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ABSTRACT

The telomeric protein TRF2 is overexpressed in sev-
eral human malignancies and contributes to tumori-
genesis even though the molecular mechanism is not
completely understood. By using a high-throughput
approach based on the multiplexed Luminex X-MAP
technology, we demonstrated that TRF2 dramatically
affects VEGF-A level in the secretome of cancer cells,
promoting endothelial cell-differentiation and angio-
genesis. The pro-angiogenic effect of TRF2 is inde-
pendent from its role in telomere capping. Instead,
TRF2 binding to a distal regulatory element promotes
the expression of SULF2, an endoglucosamine-6-
sulfatase that impairs the VEGF-A association to the
plasma membrane by inducing post-synthetic mod-
ification of heparan sulfate proteoglycans (HSPGs).
Finally, we addressed the clinical relevance of our
findings showing that TRF2/SULF2 expression is
a worse prognostic biomarker in colorectal cancer
(CRC) patients.

INTRODUCTION

The Telomeric Repeat binding Factor 2 (TRF2) is one of
the main regulators of telomere integrity (1). TRF2 sup-
presses aberrant DNA damage response (DDR) at func-
tional telomeres through the inhibition of the ATM kinase
signaling and of the non-homologous end joining (NHEJ)
repair pathway (2).

TRF2 has been found overexpressed in various human
malignancies and in the vasculature of many cancer types
(3-5); it contributes to carcinogenesis in mice (6) and it
is regulated by the Wnt/B-catenin pathway (7), WT1 (5)
and p53 pathways (8). Consistent with its oncogenic role
in human cancers, an increased dosage of TRF2 in a vari-
ety of tumor cells enhanced their tumorigenicity, whereas
TRF2 depletion reduced tumor growth (9-12). Notably,
the role of TRF2 in cancer did not only rely on its effect
on telomere protection, but also on its ability to modulate
gene expression (13). By combining chromatin immunopre-
cipitation with high-throughput DNA sequencing (ChIP-
Seq), TRF2 has been described to occupy a set of inter-
stitial regions throughout the human genome, referred to
as interstitial telomeric sequences (ITSs), as it can act as
transcriptional activator (14,15). Another role of TRF2 in
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transcriptional regulation is to interact with the Repressor
Element 1-Silencing Transcription factor (REST) to regu-
late the expression of neuronal differentiation genes (16—
18). The fact that TRF2 may directly control gene expres-
sion raises the intriguing possibility that, besides its role in
telomere protection it may contribute to several steps in
tumor formation, progression and metastasis. Our group
showed that an increased dosage of TRF2 can control tu-
morigenesis, not only via cancer cell-intrinsic mechanisms
but also via a cell-extrinsic pathway, through the positive
regulation of HS3ST4, a gene encoding for the heparan sul-
fate (glucosamine) 3-O-sulfotransferase 4, which is involved
in post-synthetic modification of Heparan Sulfate Proteo-
glycan (HSPG) and in the recruitment of NK-cells (10,19).

HSPGs are glycoproteins containing one or more cova-
lently attached heparan sulfate (HS) chains, localized ei-
ther at the cell surface or in the extracellular matrix, where
they act as a hub for a plethora of ligands. Notably, in the
last few years, a growing body of literature shed light on
the biological significance of these interactions. In partic-
ular, it has been evidenced that HSPGs are able to regu-
late the bio-availability of secreted growth factors and cy-
tokines by binding and storing them in tissues for later use
and/or helping to establish molecular gradients in the ex-
tracellular behaviour (20-22). Notably, tumors of differ-
ent histotype including breast, lung, brain, pancreatic, skin,
and colorectal cancer are characterized by profound al-
terations in the fine structure of proteoglycans leading to
uncontrolled proliferation, immune-escape, metastasis and
differentiation (23). These structural changes are mainly
due to alterations in the expression of HS biosynthetic
enzymes (3-O-sulfotransferase and 6-O-sulfotransferase),
and/or catabolic enzymes such as sulfatases and the hep-
aranase.

Here, we unveiled that TRF2, through the binding
to a distal regulatory element, promotes the expression
of SULF2, a gene encoding for an endoglucosamine-6-
sulfatase known to remove the sulfate group from 6-O po-
sition of heparan sulfate (HS) (24-27) with an impact on
tumor secretome. Through this mechanism, TRF2 is capa-
ble of impairing the capability of HSPGs to bind and se-
quester signaling molecules containing an heparin-binding
domain (28-31), including the angiogenic factor VEGF-A,
with a profound impact on tumor vascolarization and, con-
sequently, on tumor growth and metastasis.

MATERIALS AND METHODS
Cell lines, culture conditions, transfection and infection

Colon cancer cell line HCT116 cells were obtained by Dr
Vogelstein, Johns Hopkins University. Human cervix car-
cinoma Hela cells were purchased by the ATCC. Hu-
man breast cancer cell MDA-MB-231 and Human em-
bryonic kidney cells (HEK) were obtained from Dr Eric
Gilson. All the cell lines were grown in high glucose
Dulbecco modified eagle medium (DMEM; Invitrogen,
Carlsbad, CA, USA) supplemented with L-glutamine,
Penicillin/ streptomycin and 10% foetal bovine serum
(FBS, Hyclone). HCT116-LUC2 cells were purchased
from PerkinElmer (Waltham, MA, USA) and maintained

in McCoys medium (EuroClone) supplemented with L-
glutamine, Penicillin/streptomycin and 10% heat inacti-
vated FBS (Hyclone). Human umbilical vascular endothe-
lial cells (HUVEC) were purchased from Lonza (Group
Ltd, Basel, Switzerland) and maintained in endothelial cell
growth medium (EGM-2, Lonza) derived from the en-
dothelial cell basal medium (EBM-2, Lonza) supplemented
with serum ad growth factors of EGM-2 BulletKit (Lonza).

For transient RNA interference experiments, siTRF2
(Dharmacon Inc., Chicago, USA) and siCTRL (Santa Cruz
Biotechnology; CA, USA) were transfected into HCT116
cells with Interferin (Polyplus) according to the manufac-
turer’s instructions.

Stable =~ TRF2-overexpressing  cells  (pBabe-puro-
mycTRF2), DNA-binding TRF2 mutants (pBabe-puro-
mycTRF2AM and pBabe-puro-mycTRF2ABAM) and
the control counterpart (pBabe-puro-Empty) (32); were
obtained by infecting the cells with amphotropic retro-
viruses generated into Phoenix packaging cells transfected
with retroviral vectors, using the JetPEI reagent (Polyplus,
New York, NY, USA), according to the manufacturer’s
instructions.

