 
(Vector Laboratories) and visualized under a fluorescence microscope.

2.6 | PKH-67 labeling

A549, LT73 and H460 cells were labeled with the PKH-67 
Fluorescent Cell Linker Kit (Sigma) according to the manufacturer’s 
instructions. The labeling ratio was determined by flow cytometry 
and monitored during cell passages until small and stable fractions of 
PKH-positive and PKH-negative cells were reached, distinctive for 
each tested cell line.

2.7 | Migration assay

Cells (50 000) previously cultured on collagen films were seeded in 
RPMI-1640 1% FBS on 8 μm-pore Transwell® cell culture inserts 
(BD Falcon) in 24-well plates. The lower chamber was filled with 
500 µL RPMI + 10% FBS as chemo-attractant. After 48 hours, cells 
on the top of the insert were removed by cotton swab and migrated 

cells in the lower face of the insert were fixed with methanol and 
mounted on slides using the VECTASHIELD Mounting Medium con-
taining DAPI (Vector Laboratories). For each insert, cells in four ran-
dom fields were counted by fluorescence microscope visualization at 
20× magnification and the values were averaged.

2.8 | In vivo tumorigenic assay and limiting 
dilution assay

In vivo experiments were approved by the Ethics Committee for 
Animal Experimentation of the Fondazione IRCCS Istituto Nazionale 
dei Tumori, according to EU Directive 2010/63/EU.

LT73 cells were cultured for 72 hours on films of pristine colla-
gen or Glc-collagen, prior to sc injection in SCID mice with Matrigel 
(Corning; ratio 1:1) at 1 × 103, 1 × 104, 1 × 105 cells. At the end of the 
observation period (35 days), we evaluated tumor take as presence 
of growing tumor (≥100 mg). ELDA software was used to estimate 
the frequency of CSC in the different groups providing confidence 
intervals for 1/(stem cell frequency). Differences between groups in 
CSC frequency were estimated by chi-squared test.

2.9 | Statistical analysis

Data represent the means ± standard deviation or error (SD/SE) of 
replicate experiments (n = as indicated in figure legends). Statistically 
significant differences were determined with Student’s t tests when 
comparing two groups or one-way ANOVA with Tukey post-hoc test 
or two-way ANOVA with Bonferroni post-hoc test for multiple com-
parisons. Analyses were then carried out.

3  | RESULTS

3.1 | Cancer stem cells are selected on 
neoglucosylated collagen matrices

We previously reported transcriptional analysis of lung CAF show-
ing that biological pathways linked to collagen biosynthesis and re-
modeling are significantly enriched in activated and pro-tumorigenic 
fibroblasts.26 These data led us to speculate on a direct involvement 
of collagen modifications in the regulation of tumor cell properties 
and of stemness phenotype.

To evaluate the effect of collagen glycosylation on the modu-
lation of the cell subset responsible for cancer initiation (ie CSC), 
synthetic collagen matrices conjugated with glucose (Glc-collagen) 
and galactose (Gal-collagen) were used (Figure S1).24,25 Glc- and 
Gal-collagen matrices were obtained through a two-step process 
that involves preparation of the collagen film as a first step and 
then functionalization with α-glucose and β-galactose by a reduc-
tive amination protocol with the corresponding maltose and lac-
tose disaccharides. The collagen matrices were produced using 
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insoluble bovine type I collagen from Achilles tendon, existing as 
elongated fibrils including telopeptides, used as gold standard for 
tissue engineering purposes and collagenase assays as a result of 
its ability to preserve the in vivo collagen features. Considering 
the insolubility of the starting powdered collagen, the films were 
produced by mechanical homogenization in acidic conditions and 
the final 2D insoluble matrices were obtained by solvent casting 
method with a tailored thickness of 700 nm. Conjugation of glycans 
in the heterogeneous phase allowed functionalization of the colla-
gen surface, obtaining 20 nM saccharide/cm2 and maintenance of 
the same secondary structure of untreated collagen films, as char-
acterized by Fourier-transformed infrared spectroscopy (FT-IR). 
Characterization of collagen matrices by atomic force microscopy 
(AFM) demonstrated that the conjugation step did not affect the 
structural organization and aggregation of collagen films. However, 
whereas the unmodified collagen film showed an amorphous sur-
face with fewer organized fibrils, conjugations of glycans resulted 
in more organized structures depending on the conjugate glycan 
epitopes. Due to maintenance of the collagen secondary structure, 
stability of the film in aqueous condition and the ability to control 
the glycan exposition at the surface level only, the glycosylated ma-
trices were proven to be affordable tools to study the effect of spe-
cific glycosignatures of collagen on different cell lines.24,25

Following previous results in which differential neoglycosylation 
of collagen matrices has shown cell line-specific effects, we tested 
different NSCLC cell lines (A549, LT73 and H460), initially cultur-
ing cancer cells on pristine/glyco-collagen matrices for 72 hours 
(Figure 1A) and then analyzing the modulation of CSC subsets. 
Cells adherent to collagen matrices showed a more elongated fibro-
blast-like phenotype compared to cells cultured on plastic plates. 
In particular, for each tested cell line we observed the presence 
of floating rounded cells unable to bind matrices, especially in gly-
co-collagen, suggesting that collagen matrices may be selective for 
the binding of specific cancer cell subsets.

