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Abstract

Microenvironmental factors are known fundamental regulators of the phenotype and aggressiveness of glioblastoma (GBM),
the most lethal brain tumor, characterized by fast progression and marked resistance to treatments. In this context, the
extracellular matrix (ECM) is known to heavily influence the behavior of cancer cells from several origins, contributing
to stem cell niches, influencing tumor invasiveness and response to chemotherapy, mediating survival signaling cascades,
and modulating inflammatory cell recruitment. Here, we show that collagen VI (COL6), an ECM protein widely expressed
in both normal and pathological tissues, has a distinctive distribution within the GBM mass, strongly correlated with the
most aggressive and phenotypically immature cells. Our data demonstrate that COL6 sustains the stem-like properties of
GBM cells and supports the maintenance of an aggressive transcriptional program promoting cancer cell proliferation and
survival. In particular, we identified a specific subset of COL6-transcriptionally co-regulated genes, required for the response
of cells to replicative stress and DNA damage, supporting the concept that COL6 is an essential stimulus for the activation
of GBM cell response and resistance to chemotherapy, through the ATM/ATR axis. Altogether, these findings indicate that
COLG6 plays a pivotal role in GBM tumor biology, exerting a pleiotropic action across different GBM hallmarks, including
phenotypic identity and gene transcription, as well as response to treatments, thus providing valuable information for the
understanding of the complex microenvironmental cues underlying GBM malignancy.
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Introduction

Glioblastoma multiforme (GBM) is the most common malig-
nant brain tumor, and one of the most devastating human
cancers, showing resistance to multimodal treatments. GBM
patients display a median survival of 16—18 months after
diagnosis and a 3-year survival rate of less than 15% [1, 2].
GBM contains a subset of cancer stem cells, known as gli-
oma stem cells (GSCs), which are considered responsible for
therapy resistance and tumor relapse [3, 4]. We previously
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reported the fundamental role played by the GBM hypoxic
microenvironment in sustaining a GSC phenotype and driv-
ing a concomitant intrinsic resistance to chemotherapy [5].
In particular, we demonstrated that GBM cells distribute
along a core-to-periphery gradient within the tumor mass,
in parallel with variations in phenotype, proliferation, tumo-
rigenic potential, and response to treatments, depending on
hypoxia and, in particular, on HIF-1« activation [5-8].
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Within tumor microenvironment, the extracellular matrix
(ECM) plays multiple key roles by shaping stem cell niches
[9], modulating growth factors availability [10], mediating
specific ECM-dependent pro-survival signaling cascades
[11], influencing tumor invasiveness [12] and response to
chemotherapy [13], and even providing chemoattractant cues
for inflammatory cells [14]. A number of studies demon-
strated that collagen VI (COL6), an ECM protein widely
distributed in several tissues, including brain vessels, and
in close association with basement membranes [15, 16], is
involved in tumor growth [17]. COL6 is made of three dif-
ferent subunits, al(VI), «2(VI), and a3(VI) chains, charac-
terized by a relatively short collagenous region and by large
globular domains at the N- and C-terminal ends [18]. Once
secreted, the protein generates a distinctive network of extra-
cellular beaded microfilaments interacting with several other
ECM components and providing mechanical, pro-survival,
and antiapoptotic stimuli to cells [19-24]. COL6 is highly
expressed in a variety of human tumors, including breast,
pancreatic and lung cancers, and in metastatic tissues [17,
25-28], where it modulates cell proliferation, angiogenesis,
and inflammation [29-32]. Notably, a cleavage product of
a3(VI), named endotrophin (ETP), was shown to promote
tumor progression, angiogenesis, fibrosis, and macrophage
recruitment in a mammary tumor mouse model [31], while
its inhibition increases tumor sensitivity to cisplatin [33].

Increased expression of COL6 was reported in GBM and
high-grade gliomas, when compared to lower-grade astrocy-
toma and normal glia [26, 34], also correlating with a poor
clinical outcome [35]. Despite these findings, the cellular
mechanisms triggered by COL6 were never investigated in
depth in this type of tumor. Here, we first corroborated the
high expression of COL6A1, COL6A2, and COL6A3 within
a subset of ECM-related genes in different GBM patients’
datasets, compared to lower-grade tumors and normal brain
tissues. Moreover, we identified a gradient of COL6 deposi-
tion within human GBM samples, showing higher levels in
the tumor core and then decreasing toward the peripheral
regions of the GBM mass. In vitro experiments demon-
strated that modulation of COLG6 levels heavily affects the
pro-differentiative potential of GSCs, de facto preventing, or
enhancing their serum-induced differentiation upon COL6
supplementation or suppression, respectively. Notably, gene
expression profiling of COL6-silenced cells revealed that
COLSG6 sustains a pro-cancerous transcriptional program, and
its downregulation is highly correlated to the expression of
a subset of genes involved in DNA replication and repair in
GBM cells, significantly affecting their response to DNA
damage and stress, eventually sensitizing them to chemo-
therapy. Collectively, these data demonstrate that COL6 is
dramatically involved in the maintenance of a stem-like phe-
notype in GBM cells, with a clear impact on their response
to treatments by sustaining their DNA repair capacity.
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Materials and methods

Neurosurgical specimen collection and isolation
of primary cultures.

Tissue specimens and primary cultures were isolated from
GBM tumors at surgery. All tissues were acquired follow-
ing the tenets of the Declaration of Helsinki. A differential
sampling of tumor biopsies from either the GBM core,
the more peripheral regions of the mass, and an inter-
mediate transition layer between them was obtained by a
T1-weighted MRI-based intraoperative neuro-navigation
and a pre-identified image-guided collection of biopsies
as previously described [8, 36]. General clinical features
of patients from which GBM specimens and primary cul-
tures used in this study were obtained are listed in Suppl.
Table S1.

Primary GBM cultures were isolated and cultured as
described previously [5, 36]. Briefly, GBM samples were
enzymatically and mechanically dissociated into single cell
suspensions. Cells were then placed on fibronectin-coated
plates and grown as monolayers in DMEM/F12 (Biowest,
Nuaillé, France) supplemented with 10% BIT9500 (Stem
Cell Technologies, Vancouver, Canada), 20 ng/ml basic
fibroblast growth factor (bFGF), and 20 ng/ml epidermal
growth factor (EGF; both from Cell Guidance Systems
Ltd., Cambridge, UK). GBM cells were maintained in an
atmosphere of 2% oxygen, 5% carbon dioxide and balanced
nitrogen in a H35 hypoxic cabinet (Don Whitley Scientific
Ltd., Shipley, UK), to mimic the hypoxic conditions of GBM
microenvironment, or exposed to environmental oxygen,
according to specific experimental needs.

To induce differentiation, culture media was supple-
mented for 72 h with 10% fetal bovine serum (FBS; Thermo
Fisher Scientific, Waltham, MA). When indicated, soluble
native COL6 (snCOLG6; 1 pg/ml any other day, purified as
already described [37, 38]), or the pepsin-resistant triple
helical fragment of COL6 (pepCOLG6; 250 ng/ml, purified
as described in [39, 40]) was added to the culture medium,
or culture dishes were coated with purified native COL6
(cnCOLS6; 5 pg/cm?) added as an adhesion substrate.

Brightfield images of cultured cells were acquired with a
Nikon TS100 inverted microscope (Nikon, Melville, NY).

In some experiments, GBM cell growth was monitored
along a 48 h time span by Trypan Blue (Sigma-Aldrich,
St. Louis, MO) exclusion daily counts.

Immunofluorescence and confocal microscopy

Immunofluorescence on formalin-fixed paraffin-embed-
ded GBM tumor sections (5-7 pm thick) was performed
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according to the standard procedures. Briefly, slides
were deparaffinized through xylene/ethanol rehydration,
followed by phosphate-buffered saline (PBS) washing.
Antigen unmasking was performed with a heat-mediated
antigen retrieval step in citrate buffer (10 mM citric acid,
pH 6.0), using a steamer brought to 100 °C for 20 min,
followed by hyaluronidase treatment (500 U/ml in 150 mM
NaCl, 20 mM Na acetate, pH 6.0) at room temperature
for 30 min. Slides were washed in PBS, permeabilized
in 0.2% Triton X-100 (Sigma-Aldrich, St. Louis, MO)
in Tris-buffered saline (TBS) for 10 min, washed again
and blocked in 1% bovine serum albumin (BSA; Sigma-
Aldrich, St. Louis, MO) in TBS for 1 h. Primary anti-
bodies against ColVI a3 (1:100, kindly supplied by Dr.
Raimund Wagener, University of Cologne, Germany
[41];), nestin (1:200; Millipore, Burlinghton, MA), Ki67
(1:100; Dako, Glostrup, Denmark), CD34 (1:50; Novo-
castra, Newcastle upon Tyne, UK), collagen VII (1:200;
Sigma-Aldrich, St. Louis, MO), and collagen IV (1:250;
Sigma-Aldrich, St. Louis, MO) were incubated overnight
at 4 °C. After washing in PBS, samples were incubated
with fluorescent secondary antibodies anti-rabbit IRIS
5.5 (1:200; Cyanine Technologies, Turin, IT), anti-mouse
Cy3 (1:500), anti-mouse Cy2 (1:300), and anti-mouse Cy3
(1:500) (all from Jackson Immunoresearch, Ely, UK). Hoe-
chst 33528 (Sigma-Aldrich, St. Louis, MO) was used for
staining nuclei. Images were acquired with a Leica TCS
SPS5 confocal microscope (Leica Microsystems, Wetzlar,
Germany). The positive area for COL6 staining was quan-
tified on randomly chosen fields by Image].