For stable suppression of TRF2 gene, cells were infected
with lentiviral particles produced into HEK293T cells
transfected with the packaging pCMVRS8.74 and the enve-
lope pMD?2.G vectors in combination with the vectors en-
coding either for a scramble short hairpin sequence (shSCR;
N2040 targeting Escherichia coli DNA polymerase) or
for one of the two short hairpin sequences directed
against TRF2 (shTRF2_N1; N2573 TRCN0000004813 or
shTRF2_N2; N2571 TRCNO0000004811, which were a gift
from Prof Stefan Shoeftner, University of Trieste).

SULF2 overexpressing and silenced cells were pre-
pared by using MISSION lentiviral transduction particles,
TRCN0000377275 and SHCLNV-NM 018837 (Sigma), re-
spectively, according to the manifacture’s protocol.

Early passages of stably infected cells were used for all
experiments.

Drugs and treatments

Where indicated, cells underwent to following treatments:
Cobalt Chloride (CoCly; Sigma Aldrich) 100 wM for 16
h; Heparin (PharmaTex, Milan, Italy) 200 ng/ml for 16
h; Heparinase 11 from Flavobacterium heparinum (Sigma
Aldrich) 15 mU/ml for 2 h; (S)-(+)-camptothecin 0.2 wM
for 2 h (CPT, Sigma Aldrich); the ATM-inhibitor KU-
55933 (Sigma-Aldrich) was used at 5 wM for 24 h. G-
quadruplex ligands Emicoron (33) and RHPS4 (34), were
used at 1 wM for 24 and 72 h, respectively. SULF2 in-
hibitor 2,4-disulfonylphenyl-tert-butylnitrone (OKN-007,
R&D systems) was dissolved in water and used at 50 mg/kg
once a day for 2 weeks.

Real-time PCR

To quantify gene expression by real-time quantitative poly-
merase chain reaction (QPCR), total RNA was isolated
from cell pellets by using TR1zol reagent (Ambion). Quality
of the extracted RNA was assessed by 1% agarose gel elec-
trophoresis and from the A»4) nm/A280 nm absorbance ratio



(Nanodrop 1000, ThermoFisher Scientific). Reverse tran-
scription (RT) from 1 g of RNA was performed using
the QuantiTect Reverse Transcription Kit (Qiagen) accord-
ing to the manufacturer’s instructions. Real-time rz-PCRs
were performed on the obtained ¢cDNAs by using Fast
power Syber green master mix (Apply Biosystem) on either
QuantStudio 6-Flex (Thermo Fisher Scientific) or 7900HT
Fast Real-Time PCR System (Applied Biosystem) thermo-
cycler. For each sample 5 pl of the 1:10 diluted cDNA was
mixed with 0.5 pl of each primer (10 wM), 10 wl of the
sybr green master mix and water at final volume of 20 pl.
Standard qPCR thermal parameters were used: one cycle of
95°C for 10 min then 40 cycles of 95°C for 15 sec and 60°C
for 1 min followed by dissociation curve (95°C for 15's, 60°C
for 1 min, 95°C for 15 s).

The primers used for gene analysis were synthesized by
Integrated DNA Technologies (BVBA Leuven, Belgium).
For each primers’ pair, forward and reverse sequences are
specified in the Supplemental Table S1. All experiments
were run in triplicate and the gene expression levels were
normalized to the B-actin.

Cell proliferation

HUVECs (4 x 10* cells/well in 96 well plates) were
seeded in the presence of the indicated CMs and prolifer-
ation was assessed by MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide) assay. At the indicated
times, 20 wl MTT (Sigma-Aldrich) were added per each
well, and cells were incubated for additional 4 h at 37°C
+ 5% CO,;. The formazan crystals formed were dissolved
in 100 pl of isopropanol and the optical density value was
recorded at 540 nm on a microplate reader.

Invasion assay

Invasion assay was performed in a 48-microwell modified
Boyden chamber using 8-pm-pore-size polycarbonate fil-
ters (NeuroProbelnc, MD, USA) coated with Matrigel®)
(Becton Dickinson). Briefly, 2 x 10* HUVECs resuspended
in endothelial cell basal medium (EBM-2, Lonza) were
seeded in the upper compartment of each well, while the
lower compartments were filled with the indicated CMs.
EBM-2 and EGM-2 (Lonza) were used as negative and pos-
itive controls, respectively. After 4 h of incubation at 37°C
+ 5% COa,, cells remaining in the upper side of the filter
were scraped off while the cells at the bottom side were fixed
with ethanol 70% and stained with crystal violet. The num-
ber of invaded cells was counted using phase contrast mi-
croscopy (5x). For each well, four randomly selected fields
were counted.

In vitro angiogenesis

EC differentiation into tubular structures (TS) was assessed
as previously reported (35). The presence of TS was moni-
tored 6 h after plating, and images were captured by phase
contrast microscopy. TS formation was evaluated by quan-
tifying the number of branching points in five randomly se-
lected fields.
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When indicated, the CMs were incubated for 30 min
in presence of 1 pg/ml of the blocking antibody against
VEGF-A (clone MAB293; R&D systems) before being as-
sayed.

In vivo angiogenesis

The indicated CMs, mixed with heparin (PharmaTex, Mi-
lan, Italy) and 500 ul Matrigel® (BD Biosciences) were
injected subcutaneously in C57/BL6 mice or NSG mice,
when directly specified. Groups of four mice (two plugs per
mouse) were used for each experiment. The CMs were re-
placed by medium supplemented or not with VEGF-A (100
ng/ml) and Tumor Necrosis Factor a (TNFa; 2 ng/ml)
(R&D Systems, Inc. MN, USA) in the positive and negative
controls, respectively. Four days after injection, the Matrigel
plugs were recovered and processed for hemoglobin quanti-
zation using Drabkin solution (Sigma-Aldrich). The optical
density of each sample was determined at 540 nm. Results
were normalized for 100 mg of Matrigel®.

When specified, CMs were pre-incubated for 30 minutes
in presence of 1 wg/ml of the blocking antibody against
VEGF-A (clone MAB293; R&D systems) before injection.

For the analysis of cell infiltrate, the recovered Matrigel®
plugs were dissociated mechanically in serum-free medium
containing DNase I (Roche), collagenase A (Roche) and
dispase (BD Biosciences) and then incubated for 30 min at
37°C under gentle agitation. The obtained cells were anal-
ysed by flow cytometry (see ‘Immunofluorescence’ section).