In all tested cell lines, we observed that cancer cells grown on 
collagen films were generally enriched for the fraction of CD133+ 
cells compared to cells cultured on plastic culture plates. Notably, 
this increase was markedly evident when cells were cultured on Gal-
collagen (1.9 fold-change; P = 0.0029) and especially on Glc-collagen 
(2,7 fold-change compared to control; P < 0.0001) (Figure 1B). In 
particular, Glc-collagen was the most proficient at increasing the sub-
set of CD133+ CXCR4+ MIC (2,8 fold-change compared to control; 
P < 0.0001; Figure 1B and Figure S2). We also assessed the modu-
lation of other stemness markers known to identify subsets of CSC 
in NSCLC, such as CD144 27,28 and CD166.29 Notably, we confirmed 

that collagen film was able to select and enrich for the fraction of 
CD44+ cells (2,1 fold-change; P = 0.04) and CD166+ cells (1,5 fold-
change; P = 0.03) compared to control. Glc-collagen showed an even 
higher ability to enrich for CD44 and CD166 positive cells (respec-
tively 2,5 and 1,5 fold-change; P = 0.001 and P = 0.02), even if no 
statistical difference was observed among collagen and glyco-colla-
gen, suggesting that enrichment for these cell subsets may be mainly 
driven by collagen binding rather than related to matrix glycosylation 
(Figure S3).

The effect on the CSC population induced by collagen films 
was also confirmed by upregulation of two stemness-related 
genes (Oct4/Nanog), coherently with the differential modulation of 
CD133+ CSC induced by glyco-collagen (Figure 1C). Interestingly, 
differential modulation of MIC caused by collagen matrices was 
also confirmed by a similar trend in gene expression modulation of 
ABCG2 (Figure 1D), a drug transporter that we previously reported 
to be particularly expressed by chemoresistant MIC.16 Altogether, 
these data indicate that glyco-collagen may play an important role in 
the modulation of stemness phenotype and that specific glycans can 
differentially trigger such an effect.

3.2 | Neoglucosylated collagen specifically selects 
for slow-dividing cells enriched in CSC

We next investigated the impact of glyco-collagen matrices on 
tumor cell proliferation and viability. After 72 hours of culture on 
collagen films, we observed a 2,4-fold reduction of number of viable 
tumor cells grown on pristine collagen compared to culture plates 
(Figure 2A); interestingly, tumor cells cultured on glyco-collagen 
matrices showed a greater cell number decrease (3,4 fold-change; 
P = 0.02).

Quantification of dead cells, according to 7-AAD viability stain-
ing, showed that the highest mortality rate among all tested cell lines 
was observed on Glc-collagen (2,5 increase compared to control; 
P = 0.03) whereas pristine collagen or Gal-collagen showed a sim-
ilar increase in cell death compared to cells grown on culture plates 
(respectively 1,6 and 1,8 fold-change, Figure 2B). Mean values of 
dead cells were 10% in control conditions and 22% on collagen 
films. FACS analysis revealed a slight increase in the percentage of 
apoptotic cells in cell lines cultured on matrices compared to control 
(mean value: 2,7% in control and 3,8% in collagen films, P > 0.05) 
(Figure 2C).

In all tested cell lines, cells cultured on pristine collagen did not 
show any significant perturbation in cell cycle phases, whereas after 