Immunofluorescence on GBM cultures was performed in
4-well chamber slides (BD Bioscience, Franklin Lakes, NJ)
in the absence or presence of FBS and/or nCOL6. After 72 h,
cells were fixed in cold 4% formaldehyde, and then washed
and stored at 4 °C in PBS prior to analysis. Primary anti-
bodies against Nestin (1:200; Merck-Millipore, Darmstadt,
Germany), BIII-tubulin (1:500; Biolegend Inc., San Diego,
CA), GFAP (1:500; Agilent Technologies, Santa Clara, CA),
phospho-Vimentin (1:100; MBL International, Woburn, MA),
Nanog (1:400; BD Bioscience, Franklin Lakes, NJ), and S100
(1:400; Agilent Technologies, Santa Clara, CA) were incu-
bated according to manufacturer’s instructions. Cells were then
washed and incubated with secondary antibodies conjugated
to Alexa dyes (1:1000; Thermo Fisher Scientific, Waltham,
MA). Nuclei were counterstained with DAPI (1 pg/ml; Sigma-
Aldrich, St. Louis, MO). The stained samples were visualized
with an Axio Imager M1 epifluorescence microscope (Zeiss,
Jena, Germany).

Reverse transcription and quantitative real-time
RT-PCR

Total RNA (1-2 pg) was extracted from GBM cells using
QIAzol reagent (Qiagen, Hilden, Germany) according to
manufacturer’s instructions. RNA was reverse-transcribed
using the SuperScript™ First-Strand Synthesis System
(Thermo Fisher Scientific, Waltham, MA). Quantitative
RT-PCR reactions were run in duplicate using Platinum
SYBR Green Q-PCR Super Mix (Thermo Fisher Scientific,
Waltham, MA). Fluorescent emission was recorded in real-
time (Sequence Detection System 7900HT, Applied Bio-
systems, Foster City, CA). Primers used are listed in Suppl.
Table S2. Primer specificity was assessed by alignment to
Human BLAST Search (http://genome.ucsc.edu) and con-
firmed for every PCR run by dissociation curve analysis.
Expression values were normalized to GUSB according to
the AACt method.

Western blotting

Equal amounts of proteins extracted from GBM cells (gen-
erally 10 pg) were resolved by SDS-PAGE gels (NuPage;
Thermo Fisher Scientific, Waltham, MA) and transferred to
polyvinylidene difluoride (PVDF) Immobilon-p membrane
(Merck-Millipore, Darmstadt, Germany). Membranes were
saturated with 2% I-block™ (Thermo Fisher Scientific,
Waltham, MA) or 3% BSA (Sigma-Aldrich, St. Louis, MO)
for at least 1 h at room temperature and then incubated over-
night at 4 °C under constant shaking with antibodies against
ColVI al (1:1000; Santa Cruz Biotechnology, Santa Cruz,
CA), yH2aX (1:1000; Santa Cruz Biotechnology, Santa
Cruz, CA), phospho-Chk1 (Ser345; 1:1000; Cell Signal-
ing Technology, Danvers, MA), phospho-Chk2 (Ser33/35;
1:1000; Cell Signaling Technology, Danvers, MA), and
B-actin (1:25,000; Sigma-Aldrich, St. Louis, MO). Mem-
branes were then incubated with peroxidase-conjugated
secondary antibodies (Perkin Elmer or Bethyl Laboratories,
Waltham, MA) and visualized using ECL Select (Cytiva,
Marlborough, MA). Images were acquired by using the
iBright FL.1500 Imaging System (Thermo Fisher Scientific,
Waltham, MA).

Limiting dilution assay

To assess GBM cell self-renewal, cells were seeded in 6
well plates, in the presence or absence of 10% FBS and/or
1 pg/ml of snCOL6 (added to the medium any other day)
for 72 h prior to be re-plated in serial dilutions ranging
from O to 100 cells/well in ultralow attachment 96-well
plates through a MoFlo XDP cell sorter (Beckman Coulter,
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GBM cells were transfected using a protocol for transient
transfection of adherent cells with the TransIT®-X2 Trans-
fection Reagent (Mirus Bio LLC, Madison, WI). A Negative
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«Fig.1 COLSG6 is overexpressed in GBM and displays a gradient pat-
tern of intra-tumoral distribution. A Hierarchical analysis show-
ing differential expression of the 79 selected ECM genes between
high-grade gliomas and low-grade/normal brain samples from the
GSE4290 dataset [45]. B Mean expression of a subset of 15 highly
overexpressed genes in high-grade gliomas, extrapolated from the
hierarchical analysis shown in (A). C Boxplots displaying the increas-
ing levels of expression of COL6AI, COL6A2, and COL6A3 genes
depending on higher grade of glioma samples analyzed. Statisti-
cal analysis was performed by comparing glioma samples (grade II,
n=45; grade III, n=31; GBM, n=77) with normal brain (n=23)
through One-way ANOVA with Dunnett’s multiple comparisons test
(*p<0.05; **p<0.01; ****p<0.0001). D Representative confo-
cal immunofluorescence images displaying COL6 protein in tumor
biopsies isolated from the GBM core (left panels), tumor periphery
(right panels), or an intermediate layer between them (central panels).
a3(VI) labeling (white) is compared with Nestin (green; upper pan-
els), Ki67 (red; middle panels), and CD34 (red; lower panels) stain-
ings. Cell nuclei were counterstained with Hoechst (blue); scale bar,
100 pm. E Relative quantification of COL6 protein signal among the
indicated GBM layers (obtained from 5 different patients). Statistical
analysis by One-way ANOVA with Tukey’s multiple comparisons test
(*p<0.05). F Boxplots showing increased expression of COL6AI,
COL6A2, and COL6A3 genes in the GBM core versus more periph-
eral tissues (n=4), based on our previously published GSE113512
dataset [52]. Statistical analysis by  test

Control siRNA (siNEG) and two different Stealth siRNAs
against human COL6A] transcript were purchased from
Thermo Fisher Scientific and used at 50 pmol per transfec-
tion reaction (siCOL6A1#1: HSS102131 and siCOL6A1#2:
HSS102132). Efficiency of gene silencing was verified by
western blotting after 48 h from transfection. In some experi-
ments, 24 h after transfection cells were exposed to FBS and/
or snCOLG6 as described above.

Gene expression profiling and data analysis

For microarray experiments, in vitro transcription, hybridiza-
tion, and biotin labeling of RNA were performed according
to the WT GeneChip Clariom™ S assay (Affymetrix, Santa
Clara, CA). Microarray data (CEL files) were generated using
default Affymetrix microarray analysis parameters (Command
Console Suite Software). CEL files were normalized using the
robust multiarray averaging expression measure of the Affy-
R package (www.bioconductor.org). Differentially expressed
genes between siNEG and siCOL6A1#1 or siCOL6A1#2
transfected GBM cells (HuTuP82) were identified using the
Significance Analysis of Microarray (SAM) algorithm coded
in the samr R package [42]. In SAM, we estimated the percent-
age of false-positive predictions (i.e., False Discovery Rate,
FDR) with 100 permutations. Genes with an FDR < 0.05 were
considered significant. Expression data were deposited into
the Gene Expression Omnibus (GEO) database under Series
Accession Number GSE226700 and are accessible without
restrictions. Clustering analysis was generated with R soft-
ware using Euclidean distance as a distance measure between

genes and Ward.D method. Heatmap in Suppl. Fig. S1 was
generated by the Morpheus bioinformatic tool (https://softw
are.broadinstitute.org/morpheus/).

Enrichment analyses were performed on common differen-
tially expressed genes between the two used COL6A1 siRNAs
by applying over representation analysis in the C2cp (common
pathways) gene sets. The most significant enrichments (FDR
q value <0.05) are reported.

Identification of co-expressed gene modules within sample
types (siNEG vs. siCOL6A 1-transfected cells) was performed
through the CEMiTool R package [43] according to Pearson
correlation statistics. Modules were identified and clustered by
a dissimilarity threshold of 0.8 and a p <0.1. GSEA was per-
formed to measure the relative enrichment of identified gene
modules into sample categories. Over representation analysis
was performed on module M6, which contains the COL6A1
transcript.

Kaplan—Meyer survival analysis was achieved by subgroup-
ing patients into quartiles according to the sum of the mean-
centered log, expression values of the identified COL6 Highly
Correlated Genes (HCG; n=10).