Multiplexed immunoassay

The quantitative analysis of secreted molecules in con-
ditioned media (CM) of TRF2-compromised and TRF2
overexpressing HCT116 cells was performed by using the
Bio-Plex multiplex system (Bio-Rad, Milan, Italy) based
on xXMAP technology. that makes use of magnetic beads
coated with specific antibodies raised against target ana-
lytes. Microspheres are internally labeled with red and in-
frared fluorophores. Each bead is bound to a specific an-
tibody, thus allowing the simultaneous detection of multi-
ple analytes within one sample. Following reaction of cou-
pled beads with target analytes, a biotinylated antibody is
added for the detection, which is then finalized by adding
phycoerytrin-conjugated streptavidin. All steps were per-
formed according to manufacturer’s instructions for deter-
mining the concentration of the indicated molecules. Data
were acquired using a Bio-Plex MAGPIX Multiplex Reader
system equipped with a Bio-Plex Manager software v. 6.1
(BioRad). All washing steps were performed on the Bio-
Plex magnetic wash station (BioRad). Measurements were
performed in triplicate on CM samples (50 wl) using the
Bio-Plex Pro human cancer biomarker panel 2 (Cat. No.
171AC600M, BioRad), according to the manufacturer’s
protocol. Standard curves optimization and the calculation
of analyte concentrations were performed by using the Bio-
Plex Manager software.

Enzyme-linked immunosorbent assay (ELISA)

To evaluate the amount of VEGF-A in the supernatants
of infected cells, the cells were incubated in 10 ml of
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serum-free medium for the indicated times and then the
CMs were collected, centrifuged to remove cellular debris,
and assayed by ELISA (Quantikine Immunoassay Human
VEGF, R&D systems), according to the manufacturer’s in-
structions. Results were normalized to cell number.
Similarly, cell- and membrane-associated VEGF-A was
quantified by ELISA on cell lysates and purified membrane,
respectively. Results were normalized to protein content.

Cell fractionation

Cell cytoplasm, membrane and nuclei fractions were puri-
fied by ProteoExtract Native Membrane Protein Extraction
Kit (Calbiochem), according to the manufacturer’s instruc-
tions.

Western blotting

Western blot analysis was performed as previously reported
(36). Expression levels of TRF2 were evaluated by using the
mouse mAb anti-TRF2 (Millipore). The DNA damage re-
sponse was evaluated by using the following antibodies: rab-
bit mAb anti-Ser1981 p-ATM (Abcam Ltd.); rabbit pAb
anti-Thr68 p-CHK2 (Cell Signaling, Beverly, MA, USA);
mouse monoclonal anti-y H2AX antibody (Upstate, Lake
Placid, NY, USA).

The purity of the subcellular fractions was evaluated by
using the following antibodies: mouse mAb anti-EGFR
(a kind gift of Dr Oreste Segatto, Regina Elena National
Cancer Institute of Rome); mouse mAb anti-Lamin A/C
(636, Santa Cruz Biotecnology); mouse mAb anti-GAPDH
(clone 6C5, Santa Cruz Biotecnology).

Growth curves

5 x 10* HCT116 cells silenced (shTRF2) or not (shSCR)
for TRF2 were seeded in 100 mm Petri dishes. Cell counts
and viability (trypan blue dye exclusion) were determined
daily, from day 1 to day 7 of culture.

Immunofluorescence analyses

(1) Cell cycle analysis was performed by flow cytometry
using a FACScalibur ((BD Biosciences, Heidelberg,
Germany). Briefly, adherent cells (2 x 10°) were fixed
and resuspended in a solution containing propidium
iodide at a concentration of 50 wg/ml. Cell percentages
in the different phases of the cell cycle (G0O/G1, S and
G2 + M) were measured using CELLQuest software
(BD Biosciences).

(i1) Apoptosis was evaluated by annexin V versus PI assay,
as described in (37). Briefly, cells were harvested, sus-
pended in annexin-binding buffer (1 x 10° cells/ml),
incubated with fluorescein isothiocyanate-annexin V
(annexin-FITC) and PI (Molecular Probes) for 15 min
at room temperature in the dark, and then immediately
analyzed by flow cytometry using a FACScalibur (BD
Biosciences). The annexin V positive/PI negative cells
were considered apoptotic.

(ii1) For cell infiltrate analysis, the cells recovered from Ma-
trigel®) (see in vivo angiogenesis section) were stained

FITC-conjugated anti-CD31 and anti-CD45 antibod-
ies (all from BD Biosciences) and the percentages
of endothelial (CD31-/CD45-) and immune (CD31-
/CD45+) cells were evaluated by flow cytometry using
a CANTO cytometer and DIVAG6 software (BD Bio-
sciences).

(iv) To evaluate the amount of membrane-associated
VEGF-A, viable cells were immunostained with the
mouse mAb anti-hVEGF-A antibody (clone C-1;
Santa Cruz biotechnology), incubated with a fluo-
rophore conjugated goat anti mouse Alexa Fluor®-
488 secondary antibody (Cell Signaling), and analyzed
by flow cytometry and fluorescence microscopy, using
a FACScalibur (BD Immunocytometry System-BDIS,
San Jose, CA, US) and a Zeiss LSM 510 inverted confo-
cal microscope (Carl Zeiss, Gottingen, Germany), re-
spectively.

(v) For interphase nuclei telomere-induced foci (TIFs)
analysis, cells were fixed in 2% formaldehyde and
permeabilized in 0.25% Triton X100 in phosphate
buffered saline (PBS) for 5 min at room temperature
(RT). For immunolabeling, cells were incubated with
primary antibody (RT, 2 h), washed twice in PBS, and
finally incubated with the secondary antibodies (RT, 1
h). The following primary antibodies were used: rabbit
polyclonal anti-TRF1 antibody (Abcam Ltd., Cam-
bridge, UK); mouse monoclonal anti-y H2AX anti-
body (Upstate, Lake Placid, NY, USA). The following
secondary antibodies were used: goat anti rabbit Alexa
Fluor@®)-555 and goat anti mouse Alexa Fluor®-488
(Cell Signaling). Images were acquired with a Zeiss
LSM510 inverted confocal microscope (Carl Zeiss,
Gottingen, Germany). Co-localizations were scored in
each optical section by scrolling through the z-stack.