F I G U R E  1   Collagen films induce cancer stem cell (CSC) enrichment. A, Morphology of LT73 cancer cells grown on culture plates, pristine 
collagen matrices and Glc-collagen and Gal-collagen matrices respectively (72 h). B, FACS analysis for the expression of CD133 and CXCR4 
in A549, LT73 and H460 cell lines cultured on plastic culture plates (Control), pristine and Glyco-collagens for 72 h. Mean ± SEM of n = 4 
experiments are shown. One-way ANOVA was used for statistical analyses; ***P < 0.001, **P < 0.01. C, Relative expression of Oct4/Nanog 
stemness genes and (D) ABCG2 drug transporter in A549, LT73 and H460 cell lines cultured on different collagen films for 72 h. Cells 
cultured on plastic culture plates were used as calibrator. Bars represent the mean fold-change of n = 3 independent experiments. ANOVA 
was used for statistical analyses; *P < 0.05; **<0.01
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F I G U R E  2   Collagen films select slow-dividing cancer stem cells (CSC) and promote their de novo generation. A, Count of vital cells 
(Trypan blue exclusion method) in A549, LT73 and H460 cells grown for 72 h on collagen films. Bars represent the median fold-change 
of percentage of dead cells relative to culture plate condition ± SEM. n = 3 replicates for each cell line. One-way ANOVA was used 
for statistical analyses. *P < 0.05; **P < 0.01. B, Quantification of dead cells (7-AAD vital staining) and (C) apoptotic cells (Annexin V+, 
propidium iodide [PI]–) in A549, LT73 and H460 cells grown for 72 h on collagen films. Bars represent the fold-change of percentage of 
dead cells relative to culture plate condition ± SEM. n = 3 replicates for each cell line. One-way ANOVA was used for statistical analyses 
*P < 0.05; ***P < 0.001. D, Cell cycle analysis (PI staining) of A549, LT73 and H460 cells grown for 72 h on collagen films or in culture plates. 
Bars are the median value of n = 2 replicates for each cell line. One-way ANOVA was used for statistical analyses. *P < 0.05. E, CD133 
content within PKHpos and PKHneg cells. Student’s t test was used for statistical analyses; **P < 0.01; ***P < 0.001. F, FACS analysis for 
PKH+ cells inA549, LT73 and H460 3 weeks post PKH staining. Cells were cultured on collagen films or on plastic culture plates for 72 h 
prior to analysis. Mean ± SEM of n = 2 replicates for each cell line is shown. One-way ANOVA was used for statistical analyses. *P < 0.05. 
G, FACS analysis for the expression CD133 in LT73 CD133neg cell line cultured for 72 h on collagen films. Bars are the % of CD133+ cells. 
n = 4 experiments. H, FACS analysis for the expression CD133+ and CXCR4+ in LT73 CD133neg cell line as in (G)
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exposure to Glc-collagen matrices we observed a 1,2-fold higher 
percentage of cells in the G1 phase together with a concomitant de-
crease of cells in S/G2 compared to the control culture plate, sug-
gesting cell proliferation arrest (Figure 2D).

These results show that Glc-collagen causes increased tumor cell 
growth arrest and cell death, overall determining the observed de-
crease in total cell number.

We next investigated whether the growth arrest and the in-
crease of CD133+ CSC subsets induced by glyco-collagen matrices 
could be linked to a specific selection for quiescent tumor stem cells.

Exploiting a label-retaining assay based on PKH fluorescent mem-
brane vital dye, we were able to identify after labeling and prolonged 
culturing: (i) slow-proliferating/quiescent tumor cells retaining the 
dye (PKHpos); and (ii) active proliferating cells that progressively 
diluted the fluorescent dye during cell division (PKHneg).16,30 In all 
tested cell lines, we verified that PKHpos slow-dividing cells are 
10-fold enriched in CD133+ CSC compared to PKHneg proliferat-
ing cells (P < 0.0001) (Figure 2E and Figure S4A), as we previously 
demonstrated in the LT73 cell line.30

A general increase for the fraction of PKHpos cells cultured on 
films was observed (1,7 fold-change), which was statistically signif-
icant after exposure to Glc-collagen (two-fold increase) (Figure 2F).

Preferential retention of PKHpos slow-cycling cells by collagen 
films is in line with the observed general increase for the CD133+ 
CSC subset and enrichment in G1-arrested cells, in particular in 
Glc-collagen.

3.3 | Glyco-collagen matrices trigger de novo 
generation of CSC

We next investigated another mechanism possibly contributing to 
CSC increase triggered by collagen films that is the de novo gen-
eration of stem-like tumor cells through the conversion of non-CSC 
cells into CD133+ CSC. To explore this hypothesis we took advan-
tage of the LT73 CD133neg cell line, generated by depletion of 
CD133+ cells from LT73 parental cell line through FACS sorting.17,18

As we previously demonstrated,17 we confirmed that LT73 
CD133neg cells cultured on a plastic plate remained negative for the 
expression of CD133 marker during in vitro culturing. Interestingly, 
culturing LT73 CD133neg cell for 72 hours on collagen matrices re-
sulted in de novo generation of the CD133+ subset (Figure 2G and 
Supplementary Figure S4B). The effect of glyco-collagen did not 
differ from pristine collagen in generating CD133+ CSC (frequency 
of de novo generated CD133+ CSC: 0.065% on pristine collagen; 
0.06% on Glc-collagen; 0.074% on Gal-collagen, P > 0.05), suggest-
ing that collagen binding can be the driver of de novo generation of 
CSC, whereas glycans minimally impact on the conversion of non-
CSC into CD133+ CSC. Interestingly, immunophenotypic analysis 
of de novo-generated CD133+ cells demonstrated that Glc-collagen 
was significantly more prone than pristine collagen to trigger the con-
version of non-CSC into the subset of metastatic CD133+ CXCR4+ 
cells (1.9 fold-increase compared to pristine collagen, Figure 2H).