DNA gel electrophoresis

GBM cells were transfected with siCOL6A1 or siNEG using
RNAiIMAX reagent (Thermo Fisher Scientific, Waltham,
MA) and, after 24 h, treated with Temozolomide (TMZ;
100-500 pM) or matched concentrations of DMSO for
additional 24 h. DNA was extracted from GBM cells using
QIAamp DNA mini kit (Qiagen, Hilden, Germany). Isolated
DNA (1 pg) was then resolved in 1% agarose gel contain-
ing GelRed Nucleic Acid Stain (Biotium, Hayward, CA)
in Tris—borate-EDTA (TBE) at 50 V for 3 h. Images were
acquired by using the iBright FL1500 Imaging System
(Thermo Fisher Scientific, Waltham, MA).

Statistical analyses

Graphs and associated statistical analyses were generated
using GraphPad Prism 8.0.1 (GraphPad, La Jolla, CA). All
data in bar graphs are presented as mean =+ standard error of
the mean (SEM). Statistical significance was measured by one-
way ANOVA (for more than two comparisons) and Student’s ¢
test (comparison of two groups). For all graphs, asterisks over
bars indicate a significant difference with the specific control
group. Asterisks over brackets display a significant difference
between indicated samples.
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«Fig.2 COLS6 is overexpressed by GBM stem-like cells and prevents
their differentiation. A Representative images displaying the morpho-
logical and phenotypic features of HuTuP82 GBM cells in undiffer-
entiated conditions (control, left panels) and upon differentiation by
72 h exposure to 10% FBS-enriched medium (+FBS, right panels).
Top panels show bright field (BF) images, bottom panels display
immunostaining for the neural stem cell marker Nestin (green) and
the neuronal differentiation marker PIII-tubulin (red). Nuclei were
counterstained with DAPI (blue). Scale bar, 20 pm. B Relative quan-
tification of Nestin*/pIII-tubulin”, Nestin*/BIII-tubulin* and Nestin™/
BII-tubulin® GBM cells in samples as in (A). Statistical analysis
by comparing FBS treated cells with controls through t test (n=5;
**p<0.01; ***p <0.001). C Representative western blot analysis for
the a1(VI) COL6 chain (COL6A1) in HuTuP82 GBM cells in undif-
ferentiated (— FBS) and differentiating (+FBS) conditions. p-actin
was used as a loading control. (D) Representative immunofluores-
cence images displaying the combined expression of Nestin (green)
and PIII-tubulin (red) (left panels) or GFAP (green) and phospho-
Vimentin (pVIM; red) (right panels) in HuTuP82 GBM cells under
undifferentiated (control) and differentiating (72 h FBS) conditions,
in the absence of any further treatment (top row) or in the presence
of snCOLG6 (1 pg/ml any other day; middle row) or of cnCOL6 (5 pg/
cm?; bottom row). Nuclei were counterstained with DAPI (blue).
Scale bar, 20 pm. E Relative quantification of Nestin™/pIII-tubulin,
Nestin*/BIII-tubulin* and Nestin/BIlI-tubulin* (left panel; n=12) or
of pVIM*/GFAP~, pVIM*/GFAP™, and pVIM/GFAP" (right panel;
n=38) in HuTuP53 and HuTuP82 GBM cells treated as in D. Statisti-
cal analysis was performed by comparing each experimental group
with control cells (- FBS, — nCOL6) through One-way ANOVA
with Dunnett’s multiple comparisons test (*p<0.05; ***p<0.001;
*EEED <0.0001)

Results
Collagen Vl is overexpressed in GBM

Expression levels of ECM-related genes are able to pre-
dict clinical outcome of breast cancer patients, depending
on the coordinated expression of diverse ECM proteins
and enzymes [44]. Based on this premise, we analyzed the
potential impact of ECM proteins on the aggressiveness of
glioma tumors. To restrict our focus to ECM proteins, we
refined the list of genes coding for ECM-related proteins
reported in [44] to those genes coding for ECM proteins
or even proteins (non-enzymes) with extracellular locali-
zation (n=79, based on the available information; Suppl.
Table S3). Hierarchical clustering analysis of glioma tis-
sues from the GSE4290 dataset [45], performed on the basis
of the expression of the selected 79 genes, identified two
distinct subgroups of patients, one comprising the majority
of normal and low-grade tumors, and the other one mostly
composed by grade III-IV gliomas (Fig. 1A). Of note, a
small subset of ECM genes (n=15) displayed a consist-
ent increased expression in high-grade glioma samples
compared to lower grade tumors and normal brain samples
(Fig. 1B and Suppl. Fig. S1A). Within collagen genes repre-
sented in this subset (9/15), we found that all the three main
COLG6 genes (COL6AI, COL6A2, COL6A3) [18] displayed

an increased expression in malignant tumors, with a sig-
nificant and consistent overexpression in GBM (Fig. 1C).
Supporting these data, we confirmed a reproducible higher
expression of all three COL6 transcripts with tumor grade
(Suppl. Fig. S1B-D) in additional independent glioma/GBM
tumor datasets (GSE7696, [46]; TCGA-GBM, [47]; CGGA
[48]), pointing at a role for COLG6 in sustaining the aggres-
siveness of high-grade gliomas, as already reported in sev-
eral other tumors [17].

Finally, based on the most recent IDH mutation-driven
classification of grade 4 tumors into GBM (IDH wildtype)
and grade 4 astrocytomas (IDH mutated, endowed with a
milder outcome) [49-51], we evaluated if any difference
in term of expression of COL6 genes occurred in samples,
according to the IDH status. Interestingly, COL6 genes dis-
played a consistent and significant decreased expression in
IDH-mutated tumors across all grades (from the TCGA-
GBM and CGGA datasets), in line with the suggested
increase of COLG6 expression with tumor malignancy, which
was still observed in their IDH wildtype counterpart (Suppl.
Fig. S2A, B). Along this line, we also verified the presence
of any correlation between the expression of COL6 genes
and the methylation status of the MGMT promoter, which
nevertheless did not display any evident association with
COLSG6 levels (Suppl. Fig. S2C).

COL6 deposition follows a core-to-periphery
gradient in the GBM mass

We previously demonstrated that GBM tumors are charac-
terized by a highly necrotic and hypoxic core, enriched in
chemotherapy-resistant GSCs, surrounded by less hypoxic
hyper-proliferating cells (intermediate layer), and by periph-
eral highly vascularized tumor regions displaying a more
differentiated and chemotherapy sensitive cell phenotype [5,
7, 8]. To further corroborate a potential correlation between
COL6 and tumor aggressiveness, we checked for COL6
expression and deposition within the GBM tumor mass.
Of note, immunofluorescence in GBM tumors, sampled
according to our previously reported three-layer concentric
model of GBM cell distribution [8, 36], showed a markedly
higher COL6 protein deposition in the core of GBM mass,
with a progressive decrease in the more peripheral regions
(Fig. 1D, E). To confirm this result, we took advantage of
the available transcriptional data that we previously obtained
from both GBM core and periphery (GSE113512; [52]).
Unsupervised analysis of the above selected 79 ECM genes
demonstrated their differential expression between GBM
core versus GBM periphery samples (Suppl. Fig. S3A),
with COL6A 1, COL6A2, and COL6A3 transcripts being sig-
nificantly overexpressed in the highly aggressive cells from
the GBM core (Fig. 1F). Accordingly, the observed higher
transcription of COL6A 1-3 genes in the GBM core was also
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validated through investigation of single-cell RNAseq data
from the GSE84465 dataset [53], in which nonmalignant
cells were filtered out (Suppl. Fig. S3B).

Intriguingly, other collagen proteins (i.e., Collagen IV
and Collagen VII) resulted barely detectable or even not
differentially accumulated across different GBM regions
(Suppl. Fig. S3C), further supporting the potential involve-
ment of COL6 in sustaining key hallmarks of GBM tumors.

COL6 expression in GBM stem cells prevents their
differentiation

Cell populations residing in the inner regions of the GBM
mass are enriched in stem-like cells and are exposed to
noticeable hypoxia, as we already demonstrated [5]. More-
over, COL6 immunoreactivity in the GBM core is strictly
associated with the neural stem cell marker Nestin (Fig. 1D,
upper panels). Based on this evidence, we asked if COL6
overexpression could be dependent on microenvironmen-
tal low oxygen levels, or even expansion of the GSC com-
partment. In this context, the expression of COL6 genes
remained unchanged when GBM cells were cultured under
different oxygen tensions (Suppl. Fig. S4A), thus exclud-
ing a direct regulation by environmental oxygen levels. To
explore a potential association of COL6 protein expression
with GSCs, we pushed them towards differentiation by expo-
sure to a 10% FBS-containing medium. Upon differentia-
tion, beside the dramatic drop of Nestin expression and the
acquisition of neuronal differentiation traits (Fig. 2A, B and
Suppl. Fig. S4B, C), there was a dramatic reduction of COL6
protein levels (Fig. 2C and Suppl. Fig. S4D), suggesting a
role of this ECM protein in the maintenance of a stem cell
phenotype.