(vi) For SULF2 expression the cells, fixed and permeabi-
lized as described above, were labelled with a mouse
mAD anti-SULF2 (clone 2B4, R&D systems) and then
incubated with a fluorophore conjugated goat anti
mouse Alexa Fluor®-488 secondary antibody (Cell
Signaling). Nuclei were counterstained with DAPI
(Sigma Aldrich). Stained cells were analyzed with an
Olympus BX53 microscope equipped with epifluo-
rescence and photographs (63X) were taken using a
cooled camera devise (ProgRes MF).

Cell senescence

Senescence was evaluated by B-galactosidase staining kit
(Cell Signaling Technology) according to the manufac-
turer’s instructions.

Chromatin Immunoprecipitation (ChIP) assay

ChIP assay was performed as reported in (38). The primers
are reported in the Supplemental Table S2. All the real
time quantitative PCR (qPCR) were performed using Power
SYBR Green Master Mix (Applied Biosystem) in the
7900HT Fast Real-Time PCR System (Applied Biosystem).
The specificity of each PCR product was controlled by melt-
ing curve. Relative gene expression levels were calculated us-
ing the 222t method.



ENCODE data analysis

The state of chromatin upstream SULF2 gene was inves-
tigated using the collection of ENCODE Histone ChIP-
seq experiments on HCT-116 cell line (genome assembly
hgl9) (39). Fold enrichment over input bigwig files were
used as inputs for the DeepTools suite version 2.0 (40).
Briefly, the computeMatrix tool was used to calculate scores
on the genomic region around the TTAGGGTCCACCCT
AA sequence (3000 bases upstream and downstream) for
H3K27Me3 and H3K4Mel histone modifications. Profile
plots were then created with the plotProfile tool.

Luciferase assay

A 191 bp portion (Supplementary Table S3) of the iden-
tified distal regulatory element was cloned from HCT116
cells DNA using KAPA Hifi HotStart Ready Mix PCR
kit (KAPA Biosystems) according to the manufacturer’s
protocol. Primers (fw: 5- CGCGGATCCCAAGTGTTG
GGTTTACAGGCA-3 and rw: 5- CCGCTCGAGCCC
CAATTCATGCCAATCCA-3) flanked by specific restric-
tion sites for BamHI and Xhol were used. The PCR product
was cloned into the PGL3 promoter vector (Promega) and
validated via Sanger sequencing (Microsynth AG, Balgach,
Switzerland).

For luciferase assays, 25 x 10° HCT116 cells silenced
(shTRF2) or not (shScramble) were transiently transfected
in 96-well plates with 10ng of Renilla vector (Promega)
along with 200 ng of pGL3-promoter vector (Promega) or
pGL3-promoter vector containing the specified genomic
region (Supplementary Table S3) cloned downstream the
Luciferase gene. The transfection was performed with the
JetPEI reagent (Polyplus) according to the manufacturer’s
protocol. Forty-eight hours after transfection, cells were
washed once with PBS and the luciferase assay (Dual-
Luciferase Reporter Assay System, Promega) was per-
formed according to the manufacturer’s protocols. Values
are expressed as fold increase in luciferase counts over
the pGL3-promoter vector and normalized by the Re-
nilla intensities. Luciferase activity was also evaluated in
cells transfected with pGL3-promoter vector containing
the indicated genomic region, deleted of the binding site
for TRF2 (TTAGGGTCCACCCTAA). Deletion mutants
were obtained by Q5® Site-Directed Mutagenesis Kit (New
England Biolabs) according to manufacturer’s protocol.

Xenograft tumor models

CD-1 male nude (nu/nu) mice (5 weeks old and weighing
26-28 g) were purchased from Charles River Laboratories
(Calco, Italy).

Nude mice were injected into the hind leg muscles with
5 x 10° shSCR, shTRF2, shSULF2 or shTRF2+SULF2
HCT116 cells/mouse. Tumors were measured in two dimen-
sions using a caliper at the indicated time points and tumor
weight was calculated using the formula: a x b?/2, where a
and b are the long and short sizes of the tumor, respectively.
Each experimental group included five mice.
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Tumor dissemination model

Luminescent HCT116 cells (2 x 10°) stably transfected with
shSCR, shTRF2, shSULF2 or shTRF2+SULF2, were in-
jected in the spleen of 6 weeks old CB17-SCID male mice.
After 30 min, the spleen was removed by spleenectomia
and the mice were sutured using absorbable surgical sutures.
Each experimental group included five mice. Real time tu-
mor dissemination was monitored using the IVIS imaging
system 200 series (Caliper Life Sciences, Hopkinton, MA,
USA). Briefly, mice were anesthetized with a combination
of tiletamine—zolazepam (Telazol, Virbac, Carros, France)
and xylazine (xylazine/ Rompun BAYER) given intramus-
cularly at 2 mg/kg. Mice were injected intraperitoneally
with 150 mg/kg D-luciferin (CaliperLife Sciences) and im-
aged at days 14 and 21 after cells injection. Data were ac-
quired and analyzed using the Living Image Software ver-
sion 3.0 (Caliper Life Sciences).

Tissue analysis

TRF2 and SULF2 expression was evaluated by immuno-
histochemistry (IHC) on paraffin embedded sections cut
from HCT116 colon cancer derived xenografts or from tis-
sue microarray (TMA), set up as described in (38), from 169
randomly selected human colo-rectal carcinomas (CRCs).
Immunostaining was performed using the mouse mono-
clonal antibodies anti-TRF2 (clone 4A794; Millipore, Bil-
lerica, MA, USA), and anti SULF?2 (clone G4, Santa Cruz
Biotechnology) in an automated stainer (Bond Max III,
Leica Biosystem, Milan, Italy) according to the manufac-
turer’s instructions. Microvessel density was evaluated both
on tumor xenografts and on human CRCs by staining
endothelial cells using two different anti CD31 reagents,
a rat mAb (clone SZ31, Dianova GmbH 1:10) in tumor
xenografts and a mouse mAb (clone JC70A, Dako, Milan,
Italy) in human CRCs. The microvessel density in mouse
xenografts was manually performed using ULTRATEK
HRP kit (Scy Tek Laboratories, Utah, USA).

The levels of TRF2 and SULF2 were evaluated on tumor
cells in terms of intensity and percentage of nuclear (0/1+:
low; 2+/3+: high) and nuclear/cytoplasmic (multiplicative
score, see statistical methods) staining respectively.

CD31 immunoreactions were evaluated, both in
xenograft and in human CRCs, counting the number of
vessels in six high-power fields (HPF, 400 x magnification)
per section by using a light microscope equipped with a
software able to capture images (DM2000 LED, Leica).