Our results suggest relevance of collagen interactions in mod-
ulating CSC phenotypes and, in particular, we prove that exposed 
glucose residues can trigger the expansion/de novo generation of 
metastasis-initiating cells.

3.4 | Glc-collagen fosters in vivo 
tumorigenic potential

Having assessed by FACS analysis that glyco-collagen and, in par-
ticular, Glc-collagen proficiently expanded the fraction of CSC, we 
tested the functional relevance of such modulation.

In vitro migration assays on different collagen films showed an 
effective increase in migration potential of cells cultured on Glc-
collagen compared to both pristine collagen and plastic plates (re-
spectively 1,8 and 1,6 fold-increase, P < 0.001), data consistent with 
the higher enrichment in CD133+ CXCR4+ metastatic CSC subset 
(Figure 3A).

Next, we carried out an in vivo serial dilution assay, the gold 
standard to estimate the effective number of CSC, by injecting in 
SCID mice LT73 cells cultured on the different collagen matrices. 
Tumor take rate, evaluated as presence of growing tumors (TW 
≥100 mg) 1 month post injection, demonstrated that LT73 cells 
grown on Glc-collagen had a higher frequency of CSC able to ini-
tiate tumors compared to cells cultured on both plastic plates and 
pristine collagen (respectively 4,6 and 3 fold-change; P = 0.004 
and P = 0.028) (Figure 3B). In vivo evidence functionally cor-
related with the increase of CD133+ CSC evaluated by FACS in 
cells exposed to Glc-collagen before injection. Among engrafted 
xenografts, those from the Glc-collagen group grew significantly 
faster and bigger than controls (P = 0.0002) and pristine collagen 
(P = 0.05), whereas tumors from pristine collagen demonstrated 
a slightly increased tumorigenic potential compared to controls 
(Figure 3C).

Interestingly, FACS analysis revealed that xenografts generated 
by injection of cells exposed to collagen matrices maintained an 
increased content of CD133+ CSC cells compared to control (Glc-
collagen 3-fold change, P = 0.01; Collagen 2,3 fold-change, P > 0.05) 
(Figure 3D). In particular, xenografts generated from cells cultured 
on Glc-collagen, enriched in MICs subsets, also showed the highest 
ability to disseminate to murine lungs compared to xenografts from 
culture plates or pristine collagen-cultured cells (respectively 2,3 
and 1,6 fold-change P = 0.01) (Figure 3D).

Taken together, these data functionally suggest a trend for Glc-
collagen in increasing tumor-initiating ability to an even higher ex-
tent compared to collagen alone.

3.5 | Activated form of integrin β1 dictates tumor 
cell binding to Glc-collagen matrices

We then investigated the mechanism underlying CSC modulation 
induced by binding of cancer cells to collagen matrices.
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Collagen binding is mediated by cell membrane expression of 
integrin β1 in heterodimeric complexes with α1 or α2 subunits.31,32 
FACS analysis of total protein integrin β1 (CD29, clone TS2/16) 
showed that all tested cell lines express very high cell membrane 
level of integrin β1 (mean: 99% of total cells). However, as integrin β1 
can exist in different affinity states for collagen ligand, we focused 
our analyses on the high-affinity activated conformation state of 

integrin β1, identified by the antibody clone 9EG7. In this conforma-
tional state, integrin β1 can bind collagen by forming heterodimers 
with integrin α1 or α2 subunits. 31,33

LT73 cell line showed the highest membrane expression of the 
activated form of integrin β1 (Figure 4A), both alone and in co-ex-
pression with integrin α1/2. Notably, FACS analysis of all cell lines re-
vealed that CD133+ CSC express a higher level of activated integrin 