To verify this hypothesis, we exposed GBM cells to FBS,
in the absence or presence of soluble native COL6 (snCOL6)
and let them differentiate for 72 h. In agreement with the
above findings, snCOLG6 fully counteracted the FBS-induced
differentiation by preventing the increase of lll-tubulin®
cells and the expansion of a phospho-Vimentin (pVIM)*/
GFAP™ glial progenitor differentiating cell population
(Fig. 2D, E). Of note, the effects displayed by COL6 seemed
to be elicited at the cell progenitor level, since we could not
detect any modulation of the early stem cell marker Nanog
(Suppl. Fig. S4E). Highly comparable results were obtained
when the same experiments were performed with GBM cells
plated onto nCOL6-coated (cnCOL6) plates (Fig. 2D, E).
From a functional point of view, although native COL6 did
not modulate the already highly immature phenotype of
primary GBM cultures by itself, its administration was suf-
ficient to significantly enhance their self-renewing capacity
in both basal and pro-differentiating conditions (Suppl. Fig.
S4F).
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To further understand how COL6 exerts the observed
effect on GBM cell differentiation, we compared data
obtained using the native protein (nCOL6) with a pepsin-
resistant fragment of COL6 (pepCOLO6), which solely retains
the triple helical domain. Interestingly, exogenous addition
of pepCOLG6 failed to fully counteract FBS-induced differ-
entiation (Suppl. Fig. S5A, B), therefore suggesting that the
presence of the N- and C-terminal globular regions of COL6
is required to achieve a completely functional pro-stemness/
anti-differentiation activity.

Altogether, these results indicate that COL6 plays a major
role in modulating the balance between cell differentiation
and stem-like cell maintenance, by sustaining the preserva-
tion of both functional and phenotypic stemness in GBM.

COLS6 silencing significantly affects GBM cell
differentiation

Since COL6 administration did not further enhance the
stem cell phenotypic traits, already highly enriched in GBM
cells in basal culturing conditions (Fig. 2), we wondered if
COLS6 deficiency could negatively affect GBM stemness and
even potentiate any induced differentiation. To this end, we
silenced COLG6 expression using a siRNA (siCOL6A1#1)
targeting COL6A1 (Suppl. Fig. S5C), whose ablation is
known to prevent the assembly of the functional COL6 pro-
tein [18, 39], evaluating its impact in GBM behavior in both
resting and pro-differentiating conditions. We found that
COLG silencing partially, although significantly, reduced
stemness and increased neuronal differentiation of GBM
cells, reducing and increasing the expression of Nestin and
BIII-tubulin, respectively, relative to control cells (Fig. 3A,
B). A similar induction of a pVIM*/GFAP™ progenitor cell
population was also observed (Suppl. Fig. S5D, E). Intrigu-
ingly, administration of snCOLG6 largely counteracted COL6
silencing effects in pro-differentiating, FBS-dependent con-
ditions (Fig. 3A, B).

These data support the concept that endogenously pro-
duced COLSG6 is required to maintain GBM cell stemness
and that the achievement of a threshold in COL6 expres-
sion is crucial for counteracting environmentally induced
differentiation.

COL6 suppression significantly affects
a cancer-related aberrant gene transcription

To explore the intracellular processes affected by COL6 in
GBM, we analyzed the transcriptional changes of GBM cells
after COLG6 silencing (Suppl. Fig. S6A). To filter our data for
potential off-target effects, we considered only transcripts that
were commonly perturbed by both COL6 siRNAs, identifying
169 up-regulated and 84 down-modulated genes upon COL6
abrogation (Fig. 3C, Suppl. Fig. S6B and Suppl. Table S4).
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Fig.3 COL6 silencing affects GBM cell differentiation and gene
transcription. A Representative co-immunofluorescence images
for Nestin (green) and PIII-tubulin (red) in siNEG or siCOL6A1#1
transfected GBM cells under control and differentiating (72 h FBS)
conditions, in the absence of any further treatment or in the pres-
ence of snCOL6 (1 pg/ml any other day). Nuclei were counterstained
with DAPI (blue). Scale bar, 20 pm. B Relative quantification of
Nestin*/pIlI-tubulin, Nestin™/pIII-tubulin® and Nestin/pIII-tubulin*
HuTuP82 GBM cells as in A. Statistical analysis was performed by

Of note, GBM cells did not display any potential transcrip-
tional compensatory mechanism engaged in response to COL6
silencing, since we could not detect any increased expression
of other collagen or ECM genes at the considered timepoints
(Suppl. Table S4).

Enrichment analysis disclosed downregulated genes as
significantly involved in several cancer associated intracellu-
lar pathways including PI3K/AKT, IGF1, FLT3, PDGF, and
MAPK, together with microenvironmental processes such as
ECM and TIE2 signaling (Fig. 3D). On the other hand, analy-
sis of upregulated genes did not produce relevant significant
transcriptional enrichments, with the exception for the Ca**
and mTOR signaling pathways (Suppl. Fig. S6C), which were
already reported to be positively affected by COL6 ablation in
other non-cancerous contexts [54, 55].

These results further support the involvement of COL6 in
sustaining GBM cell aggressiveness and are in agreement with
functional data demonstrating its role in modulating stem-like
cell plasticity and phenotype.

] O\QX Signaling by PDGF

10-2_: MAP kinase cascade
\ TIE2 signaling

Extracellular matrix organization

comparing each experimental group (n=3) with control siNEG cells
(- FBS, — snCOL6) through One-way ANOVA with Dunnett’s mul-
tiple comparisons test (¥*p<0.05; **p<0.01; ****p<0.0001). C
Heatmap summarizing differentially expressed genes between siNEG,
siCOL6A1#1 and siCOL6A1#2 transfected HuTuP82 GBM cells.
D Dot plot summarizing the significant (shades of red) negatively
enriched pathways in COL6-silenced HuTuP82 GBM cells by over-
representation analysis of the C2cp gene sets

A COL6-dependent transcriptional module
is involved in chemotherapy response and patient
outcome

Based on the above described COL6-dependent modulation
of several relevant pathways in GBM cells, we investigated
if a COLG6 transcriptional signature could be inferred and
then characterized for its potential role in the control of any
additional cancer hallmark. To this end, we explored our
transcriptional data to identify distinctive subsets of genes
displaying a significant and consistent correlated expression
within the siNEG or the siCOL6A1(#1/#2) samples. Then,
by subdividing identified genes into co-expression clusters,
we identified 6 different transcriptional modules (M1-6) with
a coordinated and significant differential expression among
the siNEG and siCOL6A1 samples (Fig. 4A). COL6AI
resulted consistently co-expressed among the experimental
groups (siNEG vs siCOL6AT1) with other 34 genes, together
belonging to the M6 transcriptional module. Intriguingly,
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Fig.4 COLG correlated genes
sustain chemotherapy resist-
ance in GBM cells. A Heatmap
displaying the identification

of six different transcriptional
modules, each comprising
genes with coordinated expres-
sion across HuTuP82 GBM
cells transfected with siNEG,
siCOL6A1#1 or siCOL6A1#2.
B Dotplot summarizing nor-
malized enrichment of the six
transcriptional modules (M1-
M6) in siNEG and siCOL6A1
subgroups (both #1 and #2)

of samples. NES: Normalized
Enrichment Score. C Dotplot
showing pathway enrichments
of the 35 genes belonging to
the M6 transcriptional module.

D Representative western blot C
analysis for a1(VI) COL6 chain
(COL6A1), phospho-Chkl,
phospho-Chk2, and yH2aX in
siNeg or siCOL6A1#] trans-
fected HuTuP82 GBM cells in
the absence () or presence (+)
of 100 pM TMZ stimulation
for 24 h. p-actin was used as a
loading control. E Representa-
tive electrophoresis display-
ing DNA damage products
derived from HuTuP82 GBM
cells transfected with siNeg

or siCOL6A1#1 under control
conditions or upon 24 h TMZ
treatment at 100 pM or 500 uM.
Size marker (M) is shown

on the left. F Representative
brightfield images of HuTuP82
GBM cells transfected with
siNeg or siCOL6A1#1 under
control conditions or upon 72 h
exposure to 100 uM TMZ. The
histogram on the right shows
the trypan blue-based quanti-
fication of growth kinetics in
the different conditions. Scale
bar, 20 pm (**p <0.01; ns, not
significant; Student’s ¢ test)

SINEG _ SICOLBATET

this gene cluster resulted as the most negatively enriched
in COL6-silenced samples by gene set enrichment analysis
(GSEA) (Fig. 4B). These data confirmed the presence of a
specific subset of genes whose expression could be imme-
diately dependent (directly or indirectly) on COL6 expres-
sion/deposition. Moreover, over-representation pathway
analysis of the M6 cluster disclosed that these genes have
a major role in the repair of DNA damage, surveillance of
DNA integrity at the level of cell cycle checkpoints, and

@ Springer

Reg. of TP53 Activity through Phosphorylation .

Processing of DNA double-strand break ends 4 .
Homology Directed Repair o

DNA strand elongation-{ .

Regulation of TP53 Activity - o

Activation of the pre-replicative complex ‘

DNA Double-Strand Break Repair{ @

G2/M Checkpoints{ @

DNA replication | .