Phosphorylated form of H2AX was evaluated by IHC on
paraffin embedded sections cut from tumor xenografts us-
ing the mouse mAb yH2AX (Ser139, clone JBW301, Mil-
lipore).

The immunohistochemical detection of apoptosis was
performed by TUNEL assay using a commercial kit (In Situ
Cell Death Detection Kit, POD, Roche). The assay was per-
formed according to the manufacturer’s instructions.

H2AX nuclear immunoreaction and apoptosis of tumor
cells were counted in six high-power fields (400 x magnifi-
cation) per section. Evaluation of the IHC results was per-
formed independently and in blinded manner by two inves-
tigators.
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For the purposes of the retrospective cross sectional
study, 169 colorectal carcinomas (CRC) surgically treated
and diagnosed at the Regina Elena Cancer Institute were
selected from our files. All CRC included in this study were
histopathologically re-evaluated on haematoxylin and eosin
stained slides and representative areas were marked prior to
tissue microarray (TMA) construction.

TCGA dataset

Standardized TCGA data were obtained from Broad In-
stitute TCGA Genome Data Analysis Center (2016, https:
//doi.org/10.7908/C11GOKM9).

Statistical analysis

In the ITHC experiments, continuous variables were plot-
ted into box-plots, while categorical variables were reported
as frequencies and percentage values. The association be-
tween variables was tested by the Pearson Chi Square test or
Fisher’s exact test, when appropriate. The Mann-Whitney
U non parametric test was used to compare quantitative
variables. Levels of TRF2 expression were scored semiquan-
titatively based on THC staining intensity. Low intensity
cases displayed a 0/1+ ITHC score and were considered neg-
ative and high intensity cases presented a 2+/3+ IHC score
and were considered positive. SULF2 expression levels were
scored semi-quantitatively using the immune-reactive score
(IRS, staining intensity x percentage of positive cells). Re-
ceiver operative characteristics (ROC) curve analysis was
used to estimate the optimal cut-off values able to split pa-
tients into group with different level of TRF2 (negative or
positive). The cut off for SULF2 IRS was >15 and the cut
off for CD31 was >18 number of vessels/HPF. SPSS soft-
ware (SPSS version 21.0, SPSS Inc., Chicago, Illinois, USA)
and MedCalc (14.10.2) programs were used for all the anal-
yses.

Survival analyses were performed by using Kaplan-Meier
method. Differences between curves were assessed by the
log-rank test; significance was defined at the P < 0.05 level.
Patients with high and low signal intensity for a specific gene
were defined by considering positive and negative z-score
values. A Cox proportional hazard regression model was
fitted to include clinical variables.

Study approval

(1) All animal procedures were in compliance with the na-
tional and international directives (D.L. 4 March 2014,
no. 26; directive 2010/63/EU of the European Parlia-
ment and of the council; Guide for the Care and Use of
Laboratory Animals, United States National Research
Council, 2011) and approved by the Italian Ministry of
the health (authorization n. 17/2016-PR issued on date
12 January 2016).

(i) CRC patients surgically treated at the Regina Elena
National Cancer Institute received written informed
consent and the study was reviewed and approved by
the Local Ethic Committee of the same Institute (del.
n.180/2014).

RESULTS

TRF2 regulates VEGF-A levels in the secretome of tumor
cells and affects angiogenesis

Despite cancer has been long described as a disease con-
sisting of transformed cells with autonomous proliferative,
invasive and limitless survival capacities, it is now clear that
extrinsic factors (i.e. cytokines/chemokines, growth and an-
giogenic factors) secreted by cancer cells or by surround-
ing stromal cells play a fundamental role in tumorigene-
sis and cancer progression. Here, we questioned if TRF2
is able to affect the secretome of cancer cells. To address
this question, HCT116 colon cancer cells were infected with
viral particles delivering short hairpin (sh)RNAs against
TRF2 (shTRF2_N1 and shTRF2_N2), or the TRF2 cDNA
(pBabe-TRF2). The establishment of stable cell lines si-
lenced or overexpressing TRF2 was validated at both
mRNA and protein level by real time r#-PCR and western
blot analysis (Supplementary Figure SIA-D), respectively.
Then, the conditioned media (CMs), obtained by growing
the infected cells in serum-free medium for 48 hrs, were
assayed by a multiplexed immunoassay based on xMAP
technology (Figure 1A). This sensitive screening method
allowed the simultaneous detection and quantification of
multiple analytes (cytokines, chemokines and growth fac-
tors) in a single sample. Notably, on a panel of 18 pro-
teins analysed, we found that Vascular Endothelial Growth
Factor-A (VEGF-A) was the only metabolite whose abso-
lute levels were significantly modulated according to TRF2
expression (Figure 1B). These results were confirmed by
enzyme-linked immunosorbent assay (ELISA, Figure 1C).

VEGF-A, a member of the PDGF/VEGF growth factor
family, is overexpressed in several solid tumors where, pro-
motes the formation of new-vessels favouring tumor growth
and dissemination (41). Therefore, the impact of TRF2 on
increasing VEGF-A protein in the CMs prompted us to
investigate the role of secretome on tumor angiogenesis.
HCT116 cells silenced for TRF2 were grown in serum-free
medium for 48 h and the obtained CM was assayed for its
capability of promoting an angiogenic response in ECs.