F I G U R E  3   Cancer cells grown on Glc-collagen matrix are more tumorigenic and disseminating. A, Migration assay carried out on A549, 
H460 and LT73 cell lines after cell culturing on collagen films or on plastic culture plates (control) for 72 h. Cells were chemoattracted with 
10% FBS. Bars are the mean ± SD of the number of migrated cells counted in 4 random fields of the transwell inserts. One-way ANOVA 
was used for statistical analyses *P < 0.05; **P < 0.001. B, LT73 cells grown for 72 h on plate (CTRL) collagen and Glc-collagen were injected 
at serial dilutions (1 × 103, 1 × 104, 1 × 105) in the flanks of SCID mice. Tumor take rate, indicated in the table on the left, was evaluated as 
presence of growing tumor ≥100 mg, 35 days from s.c. injection. ELDA (extreme limiting dilution analysis) software was used to estimate 
the frequency of cancer stem cells (CSC) after treatments providing confidence intervals for 1/(stem cell frequency) (central table). Pairwise 
chi-squared test was carried out between groups to evaluate difference in stem cell frequencies. C, Tumor growth curves of LT73 xenograft 
generated from s.c. injection of 1 × 105 cells after culturing on collagen films. n = 4 mice/group ***P < 0.0001 calculated by two-way 
ANOVA. D, Relative content of CD133+ CSC evaluated by FACS within dissociated LT73 xenografts. Bars are the mean ± SD, n = 4 mice/
group, each in duplicate technical analysis. One-way ANOVA was used for statistical analyses. **P < 0.001. E, Number of disseminated 
tumor cells (DTC) in lungs of mice bearing LT73 xenografts analyzed in (C). One-way ANOVA was used for statistical analyses *P < 0.05. DTC 
were identified as mouse vital, mouse H2Kneg cells by FACS on dissociated lung tissue, n = 4 mice/group
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β1, both as total and in its heterodimeric form with integrin α1, com-
pared to the bulk population, subtending that CSC may have a higher 
affinity to bind collagen (Figure 4A).

We also assessed in NSCLC cell lines the expression of α3/α6 
integrin subunits that are known to form heterodimers with integrin 
β1 to bind laminin, another abundant protein of the ECM. Notably, 
CD133+ CSC show a similar or even lower (in LT73 cell line) expres-
sion of integrin α3/β1and α6/β1 heterodimers compared to the bulk 
population (Figure S5A). This differential pattern of integrin expres-
sion might suggest a possible preferential CSC affinity for collagen.

Time-course analysis to assess the kinetics of cell binding to cul-
ture plates and collagen films showed that different cell lines adhere 
to culture plates with a distinctive kinetic, which is independent of 
the expression of integrin β1 (as expected) and significantly more 
efficient than adhesion to collagen films, for A549 and H460 cells. 
Conversely, the LT73 cell line that expresses the highest level of ac-
tivated form of integrin β1 among tested cell lines was able to effi-
ciently and rapidly bind collagen, especially Glc-collagen matrix, with 
a faster kinetic than for the culture plates adhesion. This observation 
may suggest that the glucose exposed on Glc-collagen could be di-
rectly involved in modulating the interaction between collagen and 
the activated form of integrin β1. In all tested cell lines, after 4 hours 

post-seeding, almost all cells competent to bind collagen adhered to 
the matrices and after 24 hours the cell number remained similar, as 
collagen matrices selected for slow-proliferating cells as previously 
shown (Figure 4B).

3.6 | Collagen-induced CSC increase is due to 
specific selection of CD133+ cells and subsequent 
CSC de novo generation

We next monitored the modulation of CSC induced by collagen in 
relation to the kinetics of tumor cells binding to collagen.

Modulation of CD133 expression revealed that soon after the 
initial phase of collagen binding, an increase for CD133+ cells can be 
observed and it is significantly higher in cells cultured on glyco-col-
lagen (Figure 5A). Notably, in LT73, showing the highest expression 
of integrin β1 and consequent faster binding to Glc-collagen, a sig-
nificant increase of CD133+ CSC compared to the culture plate was 
already evident soon after cell seeding (30 min), suggesting a link be-
tween the propensity of tumor cells to adhere to glyco-collagen and 
CD133+ cell selection (Figure 5A). Conversely, in H460 and A549 
cells cultured on Glc-collagen, there was a general gradual increase 

F I G U R E  4   Expression of activated integrin β1 correlates with tumor cell binding to Glc-collagen matrices. A, FACS analysis of the 
membrane expression of the activated form of integrin β1 (clone 9EG7) alone (left panel) and in co-expression with integrin alpha1 (central 
panel) or alpha2 subunits (right panel) in A549, LT73 and H460 cell lines, both in the bulk population and within the gated CD133+ subset. 
Bars are the mean ± SEM of n = 4 replicates for each cell line. ANOVA was used for statistical analysis. *P < 0.05; **P < 0.001. B, Time-
course analysis of A549, LT73 and H460 cell line adhesion to culture plates, collagen and Glc-collagen matrices. At each indicated time point, 
adherent cells were detached and counted by the Trypan blue exclusion method. Two-way ANOVA was used for statistical analyses.  
*P < 0.05; ***P < 0.0001 
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in CD133+ cells compared with initial phases of cell adhesion, with a 
significant increase of CSC 24 hours post-seeding.