@

Activation of ATR in resp. to replication stress

SiINEG B
SICOLBA1#1 N
M siCOL6A1#2 o s
M
‘%\$@ é’\oo
Il Module 1
M Module 2 M5 @ @ hﬁs
M Module 3 m 2
Module 4 M2 ‘ . 0

M Module 5 . 2

M Module 6 M4 ‘ .
vi @ @
M3 & O

ve @ @

|
N

[N - T
uoissaidxa "WION

gene ratio

siNEG  siCOL6A1#1

+ — + TMZ(100pM)

—— | coLeat

s o w | pChi1 (S345)
ww e we| ChK2 (S33/35)

——— e | yH2aX

— ———| (-acin

mm Control
mm TMZ (100pM)

* %

ns

* %

=2

# of cells (x107)

SNEG  siCOL6A1#1

control of DNA replication processes under stressful condi-
tions (Fig. 4C).

In order to functionally confirm the above results, we
silenced COL6AI in GBM cultures and then exposed them
to TMZ, the gold standard chemotherapeutic administered
to glioma patients [2]. COL6 suppression was sufficient to
prevent the activation of the ATR/ATM axis downstream
effectors Chk1, Chk2, and yH2aX (Fig. 4D), which are
generally activated by cells in response to DNA damaging
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Fig.5 A COL6-dependent
gene signature correlates with
a worse GBM patient out-
come. A Heatmap displaying
Pearson r correlation values
of the 35 genes belonging to
the M6 transcriptional module
in glioma samples from the
GSE4290 dataset. The expres-
sion of Highly Correlated Genes
(HCG) across glioma samples

(both positively and negatively
correlated, r>0.4 and r<— 04,
respectively) is shown in (B).
FC Fold Change. Progression-
free survival (PFS) and overall
survival (OS) curves of GBM
patients from the TCGA
(n=519, C) and the Rembrandt
(GSE68848) (n=181, D) data-
sets, sub-grouped on the basis
of the cumulative mean-cen- B
tered expression of highly cor-
related genes (r> 0.4) selected
from B. Statistical analysis by
Log-rank (Mantel-Cox) test. HR
hazard ratio

stimuli in order to promote DNA repair [56]. On the other
hand, since HuTuP82 cells bear a R248W mutation affect-
ing DNA damage-triggered p53 response [57], we could not
detect any change in p53 phosphorylation upon TMZ treat-
ment or COL6 suppression (data not shown). Functionally,
TMZ-induced DNA damage was enhanced by COLG6 silenc-
ing (Fig. 4E), which also significantly strengthened the very
limited antiproliferative effects exerted by TMZ (Fig. 4F).
Based on these results, we verified if such COL6AI-
orchestrated transcriptional signature could have a clini-
cal impact in terms of tumor malignancy and patient
survival. We first evaluated whether genes belonging
to the M6 module displayed a correlated expression in
patient samples from the GSE4290 dataset. This analysis
showed that more than 70% of M6 genes were highly cor-
related with each other, either negatively or positively, in
glioma tumors (Fig. 5A), confirming that at least a sub-
set of the previously identified COL6A I-correlated genes
displays a similar behavior also in tumor samples from
patients. Of note, genes displaying a strong negative cor-
relation (r < — 0.4; n=>5) with COL6A 1 were particularly
expressed in both normal brain samples and low-grade
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gliomas relative to higher grade tumors. Conversely, the
expression of COL6AI and its highly positively correlated
genes (r>0.4; n=12) increased progressively with tumor
grade/malignancy (Fig. 5B), suggesting once again that
COLG6, possibly through a coordinated action with a series
of strictly correlated genes, may have a critical role in sus-
taining GBM severity. Moreover, analyzing the expression
of COL6A] and its correlated genes in GBM samples from
the TCGA [58] or the Rembrandt (GSE68848; [59]) data-
sets, we found that they negatively impact on GBM patient
prognosis, with patients expressing high levels of these
genes (> 75° percentile) being characterized by a signifi-
cant worse progression and overall survival (Fig. 5C, D),
in line with a predictable higher malignancy when COL6,
and the co-regulated genes are upregulated in GSC cells.
These data suggest that COL6, besides acting as a potent
modulator of GSC differentiation capabilities, may also
affect the expression of a peculiar subset of genes involved
in the maintenance of DNA integrity, eventually impacting
not only on GBM cell response to chemotherapy in vitro,
but also on GBM patient outcome, with relevant implica-
tions for the future investigations in the field.
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Discussion

In this work, we demonstrate that COL6 represents a
microenvironmental hallmark of aggressiveness in GBM
tumors by exerting a diverse, nevertheless highly inte-
grated, set of pro-cancerous effects including, but possibly
not limited to (i) supporting the maintenance of an imma-
ture GSC-like phenotype of cancer cells, by preventing
their environmentally induced differentiation; (ii) enhanc-
ing the activation of a malignant transcriptional program;
and (iii) promoting, in a coordinated way with a set of
highly correlated genes, an efficient cellular response (in
terms of DNA repair) to replicative stress and DNA-dam-
aging agents. These findings are in line with the previ-
ously suggested higher expression of COL6 in high grade
gliomas [26, 34, 60, 61] and its known involvement in the
biology of several types of cancer [62].

Besides the already described role of COL6 in the satel-
lite cell niche of skeletal muscles, where it sustains self-
renewal and tissue regeneration [24], the proper expression
and ECM deposition of COL6 in the nervous system has
been recently linked to the ability of several brain com-
partments, including blood vessels and meninges, but also
neurons and glial cells, to correctly develop and differenti-
ate into mature functional entities [63, 64]. Our data dem-
onstrate that COL6 plays a pivotal role also in the brain
tumor context, supporting the generation of a favorable
microenvironment for GSC maintenance. Intriguingly, we
found that, in COL6-silenced cells, exogenously COL6
reintegration is no longer sufficient to counteract GSC
differentiation. Although we cannot exclude that a pro-
gressive increase of microenvironmental COL6 levels may
potentially restore such an effect, our results point at a
cell-autonomous role for COL6 expression in cancer stem
cells. Indeed, the specific role of COL6 endogenously pro-
duced by cancer stem cells was poorly investigated thus
far in literature studies, whereas much more efforts were
spent in exploring the role and mechanisms by which
COLG6 secreted by tumor supporting cells—mainly fibro-
blasts and adipocytes—acts as a pivotal environmental cue
affecting tumor progression and aggressiveness in different
contexts, with strong impact in mammary tumor cells [31,
65, 66], but also in pancreatic ductal adenocarcinoma [25,
67], and ovarian cancer [68]. Since COL6 was shown to
serve as a chemoattractant for macrophage recruitment and
even polarization toward an M2 suppressive phenotype
during tissue regeneration [29], its potential involvement
should be also considered in generating a favorable milieu
further contributing to an eased tumor cell recovery, pro-
gression, and expansion after treatments, eventually assist-
ing relapse [69]. Nonetheless, recent works highlighted
how the suppression of endogenously produced COL6
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strongly affects migration and invasion of pancreatic [70]
and breast cancer cells, here impairing mammosphere for-
mation capacity, representative of a reduction in breast
tumor stem-like cell phenotype [71]. In this context, fur-
ther studies will be needed to clarify whether a progres-
sive increase in COL6 concentrations would possibly go
beyond a specific threshold, thus counteracting external
stimuli-induced differentiation in COL6-silenced cells.

As an extracellular protein able to bind several cell
surface receptors [18], it is conceivable that COL6 exerts
its effects in counteracting GSC differentiation by engag-
ing with membrane receptors, thus triggering intracellular
signaling cascades. While the nature of such interaction was
not investigated in this work, N- and C-terminal globular
domains are expected to mediate a major impact, since pep-
COLG failed to fully counteract FBS-induced differentia-
tion. Interestingly, COL6 interaction with integrins «1p1 and
a2p1 was reported to occur via its triple helical domain [72],
and the same was reported to occur with ANTXR2/CMG2
[73], but not with ANTXR1/TEMS, as the latter instead was
found to contact the C5 terminal domain of COL6A3 [74].
Conversely, another COL6 receptor, the chondroitin sulfate
proteoglycan CSPG4/NG2, was described to bind both the
triple helical region and the terminal globular regions of
COLS6 [62].

In our study, silencing of COL6 in GBM cells induced
the downregulation of genes associated with cancer-relevant
pathways, including PI3K/AKT, IGF1, FLT3, PDGF, and
MAPK pathways. Of note, a previous work demonstrated
that COLG6 is able to activate AKT signaling through the
NG2/CPSG?2 receptor expressed on the plasma membrane
of breast cancer cells, in turn promoting tumor growth [65].
Interestingly, AKT phosphorylation was shown to be simi-
larly affected upon COL6A3 siRNA-mediated silencing in
osteosarcoma cells [75], also displaying a marked deregu-
lation upon COL6AI and COL6A2 modulation in bladder
cancer cells [76]. Beside COL6 ability to modulate the
PI3K/AKT pathway in cancer, in vivo and in vitro studies
demonstrated an impact of COL6 on such axis in other dis-
tricts, with also deregulation of MAPK/ERK kinases and
upregulation of mTOR in the COL6 knockout context [21,
77]. Within our present study, together with upregulation of
genes associated with mTOR, Ca** signaling also emerged
as positively enriched by GSEA upon COL6AI siRNA, in
line with recent evidence linking COL6 deficiency with
altered Ca®* permeability, due to upregulation of STIM1
and ORAII [54].