Of note, while the medium derived from control
cells—parental cell line and cells infected with the scramble
shRNA (shSCR)—promoted proliferation and migration
of the human umbilical vein endothelial cells (HUVEC),
the CM of the cells silenced for TRF2 (shTRF2s) was found
to be neither mitogenic nor chemo-attractant (Supplemen-
tary Figure S2A and B). Moreover, tubule-formation as-
says demonstrated that CM derived from the control cells
(shSCR and parental cells) was able to promote the dif-
ferentiation of the HUVEC cells into capillary-like tubu-
lar structures (Figure 2A), while the medium collected from
TRF2-interfered cells was lacking of any pro-angiogenic
activity (Figure 2A). Analogous results were obtained by
using amounts of recombinant VEGF-A that recapitulate
the concentrations detected in the medium of control and
TREF2 silenced cells (Supplementary Figure S2C). Notably,
the inhibition of angiogenic response associated with the
silencing of TRF2 was neither attributable to changes in
proliferation nor to induction of apoptosis or senescence
of tumor cells (Supplementary Figure S3). In addition, the
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Figure 1. TRF?2 regulates the amount of VEGF-A in the secretome of tumor cells. (A) Luminex/XMAP multiplexed analysis of CMs derived from TRF2-
compromised (shTRF2) or -overexpressing (pBabe-TRF2) HCT116 cells and their control counterparts (shScramble/pBabe). CMs were collected 48 h after
cell starvation and the expression levels of a panel of secreted chemokines and growth factors involved in angiogenesis were quantified. For each analyte,
results are expressed as log, fold change of protein levels in silenced /overexpressing cells over their controls. (B) Detailed analysis of VEGF-A concentration
from A. Histograms show the mean values (£SD) of a single experiment performed in triplicate (*P < 0.1; **P < 0.01; ***P < 0.001; Student’s #-test).
(C) Concentration of VEGF-A was evaluated by ELISA in the CM of HCT116 silenced (shTRF2_N1 and shTRF2_N2) or overexpressing (pBabe-TRF2)
TRF2, collected 48 h after serum-starvation. As control, the amount of VEGF-A was assayed in the CM of HCT116 cells not infected (parental) or infected
with viral particles delivering control vectors (shSCR or pBabe). Results were normalized to cell number. Histograms show the mean (£SD) of at least
three independent experiments performed in triplicate (*P < 0.1, **P < 0.01, ***P < 0.001; Student’s z-test).

angiogenic effect of TRF2 was uncoupled from its role in
telomere capping. Indeed, knock-down of TRF2 was not
enough to trigger a general activation of DNA damage re-
sponse (DDR) or telomere deprotection (Supplementary
Figures S4A-C) and, consistently with these results, the
ATM inhibitor (KU-55933) did not alter the angiogenic re-
sponse to CM collected from TRF2-proficient or silenced
cells (Supplementary Figure S4D).

Next, to strength the obtained results, we extended
our analyses to CM deriving from the cells overexpress-

ing TRF2. Surprisingly, despite the higher levels of se-
creted VEGF-A (Figures 1B and C), the medium of TRF2-
overexpressing cells, collected at 48 h, was unable to pro-
mote additional increases in the number of tubules over
its control counterpart (Figure 2A). In contrast, when the
CMs were collected at shorter times a pro-angiogenic ac-
tivity attributable to TRF2 overexpression was well appre-
ciable (Figure 2A). These results, corroborated by measure-
ments of VEGF-A performed at the same time points (Fig-
ure 1C and Supplementary Figure S5A), suggest that at
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48 h the amount of VEGF-A secreted by control cells
(pBabe) was already sufficient to promote its maximal func-
tional effect on tube formation.

The role of TRF2 on angiogenesis was also evaluated
in vivo by Matrigel assay using CMs of TRF2-interefered
and overexpressing cells collected at the nadir of the effect.
Analysis of Matrigel plugs injected subcutaneously in the
flank of C57BL/6 mice revealed that silencing of TRF2 de-
termines an almost complete inhibition of the angiogenic
response, as compared with the not interfered cells (Figure
2B). On the contrary, the plugs containing the CMs derived
from TRF2 overexpressing cells appeared more vascularised
than their controls cells (Figure 2C). Of note, the effect of
TRF2 on tumor angiogenesis was recapitulated on cancer
cells of different histotype (Supplementary Figure S6).

Finally, to evaluate if the angiogenic process driven by
secretome of TRF2-overexpressing cells was totally at-
tributable to the changes in the VEGF-A levels, the tubule
formation assays were performed in presence of a VEGF-
A blocking antibody. The results clearly showed that the
VEGF-A blockade almost completely inhibited the angio-
genic response of TRF2 overexpressing cells both in vitro
(Supplementary Figure S5B) and in vivo (Figure 2C).

Since tumor cells have been demonstrated to recruit im-
mune cells that, secreting pro-angiogenic molecules (in-
cluded VEGF-A), can promote tumor vascularization (42),
we questioned whether immune cells participate in the re-
lease of VEGF-A mediated by TRF2. To address this point,
Matrigel plugs were analysed by FACS analysis for immune
cell content (CD31-/CD45+). Interestingly, neither the CM
from TRF2 overexpressing cells (pBabe-TRF2) nor that de-
riving from the compromised cells (shTRF2) produced sig-
nificant differences in the recruitment of the immune com-
ponents and the addition of the VEGF-A blocking anti-
body did not affect the overall immune cell recruitment
(Supplementary Figure S7A and B). In line with these data,
the CM obtained from cells silenced for TRF2 was found
to maintain its angiogenic properties also in immunodefi-
cient NOD SCID vy (NSG) mice (Supplementary Figure
S7C). These experiments, even with the limitations due to
assaying human secreted factors in a murine system, sup-
port the idea that immune system did not participate to
TRF2-driven VEGF-A-mediated tumor angiogenesis.

TRF2 induces post-synthetic modification of HSPGs by reg-
ulating SULF2 expression

To clarify the mechanism(s) through which TRF2 modu-
late the VEGF-A levels in the secretome of tumor cells, we
tested the possibility that TRF2 activates the transcription
of VEGF-A (5,10). However, the analysis of gene expres-
sion by quantitative real-time rz-PCR revealed that over-
all VEGF-A mRNA was not affected by modulation of
TRF2 levels (Supplementary Figure S§A). Since VEGF-
A transcript undergoes to processes of alternative splicing,
the analysis of gene expression was specifically extended to
VEGF-A 45 (the isoform detected by ELISA), VEGF-A 45
and VEGF-A;g, the most abundant VEGF-A isoforms.
Analysis of these transcripts revealed that none of the mR-
NAs was significantly affected by TRF2 modulation (Sup-

Nucleic Acids Research, 2019, Vol. 47, No. 7 3373

plementary Figure S8B), permitting to exclude any tran-
scriptional effect of TRF2 on VEGF-A.

Therefore, we evaluated if modulation of TRF2 affected
the amount of VEGF-A at protein level. Surprisingly, the
ELISA performed on cell lysates showed that, in contrast
to what previously observed with the CMs (Figure 1C), the
cell-associated VEGF-A was inversely correlated to TRF2
expression (Supplementary Figure S9A), raising the possi-
bility that TRF2 can alter the equilibrium between cell-free
and cell-associated amount of VEGF-A.