Based on these data, we investigated whether the increase of 
CD133+ cells can be preferentially driven by the selection/expan-
sion of pre-existing CSC subsets or their de novo generation in re-
lation to specific kinetics of tumor cell lines binding to the different 
matrices.

By exploiting the PKH label-retaining assay, we observed at early 
time points in all cell lines a significant enrichment for the fraction 
of CD133+ PKHpos driven by collagen binding and, in particular, by 
Glc-collagen matrices (Figure 5B), consistent with a specific selec-
tion of the pre-existing fraction of slow-dividing CSC. Conversely, 
the fraction of PKHneg cells was counter selected by collagen bind-
ing, indicating that the initial increase of CD133+ cells was mainly 

F I G U R E  5   Time-course analysis of CD133+ cancer stem cell (CSC) modulation by collagen films. A, Time-course analysis of modulation 
of CD133+ cells, evaluated by FACS, during A549, LT73 and H460 cell adhesion to collagen films and neoglucosylated collagen films. 
The fold-change relative to culture plates in CD133+ CSC content are reported after 30 min, 4 h and 24 h post cell seeding on films. 
n = 3 replicates/time point for each cell line. Two-way ANOVA was used for statistical analyses. *P < 0.05; **P < 0.01; ***P < 0.001. B, 
Evaluation of the content of PKH positive and PKH negative cells within gated CD133+ CSC subset in A549, LT73 and H460 cell lines 
after 30 min and 4 h post cell seeding on collagen films and culture plates (CTRL). Mean ± SEM. ANOVA was used for statistical analyses. 
*P < 0.05; **P < 0.01. C, Generation of CD133+ CSC in LT73 CD133neg cell line, plated on collagen films compared to culture plates. 
n = 4 independent experiments were carried out for each time point. Two-way ANOVA was used for statistical analyses. *P < .05 refers to 
difference between Glc-collagen and collagens vs control plate
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due to the specific selection of already existing CSC expressing high 
levels of integrin β1 (Figure 5B).

Analysis of CD133+ cells 4 hours post tumor cell seeding 
showed in the LT73 cell line a significant increase of CD133+ 
PKHneg cells: as slowly proliferative CD133+ PKHpos cells are not 
expected to divide and consequently dilute PKH dye within 4 hours 
post cell seeding, the observed increase of the CD133+ PHKneg 
cell subset prompted us to speculate a de novo generation of CSC 
subset (CD133+) within the compartment of non-CSC PKHneg 
cells. Conversely, in H460 and A549 cell lines, a similar modulation 
of PKHpos and neg compartments within CD133+ cells was main-
tained compared to early time points, consistent with the selection 
of pre-existing CSC (Figure 5B).

These different modulations of CD133+ cells in response to 
collagen binding in LT73 cells can be explained by the high pro-
pensity of cells to rapidly bind collagen and also by the ability of 
this cell line among others to efficiently modulate and de novo 
generate CSC in response to microenvironmental stimuli, as we 
previously reported.18 To confirm the triggering of de novo gener-
ation of CSC induced by collagen, we monitored the appearance 
of CD133+ cells induced in LT73 CD133neg cells after binding 
to collagen. We found that de novo generation of CD133+ cells 
was significantly evident 4 hours post-seeding and similarly main-
tained after 24 hours (Figure 5C). De novo generation of CSC at 
4 hours was coherent with the enrichment of the CD133+ PKHneg 
fraction observed in the LT73 parental cell line (Figure 5B). No sig-
nificant difference in the ability to generate CSC was detected be-
tween pristine collagen and glyco-collagens, confirming end-point 
data at 72 hours (Figure 2F).

3.7 | Collagen-induced increase of CD133+ CSC is 
mediated by integrin β1

In time-course analyses, we observed that the collagen-induced 
increase of CD133+ cells at different time points was constantly 
associated with a reduced membrane expression of activated in-
tegrin β1, likely due to integrin internalization and activation of 
downstream transduction pathways (Figure 6A). Interestingly, 
we observed that 24 post-seeding, cells unable to bind collagen 
(shown in Figure 1A) demonstrated depletion in the CSC subset 
and a significantly lower expression of the activated form of in-
tegrin β1 compared to cells competent to adhere to the collagen 
matrix. These data suggest that cancer cell collagen binding and 
collagen selection of CD133+ CSC can be mediated by activated 
integrin β1 (Figure S6A).