Our data strongly support a role for COL6 in sustaining
the processes of intact cell replication and of DNA remod-
eling and repair in GBM cells. Indeed, our analyses showed
that a characteristic gene signature, transcriptionally highly
correlated to COL6 expression in both COL6-silenced cells
and GBM patients, is involved in enhancing cell ability to
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repair chemotherapy-induced DNA damage, thus provid-
ing a tolerant response to replicative stress and enhancing
an aberrant activation of multiple pro-survival signaling
pathways. Moreover, we found that the observed increased
expression of COLG6 in high-grade gliomas, as also reported
in other studies [78, 79], significantly impacts on GBM
patients’ prognosis, possibly acting in a coordinated man-
ner together with DNA replication and repair genes. In this
context, we should also consider the plausible contribution
of COL6-dependent phenotypic control in sustaining such a
pro-malignant GBM cell behavior.

Recent studies clearly highlighted that ECM proteins,
including different collagens, stimulate a distinctive inte-
grin-dependent intracellular signaling activation in several
cancer contexts—GBM included—eventually sustaining
DNA repair and cell survival in response to both radio- and
chemotherapy [80-82]. Therefore, it is not implausible that
a similar COL6-dependent activation of specific DNA repair
machineries may be sensed by GBM cells through specific
integrins. In line with this, the recent literature work showed
that chemotherapy treatment is able to induce and modulate
matrisome expression, and in particular that of COL6 genes,
in primary and metastatic ovarian carcinoma, enhancing
tumor resistance to treatments by promoting integrin bind-
ing to a COLG6 substrate [83]. However, further studies will
be needed in order to decipher the molecular players par-
ticipating in the COLG6 interactive network able to transduce
these signals, and to characterize their individual impact on
cell signaling activation and gene transcription. Although
the therapeutic targeting of major ECM components—such
as COL6—would be quite challenging, due to the expected
widespread side-effects in multiple organs of the body,
approaches based on the targeted inhibition of unique extra-
cellular or intracellular ECM-dependent interactions war-
rant further consideration for the setup of adjuvant sensitiz-
ing treatments [80] able to provide a more efficient cancer
cell eradication and even prevent tumor relapse. Along this
line, antibody-based targeted approaches were preliminar-
ily tested in simplified in vivo or in vitro models, providing
the proof-of-concept that (i) extracellular COL6 can repre-
sent an “accessible” target for intravenously administered
antibody-based therapy [35] and (ii) specific inhibition of
COL6-mediated signal transduction can increase sensitivity
to chemotherapy [33].

Previous studies demonstrated that COL6A 1 expression
is correlated to a metastatic behavior in pancreatic can-
cer [70] and may also contribute to the process of brain
metastasis in breast tumors [84]. Moreover, increased lev-
els of COL6 or its cleavage product ETP [31] were shown
to be positively correlated to an increased resistance to
cisplatin-based therapies in non-small cell lung cancer cell
lines and patients, and in breast cancer mouse models,
respectively [33, 85]. Nevertheless, little is known about

the abundance of COL6 in relapsed tumors. Recent work
suggested that COL6 is increased in patients’ metastases
after chemotherapy and provides enhanced adherence and
resistance to ovarian cells from relapses upon in vitro cis-
platin treatment [83]. Based on our results, we can hypoth-
esize that a COL6-enriched cancer niche may provide a
protective environment for therapy-resistant GBM stem-
like cells, pointing at a tumor-supportive effect for COL6
accumulation in recurrent tumors. Despite a preliminary
exploration of available mRNA expression databases por-
trays only a slight, although significant, increased tran-
scription of COL6 genes in GBM relapses (Suppl. Fig.
S7), a thorough and more detailed characterization of
COLSG6 protein levels in recurrent GBM may provide fur-
ther knowledge on the molecular mechanisms associated
with their fast onset and recognized therapeutic insensi-
tivity, with relevant implications on the future definition
of the role of COL6 in TMZ (or in more general terms
chemotherapy) sensitivity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-023-04887-5.

Acknowledgements We are grateful to Dr. Chiara Frasson from Pedi-
atric Research Institute for technical help in limiting dilution assays and
to R. Wagener, University of Cologne, for the antibody against a3(VI).
Special thanks to the late Prof. Giuseppe Basso for his mentorship,
support, and scientific contribution to this work.

Author contributions Conceptualization was done by MC and LP.
Investigation was provided by ER, MC, FDR, LM, AC, and LP. For-
mal analysis did by SB; resources was performed by SB and ADP.
Writing—original draft preparation was conducted by MC and LP.
Writing—review & editing was provided by ER, FDR, PBr, PBo, and
LP. Supervision was done by, PBo and LP. Funding acquisition was
performed by SB, MC, PBo, and LP. All authors have read and agreed
to the published version of the manuscript.

Funding Open access funding provided by Universita degli Studi
di Padova within the CRUI-CARE Agreement. This study was sup-
ported by funds from Istituto di Ricerca Pediatrica Citta della Sper-
anza (Grant IRP18/06 to LP); Cassa di Risparmio di Padova e Rovigo
(CARIPARO) Foundation (Grants 17/07_1 FCR to SB, 20/16 FCR
to LP, 15-2016 to MC and PBo); Italian Ministry of University and
Research (Grants 2015SFBNB5Y and 201742SBXA to PBo); University
of Padova (STARS Grant programme WRAPS to MC). ER (#2601 and
#3628) and AC (#4420 and #4820) were supported by fellowships from
the Umberto Veronesi Foundation.

Data availability Expression data have been deposited into the Gene
Expression Omnibus (GEO) database under Series Accession Number
GSE226700 and are accessible without restrictions. Additional results
were generated by re-analysis of publicly available data provided by
the GSE4290 [45], GSE7696 [46], GSE84465 [53], TCGA-GBM [47],
CGGA [48], TCGA (U133A) [58], GSE68848 [59], and GSE113512
[52] datasets.

Declarations

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

@ Springer


https://doi.org/10.1007/s00018-023-04887-5

233 Page 140f16

M. Cescon et al.

Ethical approval Written informed consent for the donation of adult
tumor brain tissues was obtained from patients before surgery accord-
ing to the protocol for the acquisition of human brain tissues approved
by the Ethical Committee of the Padova University Hospital (2462P).
All tissues were acquired following the tenets of the Declaration of
Helsinki.

Consent to publish Authors declare that a consent to publish has been
obtained when GBM patient details are provided within the manuscript.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Agnihotri S, Burrell KE, Wolf A, Jalali S, Hawkins C, Rutka JT
et al (2013) Glioblastoma, a brief review of history, molecular
genetics, animal models and novel therapeutic strategies. Arch
Immunol Ther Exp (Warsz) 61:25-41

2. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B,
Taphoorn MJ et al (2005) Radiotherapy plus concomitant
and adjuvant temozolomide for glioblastoma. N Engl J Med
352:987-996

3. Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T
et al (2004) Identification of human brain tumour initiating cells.
Nature 432:396—401

4. Vescovi AL, Galli R, Reynolds BA (2006) Brain tumour stem
cells. Nat Rev Cancer 6:425-436

5. Pistollato F, Abbadi S, Rampazzo E, Persano L, Della Puppa A,
Frasson C et al (2010) Intratumoral hypoxic gradient drives stem
cells distribution and MGMT expression in glioblastoma. Stem
Cells 28:851-862

6. Della Puppa A, Persano L, Masi G, Rampazzo E, Sinigaglia A,
Pistollato F et al (2012) MGMT expression and promoter methyla-
tion status may depend on the site of surgical sample collection
within glioblastoma: a possible pitfall in stratification of patients?
J Neurooncol 106:33-41

7. Persano L, Pistollato F, Rampazzo E, Della Puppa A, Abbadi
S, Frasson C et al (2012) BMP2 sensitizes glioblastoma stem-
like cells to Temozolomide by affecting HIF-1alpha stability and
MGMT expression. Cell Death Dis 3:e412

8. Persano L, Rampazzo E, Della Puppa A, Pistollato F, Basso G
(2011) The three-layer concentric model of glioblastoma: cancer
stem cells, microenvironmental regulation, and therapeutic impli-
cations. Sci World J 11:1829-1841

9. Lu P, Weaver VM, Werb Z (2012) The extracellular matrix: a
dynamic niche in cancer progression. J Cell Biol 196:395-406

10. Stewart DA, Cooper CR, Sikes RA (2004) Changes in extracel-
lular matrix (ECM) and ECM-associated proteins in the metastatic
progression of prostate cancer. Reprod Biol Endocrinol 2:2

11. Aoudjit F, Vuori K (2012) Integrin signaling in cancer cell sur-
vival and chemoresistance. Chemother Res Pract 2012:283181

@ Springer

12.