VEGF-A secretion is tightly regulated by the HSPGs
(43), a large family of glycoproteins present on both the
cell surface and in the extracellular matrix (ECM) (23,44).
Indeed, VEGF-A is characterized by the presence of a
heparin-binding domain (HBD), a protein-interaction mo-
tif that mediates the binding of heparin-like molecules to
the HSPGs (43,45,46). Starting from these data we hy-
pothesized that TRF2 might regulate the amount of free
VEGF-A by impairing its binding to the cell surface. No-
tably, analysis of membrane-associated VEGF-A by bio-
chemical (ELISA) and immunofluorescence (FACS and mi-
croscopy) techniques showed that the VEGF-A decreased
in the TRF2 overexpressing cells and increased in the
interfered ones (Figures 3A, B and Supplementary Fig-
ure S9B), clearly demonstrating that TRF2 has a crucial
role in the regulation of membrane-associated VEGF-A.
Consistently with these results, exogenously added hep-
arin (that can compete with the HSPGs for the binding
to the VEGF-A (47)), cobalt chloride (CoCl,—known to
activate heparanase, an eukaryote HSPG-hydrolysing en-
zyme (48)) or heparinase II (a prokariotic ortholog of hep-
aranase), increased the amount of free VEGF-A in the con-
trol (pBabe) cells (Figure 3C), while TRF2 overexpressing
(pBabe-TRF2) cells were quite insensitive to all treatments,
clearly demonstrating that TRF2 acts on the binding of
VEGF-A to HSPGs.

Thus, we examined the possibility that TRF2 directly
modulates the expression of HSPGs. Quantitative r--PCR
of genes encoding for different classes of HSPGs revealed
that none of the assayed molecules was modulated in re-
sponse to changes in the levels of TRF2 (Supplementary
Figure S10A). Next, as the binding activity of HSPGs to se-
creted molecules is tightly regulated by post-synthetic mod-
ifications (23), the analysis of gene expression in response
to TRF2 modulation was also extended to the heparanase
(HPSE) and to specific Heparan sulfate sulfotransferases
(HSSTs) and sulfatases (SULFs) that, specifically regulat-
ing the sulfation of the 6-O position of HS chains, control
the binding of HSPGs to VEGF-A (49). Interestingly, mod-
ulation of TRF2 determined significant changes in the ex-
pression of heparan sulfate 6-O-sulfotransferase-2 (SULF2)
at both mRNA and protein levels (Figures 4A and B),
without affecting the other enzymes (Supplementary Fig-
ure S10B).

Based on the data in the literature showing that TRF2
can regulate gene expression by binding extra-telomeric
TTAGGG DNA sequences (5,10,14), we evaluated the ef-
fect of TRF2 DNA-binding mutants on SULF2 expression.
Notably, the experiments evidenced that overexpression of
a TRF2 mutant (TRF22M) lacking of C-terminal DNA-
binding domain (Myb domain (50)), was unable to affect
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Figure 3. TRF?2 affects the binding of secreted VEGF-A 65 to membrane HSPGs. (A) Amount of membrane-associated VEGF-A 45 was quantified by
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SULF?2 expression (Figure 4C), indicating that DNA bind-
ing by TRF2 is necessary to induce SULF2 expression. On
the other side, overexpression of the TRF2 mutant lack-
ing of both the Myb and the Basic domains (TRF22BAM),
known to act as dominant negative (50,51), was found to
inhibit, similar to the shTRF2, the expression of SULF2.
Since the expression of certain genes may be af-
fected by either proximal or distal regulatory elements
(52,53), we looked for putative TRF2 binding sites within
10 kb upstream the coding sequence of SULF2. As
revealed by the quantitative PCR analysis of TRF2-
chromatin immunoprecipitates, TRF2 specifically binds an
ITS (TTAGGGtccaCCCTAA) located 7721 bp upstream
the transcription starting site (TSS) of SULF2 (Figures 4D
and E). Notably, Encode data analysis of histone marks en-
richment (Supplementary Figures S10C and D) evidenced
that the identified TRF2-binding site falls into a genomic

region showing distinctive characteristics of the distal reg-
ulatory elements (52,53). Starting from this observation,
a genome portion of about 200 bp, including the binding
site for TRF2, was cloned in the enhancer site of pGL3-
promoter vector and its effect on transcription regulation
was evaluated by luciferase assay. As reported in the fig-
ure 4F, sub-cloning of the indicated sequence induces an
increase of ~2.5-fold in the luciferase expression. In con-
trast, deletion of the binding site of TRF2, as well as silenc-
ing of TRF2 by shRNA, completely abolished the effect ob-
served on luciferase expression (Figure 4F), demonstrating
that control of gene expression is due to the direct binding
of TRF2 to the identified target region.

Finally, to define the role of SULF2 on VEGF-A secre-
tion and angiogenesis, cellular levels of SULF2 were modu-
lated (Supplementary Figure S10E), and the effects of pro-
tein silencing and overexpression were evaluated by ELISA
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Figure 4. Extracellular release of VEGF-A is regulated by TRF2 through the control of SULF2 expression. (A) Gene expression of SULF2 was evaluated
by qPCR in HCT116 cells silenced (shTRF2) or overexpressing (pBabe-TRF2) TRF2 and in their control counterparts (shScramble and pBabe). Results
are expressed as fold change of mRNA levels in silenced/overexpressing cells over their controls, after S-actin normalization. (B) IF analysis of SULF2
expression in cells silenced or overexpressing 7RF2 and their controls. Representative images acquired at 63x magnification are shown. (C) Expression of
TRF2 (left panel) and SULF2 (right panel) was evaluated by qPCR in HCT116 cells overexpressing the wild-type (pBabe TRF2) or the mutated forms
of TRF2 (pBabe TRF2AM and pBabe TRF2ABAM) and their control counterpart (pBabe). Results are expressed as fold change of mRNA levels in
overexpressing cells over their controls, after S-actin normalization. (D) Schematic representation of putative TRF2-binding sites located upstream the
transcription starting site (TSS) of SULF2. (E) Real-time qPCR analysis of TRF2-chromatin immunoprecipitates. DNA regions containing (Chr.2 sub-
telomeric region) or not (RPLP0) TTAGGG sequences were used as positive and negative control, respectively. (F) pGL3-promoter vector (pGL3 empty)
and the vector containing the wild-type or mutant form of the distal regulatory element were co-transfected with a renilla vector (pRL-TK) in control
(pBabe) and TRF2 silenced (shTRF2) HCT116 cells and luciferase activity was assayed. Firefly luciferase signal was normalized for the renilla signal to
derive the relative luciferase activity. Results are expressed as fold change over the activity measured in the cells transfected with the control vector. The
histograms show the mean + SE of at least three independent experiments performed in triplicate (*P < 0.1, **P < 0.01, ***P < 0.001; Student’s #-test).
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and tubule formation assay, respectively (Figures 5). Inter-
estingly, the changes of SULF2 expression fully recapitulate
those of TRF2, reinforcing the idea that SULF2 could be a
downstream effector of TRF2. To validate this hypothesis,
TRF2-silenced cells were infected with lentiviral particles
delivering a construct encoding for SULF2 or the shRNA
against SULF2 (Supplementary Figure SIOE) and the ef-
fects of the double infections were evaluated in terms of
both VEGF-A secretion (Figure SA) and angiogenesis (Fig-
ures 5B and C) Of note, the overexpression of SULF2 coun-
terbalances the absence of TRF2 by completely rescuing the
TRF?2 activity. In contrast, overexpression of TRF2 was in-
effective in cells silenced for SULF2 (Figures SA-C), con-
firming the hypothesis that SULF2 is a downstream effec-
tor of TRF2 activity. On the other side, the upregulation of
SULF?2 in TRF2-overexpressing cells (Supplementary Fig-
ure S10E) was found to not exacerbate the response medi-
ated by TRF2, clearly indicating that the two molecules act
in an epistatic manner (Figures 5SD-F and Supplementary
Figure S11A).