Next, to establish the role of integrin β1 in mediating collagen-in-
duced modulation of CD133+ subsets, we transiently knocked down 
ITGB1 gene expression in different cell lines trough siRNA-mediated 
silencing and we repeated time-course analyses of collagen binding. 
Compared to scrambled siRNA control, siITGB1 cells showed a 7,7-
fold (± 5 SD) reduction of gene expression and a 50% reduction in 
protein levels of active integrin β1 (Figure S6B-D).

ITGB1 gene silencing did not affect CSC subpopulations (data 
not shown) indicating that in standard 2D culture conditions, integrin 
β1 is not essential for CD133+ CSC maintenance. However, ITGB1 
knock-down was able to prevent the increase of CD133+ cells on 
pristine and Glc-collagen matrices, both in the initial phase of binding 
and 24 hours post cell seeding (Figure 6B). The effect of integrin β1 
knock-down was even more effective in counteracting Glc-collagen 
matrix effects, stressing the essential role of integrin β1 binding and 
downstream pathway activation in mediating signaling specifically 
triggered by Glc-collagen.

We validated these results by incubating cancer cell lines 
with an integrin β1 blocking antibody (AIIB2) before culturing on 
collagen matrices (Figure 6C). Four hours post cell seeding, we 
confirmed that blocking of integrin β1 did not directly affect the 
CD133+ CSC compartment but significantly prevented the selec-
tion/generation of this subpopulation, in particular that induced 
by Glc-collagen.

Overall, our data suggest that integrin β1 is a mediator of the 
modulation of the CSC subset triggered by collagen and its targeting 
may prevent the enrichment in CSC caused by specific ECM glyco-
sylation patterns.

4  | DISCUSSION

The ECM is in direct contact with tumor cells providing them with 
soluble factors and mechanical cues able to regulate tumor develop-
ment and progression.34 Contribution of ECM glycosylation to the 
modulation of cancer cell niches is still poorly investigated as a result 
of the lack of adequate systems able to mimic ECM glycosignatures. 
Our aim was to provide proof of concept that glycosylation of col-
lagen could play a crucial biological role in the generation of specific 
stem cell niches in lung cancer.

Glycans control tumor cell adhesion, motility, and invasiveness 
through the modulation of receptor/ligand interactions between 
cells and ECM-binding proteins.22,35 Aberrant cell-surface and 
basal lamina glycosylation affects tumor cell–ECM adhesion trig-
gering downstream signaling pathways used also for the survival 
and outgrowth of disseminated tumor cells during the metastatic 
cascade.36,37

Cancer stem cells, functionally defined as tumor-initiating/prop-
agating cells,14 reside in specialized niches composed by stromal 
cells and ECM, essential for maintenance of stemness properties 
and regulation of asymmetric cell division/proliferation.13 In lung 
cancer, CD133+ cells represent CSC and are responsible for tumor 
initiation, chemoresistance and distant metastasis.38 In particular, 
the subset of CD133+ cells co-expressing the chemokine receptor 
CXCR4 is endowed with the highest metastasis initiation potential 
(MIC).16,17

Despite some previous evidence describing the ability of stromal 
soluble factors to modulate lung CSC phenotype,17,18,38,39 this work 
provides the first demonstration of the ability of ECM modifications 
to dictate stemness phenotype in lung cancer and highlights the 
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essential role of collagen glycosylation in controlling the interaction 
of lung CSC with the ECM.

For our study we used glyco-collagen matrices25 that have been 
shown capable of triggering biological responses able to dictate cell 
fate in different cellular systems.24,40

The significance of collagen glycosylation by α-d-Glc-(1-2)-β-d-
Gal(1-O) disaccharide has already been highlighted and correlated 
with embryonic lethality in past studies.41 However, the contribu-
tion of glycosylation degree and the epitope exposed is different 
depending on cell type.42 We show here that culture of lung cancer 

F I G U R E  6   Integrin β1 mediated collagen-induced cancer stem cell (CSC) enrichment. A, Time-course analysis for modulation of CD133+ 
cells and integrin β1 active form during A549, LT73 and H460 cell line adhesion to pristine and neoglucosylated collagen films. Fold-change 
of positive cells relative to culture plates are reported after 30 min, 4 h and 24 h post cell seeding on films. n = 3 replicates/time point 
for each cell line. Two-way ANOVA was used for statistical analyses, **P < 0.01; ***P < 0.001. B, Time-course analysis of modulation of 
CD133+ cells during adhesion to collagen films of A549, LT73 and H460 cell lines, transfected with scrambled siRNA or siITGB1.Fold-
change in the percentage of CD133+ positive cells relative to culture plates are reported after 4 h and 24 h post cell seeding on films. n = 2 
experiments for each cell line. Two-way ANOVA was used for statistical analyses. **P < 0.01. C, FACS analysis for CD133 expression in 
cancer cell lines cultured for 4 h on collagen matrices or culture plate in presence of integrin β1 blocking antibody (50 μg/mL). Bars are the 
mean value ± SD of n = 2 independent experiments performed for each cell line, in technical duplicate. ANOVA was used for statistical 
analyses. *P < 0.05
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cells on pristine collagen films compared to culture plates was able 
to induce an increase of CD133+ CSC with a concomitant upregula-
tion of expression of stemness-related genes. Similar modulation of 
stemness phenotype was also observed in glioblastoma and colon 
cancer cells, cultured on collagen-coated plates.43,44