13.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Giese A, Westphal M (1996) Glioma invasion in the central nerv-
ous system. Neurosurgery 39:235-250 (discussion 50-2)
Morin PJ (2003) Drug resistance and the microenvironment:
nature and nurture. Drug Resist Updat 6:169—-172

. Rollins BJ (2006) Inflammatory chemokines in cancer growth and

progression. Eur J Cancer 42:760-767

Hessle H, Engvall E (1984) Type VI collagen. Studies on its
localization, structure, and biosynthetic form with monoclonal
antibodies. J Biol Chem 259:3955-3961

Kamei A, Houdou S, Mito T, Konomi H, Takashima S (1992)
Developmental change in type VI collagen in human cerebral ves-
sels. Pediatr Neurol 8:183-186

. Chen P, Cescon M, Bonaldo P (2013) Collagen VI in cancer and

its biological mechanisms. Trends Mol Med 19:410-417
Cescon M, Gattazzo F, Chen P, Bonaldo P (2015) Collagen VI at
a glance. J Cell Sci 128:3525-3531

Castagnaro S, Gambarotto L, Cescon M, Bonaldo P
(2021) Autophagy in the mesh of collagen VI. Matrix Biol
100-101:162-172

Cescon M, Chen P, Castagnaro S, Gregorio I, Bonaldo P (2016)
Lack of collagen VI promotes neurodegeneration by impairing
autophagy and inducing apoptosis during aging. Aging (Albany
NY) 8:1083-1101

Cheng IH, Lin YC, Hwang E, Huang HT, Chang WH, Liu YL et al
(2011) Collagen VI protects against neuronal apoptosis elicited
by ultraviolet irradiation via an Akt/phosphatidylinositol 3-kinase
signaling pathway. Neuroscience 183:178-188

Grumati P, Coletto L, Sabatelli P, Cescon M, Angelin A, Bertag-
gia E et al (2010) Autophagy is defective in collagen VI muscular
dystrophies, and its reactivation rescues myofiber degeneration.
Nat Med 16:1313-1320

Keene DR, Engvall E, Glanville RW (1988) Ultrastructure of type
VI collagen in human skin and cartilage suggests an anchoring
function for this filamentous network. J Cell Biol 107:1995-2006
Urciuolo A, Quarta M, Morbidoni V, Gattazzo F, Molon S, Gru-
mati P et al (2013) Collagen VI regulates satellite cell self-renewal
and muscle regeneration. Nat Commun 4:1964

Arafat H, Lazar M, Salem K, Chipitsyna G, Gong Q, Pan TC et al
(2011) Tumor-specific expression and alternative splicing of the
COL6A3 gene in pancreatic cancer. Surgery 150:306-315

Fujita A, Sato JR, Festa F, Gomes LR, Oba-Shinjo SM, Marie SK
et al (2008) Identification of COL6A1 as a differentially expressed
gene in human astrocytomas. Genet Mol Res 7:371-378

Iyengar P, Combs TP, Shah SJ, Gouon-Evans V, Pollard JW, Alba-
nese C et al (2003) Adipocyte-secreted factors synergistically pro-
mote mammary tumorigenesis through induction of anti-apoptotic
transcriptional programs and proto-oncogene stabilization. Onco-
gene 22:6408-6423

Voiles L, Lewis DE, Han L, Lupov IP, Lin TL, Robertson MJ et al
(2014) Overexpression of type VI collagen in neoplastic lung tis-
sues. Oncol Rep 32:1897-1904

Chen P, Cescon M, Zuccolotto G, Nobbio L, Colombelli C, Fila-
ferro M et al (2015) Collagen VI regulates peripheral nerve regen-
eration by modulating macrophage recruitment and polarization.
Acta Neuropathol 129:97-113

Huang FJ, You WK, Bonaldo P, Seyfried TN, Pasquale EB,
Stallcup WB (2010) Pericyte deficiencies lead to aberrant tumor
vascularizaton in the brain of the NG2 null mouse. Dev Biol
344:1035-1046

Park J, Scherer PE (2012) Adipocyte-derived endotrophin pro-
motes malignant tumor progression. J Clin Invest 122:4243-4256
Spencer M, Yao-Borengasser A, Unal R, Rasouli N, Gurley CM,
Zhu B et al (2010) Adipose tissue macrophages in insulin-resistant
subjects are associated with collagen VI and fibrosis and dem-
onstrate alternative activation. Am J Physiol Endocrinol Metab
299:E1016-E1027


http://creativecommons.org/licenses/by/4.0/

Collagen VI sustains cell stemness and chemotherapy resistance in glioblastoma

Page 150f 16 233

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Park J, Morley TS, Scherer PE (2013) Inhibition of endotrophin,
a cleavage product of collagen VI, confers cisplatin sensitivity to
tumours. EMBO Mol Med 5:935-948

Boon K, Edwards JB, Eberhart CG, Riggins GJ (2004) Identi-
fication of astrocytoma associated genes including cell surface
markers. BMC Cancer 4:39

Turtoi A, Blomme A, Bianchi E, Maris P, Vannozzi R, Naccarato
AG et al (2014) Accessibilome of human glioblastoma: collagen-
VlI-alpha-1 is a new target and a marker of poor outcome. J Pro-
teome Res 13:5660-5669

Pistollato F, Persano L, Della Puppa A, Rampazzo E, Basso G
(2011) Isolation and expansion of regionally defined human glio-
blastoma cells in vitro. Curr Protoc Stem Cell Biol. https://doi.
org/10.1002/9780470151808.sc0304s17. (Chapter 3: Unit 3 4)

Colombatti A, Ainger K, Colizzi F (1989) Type VI collagen: high
yields of a molecule with multiple forms of alpha 3 chain from
avian and human tissues. Matrix 9:177-185

Sabatelli P, Bonaldo P, Lattanzi G, Braghetta P, Bergamin N,
Capanni C et al (2001) Collagen VI deficiency affects the organi-
zation of fibronectin in the extracellular matrix of cultured fibro-
blasts. Matrix Biol 20:475-486

Bonaldo P, Braghetta P, Zanetti M, Piccolo S, Volpin D, Bressan
GM (1998) Collagen VI deficiency induces early onset myopathy
in the mouse: an animal model for Bethlem myopathy. Hum Mol
Genet 7:2135-2140

Trueb B, Schreier T, Bruckner P, Winterhalter KH (1987) Type
VI collagen represents a major fraction of connective tissue col-
lagens. Eur J Biochem 166:699-703

Sabatelli P, Gara SK, Grumati P, Urciuolo A, Gualandi F, Curci
R et al (2011) Expression of the collagen VI alpha5 and alpha6
chains in normal human skin and in skin of patients with collagen
VI-related myopathies. J Invest Dermatol 131:99-107

Tusher VG, Tibshirani R, Chu G (2001) Significance analysis of
microarrays applied to the ionizing radiation response. Proc Natl
Acad Sci U S A 98:5116-5121

Russo PST, Ferreira GR, Cardozo LE, Burger MC, Arias-Carrasco
R, Maruyama SR et al (2018) CEMiTool: a bioconductor package
for performing comprehensive modular co-expression analyses.
BMC Bioinform 19:56

Bergamaschi A, Tagliabue E, Sorlie T, Naume B, Triulzi T,
Orlandi R et al (2008) Extracellular matrix signature identifies
breast cancer subgroups with different clinical outcome. J Pathol
214:357-367

Sun L, Hui AM, Su Q, Vortmeyer A, Kotliarov Y, Pastorino S
et al (2006) Neuronal and glioma-derived stem cell factor induces
angiogenesis within the brain. Cancer Cell 9:287-300

Murat A, Migliavacca E, Gorlia T, Lambiv WL, Shay T, Hamou
MF et al (2008) Stem cell-related “self-renewal” signature and
high epidermal growth factor receptor expression associated with
resistance to concomitant chemoradiotherapy in glioblastoma. J
Clin Oncol 26:3015-3024

Brennan CW, Verhaak RG, McKenna A, Campos B, Noushmehr
H, Salama SR et al (2013) The somatic genomic landscape of
glioblastoma. Cell 155:462-477

Zhao Z, Zhang KN, Wang Q, Li G, Zeng F, Zhang Y et al (2021)
Chinese Glioma Genome Atlas (CGGA): a comprehensive
resource with functional genomic data from Chinese Glioma
Patients. Genom Proteom Bioinform 19:1-12

Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-
Branger D et al (2021) The 2021 WHO Classification of
Tumors of the central nervous system: a summary. Neuro Oncol
23:1231-1251

Stewart J, Sahgal A, Chan AKM, Soliman H, Tseng CL, Det-
sky J et al (2022) Pattern of recurrence of glioblastoma versus
grade 4 IDH-Mutant astrocytoma following chemoradiation: a

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

retrospective matched-cohort analysis. Technol Cancer Res Treat
21:15330338221109650

Berger TR, Wen PY, Lang-Orsini M, Chukwueke UN (2022)
World Health Organization 2021 classification of central nerv-
ous system tumors and implications for therapy for adult-type
gliomas: a review. JAMA Oncol 8:1493-1501

Boso D, Rampazzo E, Zanon C, Bresolin S, Maule F, Porcu E
et al (2019) HIF-1alpha/Wnt signaling-dependent control of gene
transcription regulates neuronal differentiation of glioblastoma
stem cells. Theranostics 9:4860-4877

Darmanis S, Sloan SA, Croote D, Mignardi M, Chernikova S,
Samghababi P et al (2017) Single-cell RNA-Seq analysis of infil-
trating neoplastic cells at the migrating front of human glioblas-
toma. Cell Rep 21:1399-1410

Abbonante V, Gruppi C, Battiston M, Zulian A, Di Buduo CA,
Chrisam M et al (2021) Ablation of collagen VI leads to the
release of platelets with altered function. Blood Adv 5:5150-5163
Castagnaro S, Chrisam M, Cescon M, Braghetta P, Grumati P,
Bonaldo P (2018) Extracellular collagen VI Has prosurvival and
autophagy instructive properties in mouse fibroblasts. Front Phys-
i0l 9:1129

Yang J, Yu Y, Hamrick HE, Duerksen-Hughes PJ (2003) ATM,
ATR and DNA-PK: initiators of the cellular genotoxic stress
responses. Carcinogenesis 24:1571-1580

Aas T, Borresen AL, Geisler S, Smith-Sorensen B, Johnsen H,
Varhaug JE et al (1996) Specific P53 mutations are associated
with de novo resistance to doxorubicin in breast cancer patients.
Nat Med 2:811-814

Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson
MD et al (2010) Integrated genomic analysis identifies clinically
relevant subtypes of glioblastoma characterized by abnormalities
in PDGFRA, IDHI1, EGFR, and NF1. Cancer Cell 17:98-110
Madhavan S, Zenklusen JC, Kotliarov Y, Sahni H, Fine HA, Bue-
tow K (2009) Rembrandt: helping personalized medicine become
a reality through integrative translational research. Mol Cancer
Res 7:157-167

Han J, Daniel JC (1995) Biosynthesis of type VI collagen by
glioblastoma cells and possible function in cell invasion of three-
dimensional matrices. Connect Tissue Res 31:161-170
Mammoto T, Jiang A, Jiang E, Panigrahy D, Kieran MW,
Mammoto A (2013) Role of collagen matrix in tumor angio-
genesis and glioblastoma multiforme progression. Am J Pathol
183:1293-1305

Cattaruzza S, Nicolosi PA, Braghetta P, Pazzaglia L, Benassi
MS, Picci P et al (2013) NG2/CSPG4-collagen type VI interplays
putatively involved in the microenvironmental control of tumour
engraftment and local expansion. J] Mol Cell Biol 5:176-193
Gregorio I, Braghetta P, Bonaldo P, Cescon M (2018) Collagen
VI in healthy and diseased nervous system. Dis Model Mech
11:dmm032946

Gregorio I, Mereu M, Contarini G, Bello L, Semplicini C, Burgio
F et al (2022) Collagen VI deficiency causes behavioral abnor-
malities and cortical dopaminergic dysfunction. Dis Model Mech
15:dmm049481

Iyengar P, Espina V, Williams TW, Lin Y, Berry D, Jelicks LA
et al (2005) Adipocyte-derived collagen VI affects early mammary
tumor progression in vivo, demonstrating a critical interaction in
the tumor/stroma microenvironment. J Clin Invest 115:1163-1176
Wishart AL, Conner SJ, Guarin JR, Fatherree JP, Peng Y, McGinn
RA et al (2020) Decellularized extracellular matrix scaffolds iden-
tify full-length collagen VI as a driver of breast cancer cell inva-
sion in obesity and metastasis. Sci Adv 6:abc3175

Maneshi P, Mason J, Dongre M, Ohlund D (2021) Targeting
Tumor-Stromal Interactions in Pancreatic Cancer: Impact of Col-
lagens and Mechanical Traits. Front Cell Dev Biol 9:787485

@ Springer


https://doi.org/10.1002/9780470151808.sc0304s17
https://doi.org/10.1002/9780470151808.sc0304s17

233 Page 16 0f 16

M. Cescon et al.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

Ho CM, Chang TH, Yen TL, Hong KJ, Huang SH (2021) Col-
lagen type VI regulates the CDK4/6-p-Rb signaling pathway and
promotes ovarian cancer invasiveness, stemness, and metastasis.
Am J Cancer Res 11:668-690

Abou-Ghazal M, Yang DS, Qiao W, Reina-Ortiz C, Wei J, Kong
LY et al (2008) The incidence, correlation with tumor-infiltrating
inflammation, and prognosis of phosphorylated STAT3 expression
in human gliomas. Clin Cancer Res 14:8228-8235
Owusu-Ansah KG, Song G, Chen R, Edoo MIA, Li J, Chen B et al
(2019) COL6A1 promotes metastasis and predicts poor prognosis
in patients with pancreatic cancer. Int J Oncol 55:391-404

Yin P, Bai Y, Wang Z, Sun Y, Gao J, Na L et al (2020) Non-canon-
ical Fzd7 signaling contributes to breast cancer mesenchymal-like
stemness involving Col6al. Cell Commun Signal 18:143

Pfaff M, Aumailley M, Specks U, Knolle J, Zerwes HG, Timpl R
(1993) Integrin and Arg-Gly-Asp dependence of cell adhesion to
the native and unfolded triple helix of collagen type VI. Exp Cell
Res 206:167-176

Burgi J, Kunz B, Abrami L, Deuquet J, Piersigilli A, Scholl-Burgi
S et al (2017) CMG2/ANTXR2 regulates extracellular collagen VI
which accumulates in hyaline fibromatosis syndrome. Nat Com-
mun 8:15861

Nanda A, Carson-Walter EB, Seaman S, Barber TD, Stampfl J,
Singh S et al (2004) TEMS interacts with the cleaved C5 domain
of collagen alpha 3(VI). Cancer Res 64:817-820

Guo HL, Chen G, Song ZL, Sun J, Gao XH, Han YX (1992)
COL6A3 promotes cellular malignancy of osteosarcoma
by activating the PI3K/AKT pathway. Rev Assoc Med Bras
2020(66):740-745

Piao XM, Hwang B, Jeong P, Byun YJ, Kang HW, Seo SP et al
(2021) Collagen type VI-alphal and 2 repress the prolifera-
tion, migration and invasion of bladder cancer cells. Int J Oncol
59:5217

Chen P, Cescon M, Megighian A, Bonaldo P (2014) Collagen VI
regulates peripheral nerve myelination and function. FASEB J
28:1145-1156

@ Springer

78.

79.

80.

81.

82.

83.

84.

85.

Paulus W, Roggendorf W, Schuppan D (1988) Immunohistochem-
ical investigation of collagen subtypes in human glioblastomas.
Virchows Arch A Pathol Anat Histopathol 413:325-332

Zhu J, Lin Q, Zheng H, Rao Y, Ji T (2022) The pro-invasive factor
COLG6A2 serves as a novel prognostic marker of glioma. Front
Oncol 12:897042

Dickreuter E, Eke I, Krause M, Borgmann K, van Vugt MA,
Cordes N (2016) Targeting of betal integrins impairs DNA repair
for radiosensitization of head and neck cancer cells. Oncogene
35:1353-1362

Parker AL, Bowman E, Zingone A, Ryan BM, Cooper WA,
Kohonen-Corish M et al (2022) Extracellular matrix profiles
determine risk and prognosis of the squamous cell carcinoma
subtype of non-small cell lung carcinoma. Genome Med 14:126
Yu Q, Xiao W, Sun S, Sohrabi A, Liang J, Seidlits SK (2021)
Extracellular matrix proteins confer cell adhesion-mediated drug
resistance through integrin alpha (v) in glioblastoma cells. Front
Cell Dev Biol 9:616580

Pietila EA, Gonzalez-Molina J, Moyano-Galceran L, Jamalzadeh
S, Zhang K, Lehtinen L et al (2021) Co-evolution of matrisome
and adaptive adhesion dynamics drives ovarian cancer chemore-
sistance. Nat Commun 12:3904

Zhang L, Wang L, Yang H, Li C, Fang C (2021) Identification of
potential genes related to breast cancer brain metastasis in breast
cancer patients. Biosci Rep 41:BSR20211615

Bottger F, Schaaij-Visser TB, de Reus I, Piersma SR, Pham TV,
Nagel R et al (2019) Proteome analysis of non-small cell lung
cancer cell line secretomes and patient sputum reveals biofluid
biomarker candidates for cisplatin response prediction. J Proteom-
ics 196:106-119

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Collagen VI sustains cell stemness and chemotherapy resistance in glioblastoma
	Abstract
	Introduction
	Materials and methods
	Neurosurgical specimen collection and isolation of primary cultures.
	Immunofluorescence and confocal microscopy
	Reverse transcription and quantitative real-time RT-PCR
	Western blotting
	Limiting dilution assay
	Transfection of GBM cells and gene silencing
	Gene expression profiling and data analysis
	DNA gel electrophoresis
	Statistical analyses

	Results
	Collagen VI is overexpressed in GBM
	COL6 deposition follows a core-to-periphery gradient in the GBM mass
	COL6 expression in GBM stem cells prevents their differentiation
	COL6 silencing significantly affects GBM cell differentiation
	COL6 suppression significantly affects a cancer-related aberrant gene transcription
	A COL6-dependent transcriptional module is involved in chemotherapy response and patient outcome

	Discussion
	Anchor 22
	Acknowledgements 
	References