Analysis of specific effects induced by different glyco-colla-
gen films proved that glucose residues had the greatest ability to 
increase the CD133+ fraction, especially the metastatic subset of 
CD133+ CXCR4+ cells. In Glc-collagen matrices, the expansion of 
CSC subsets was correlated with an overall enhanced cell mor-
tality and cell growth arrest, suggesting that stem-like cells may 
have a preferential binding affinity or survival advantage on this 
substrate compared to proliferating and differentiated tumor cells.

Interestingly, results obtained from label-retaining assays cor-
roborated this hypothesis demonstrating that culture of PKH-labeled 
cells on Glc-collagen resulted in enrichment for the slow-proliferat-
ing PKHpos cells which contain CSC subsets.30

As the effects on CSC modulation triggered by Gal-collagen 
were more similar to pristine collagen than to Glc-collagen, we sug-
gest a specific role of glucose in regulation of CSC and MIC rather 
than a generic response to collagen glycosylation.

Cancer-associated fibroblasts are able to induce de novo gen-
eration of CSC17 and here we show that ECM components can also 
exert a similar effect in modulating CD133+ subsets. Culture of LT73 
CD133neg cells on collagen determined the appearance of CD133+ 
CSC and this effect was elicited by collagen exposure, irrespective 
of glycosylation.

Finally, in vivo limiting dilution assays demonstrated that mod-
ulation of lung CSC subsets induced by Glc-collagen is functionally 
correlated with an increased tumorigenic potential and enhanced 
dissemination ability compared to cells cultured on pristine collagen 
or control cells.

Altogether, these findings support the role of collagen as a 
fundamental component of the lung CSC-niche. Notably, aberrant 
glycosylation of both cancer cells and basal membrane are asso-
ciated with enhanced invasion and metastasis formation in breast 
cancer.37,45 It may be possible that in lung cancer a fibrotic environ-
ment caused by deposition of aberrant glycosylated collagen could 
represent the most favorable soil for MIC selection/survival, rep-
resenting a novel promising target to impair metastasis formation.

Integrin receptors respond to particular biochemical and physi-
cal characteristics of ECM by initiating a cascade of events that af-
fect cell proliferation, differentiation and survival.31-33,46 Here we 
also report that expression of the activated form of integrin β1 is 
significantly overexpressed in the CSC subset, alone or in the het-
erodimeric form with integrin α1, which is coherent with a higher 
proficiency of CD133+ cells to adhere to collagen, in particular to 
Glc-collagen, than bulk cells. We also analyzed the expression of 
other integrin subunits, α3 and α6, that form heterodimer com-
plexes with β1 integrin to bind laminin, another ECM protein whose 
function is strictly regulated by glycosylation.47 Notably, CSC show 
a similar or even lower expression of α3/β1and α6/β1 integrin het-
erodimers compared to the bulk tumor population indicating a 

potential preferential affinity of CSC to bind collagen rather than 
other structural components of the ECM. Mechanistically, we prove 
that integrin β1 is one of the mediators of CSC modulation induced 
by collagen, as knock-down of ITGB1 gene expression and the use 
of an integrin β1 blocking antibody interrupted CSC interaction 
with ECM and prevented both the initial selection of pre-existing 
CD133+ CSC, preferentially dictated by Glc-collagen, and their sub-
sequent expansion/de novo generation.

In conclusion, the present study although preliminary and based on 
synthetic glycomimetics has brought new insights into the unexplored 
role of ECM glycosylation in controlling the behavior of lung CSC and 
MIC, suggesting a possible new mechanism by which CSC adhesion, 
survival and growth could be regulated by glycosylated collagen.

Our approach could provide innovative tools to study the mech-
anism underlying disseminated tumor cells quiescence and reactiva-
tion, a process so far poorly understood. The ability to understand 
the functions of ECM glycans in tumor progression is going to rep-
resent a potential breakthrough for elucidation of the complexity of 
microenvironment regulation of carcinogenesis and metastasis.
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