Direct correlation among TRF2, SULF2 and tumor angio-
genesis in colon cancer

To address the relevance of our findings in vivo, con-
trol (shSCR) and TRF2 compromised (shTRF2) HCT116
colon cancer cells were injected in nude mice. As expected,
silencing of TRF2 reduced tumor growth of about 50% (Fig-
ure 6A and Supplementary Figure S11B), and this differ-
ence was maintained during the days following tumor ap-
pearance. Interestingly, the analysis of the tumors at day 14
after cell injection revealed that inhibition of tumorigenic-
ity following TRF2 depletion was not associated neither to
an increase in apoptosis (Tunel staining) nor to DDR ac-
tivation (yH2AX staining) (Supplementary Figure S11C).
Conversely, a significant reduction of SULF2 expression
(P = 0.0002) and a decrease number of microvessels (P =
0.0002) were observed in TRF2 compromised compared
to control tumors (Figure 6B), corroborating the key role
of TRF2 on tumor angiogenesis. Next, to define the rel-
evance of SULF2 in mediating TRF2 activity, the anal-
yses of tumor growth were also extended to SULF2 de-
pleted cells (shSULF2) and to TRF2 interfered cells over-
expressing SULF2 (shTRF2 + SULF2). Of note, while the
interference of SULF2 determines an inhibition of tumor
growth and angiogenesis comparable with that promoted by
TRF2 silencing (Figures 6A and B), the overexpression of
SULF2 completely reverts the inhibitory activity of TRF2
knock-down (Figures 6A and B). Finally, treatment with
the SULF2 inhibitor 2,4-disulfonylphenyl-tert-butylnitrone
(OKN-007), determines a reduction of tumor growth in
control and, with a higher extent, in TRF2 overexpressing
tumors (Supplementary Figure S11D), showing compelling
therapeutic potential for cancer with high TRF2 expression.

Since angiogenesis plays a key role also in tumor metas-
tasization, the same cells used in tumor growth experiments
were assayed in a model of spontaneous dissemination in
vivo. As evidenced in Figure 6C, interference of either TRF2
or SULF2 determines a reduction of tumor metastases that,
compared with the control cells (shSCR), reaches an aver-
age inhibition of about the 90% in three out five mice, at

day 21 after cell injection. Of relevance, in both sShTRF2 and
shSULF2, two mice did not develop metastases (Figure 6C,
right panel) and, on the other side, SULF2 overexpression
completely abolishes the effect of TRF2 silencing on tumor
dissemination.

Finally, the clinical relevance of our findings was evalu-
ated on a cohort of 169 CRC patients (123 colon and 46
rectal carcinomas) surgically treated at the Regina Elena
National Cancer Institute and the study was reviewed and
approved by the Local Ethic Committee of the same In-
stitute (del. n.180/2014). The 169 patients with defined
bio-pathological characteristics (Supplemental Table S4)
were categorized, depending on the levels of TRF2 expres-
sion, into TRF2MY (56/169; 33%) and TRF2Hig" (113/169;
67%). The tumors were stained for SULF2 and the results
demonstrated that the median score was significantly (P =
0.046) higher in the sub-set of TRF2Hig" patients, indicating
that a positive correlation exists between the two variables
(Figure 7A). Moreover, ROC analysis was used to estimate
the optimal cut-off values able to split patients into groups
with high or low SULF?2 levels. Results showed in Figure
7B reports that SULF2 >15 (SULF2High) identify tumors
with high level of TRF2 (71% versus 50% P = 0.008). Then,
the correlation between TRF2 and vascular density using
an anti-CD31 mAb was evaluated in a subset of 30 CRC
patients with TRF2M% and 30 with TRF2Hie" The results
demonstrated that the average number of vessels was signif-
icantly (P = 0.0001) higher in the TRF2Hig" patients (Fig-
ure 7C) and ROC analysis corroborated these results (Fig-
ure 7D). Two exemplificative tumors with TRF2XY and
TRF2Mieh stained for SULF2 and CD31 were showed in
Figure 7E.

The positive correlation (R = 0.19; P = 0.006) between
TRF2 and SULF2 was also found in a larger cohort of
CRC patients (N = 621) from The Cancer Genome At-
las (TCGA) dataset (https://doi.org/10.7908/C11GOKM9)
stratified on the basis of the TRF2 (TRF2-°% 327/621; 53%
and TRF2High 204/621; 47%) mRNA (Figure 7F). More-
over, TRF2/SULF?2 covariates identified subgroups of pa-
tients with a high (P = 0.03) risk of relapse/progression
(Figure 7G), suggesting that TRF2/SULF2 overexpression
has a prognostic role in CRC patients.

DISCUSSION

We previously described a model in which TRF2 can con-
trol tumorigenesis not only via cancer cell-intrinsic mech-
anisms linked to DNA damage response, apoptosis and/or
senescence, but also via non-cell autonomous pathways reg-
ulating immunosurveillance of tumor cells (10). Interest-
ingly, this novel function is due to the ability of TRF2 to
regulate the expression of HS3S74, a gene encoding for the
heparan sulfate (glucosamine) 3-O-sulfotransferase 4, and
to inhibit the recruitment of NK cells (10). These findings
reveal an unexpected role of TRF2 as transcriptional regu-
lator, opening the way for a broad impact of TRF2 in cancer
formation and progression.

Here, we reveal that TRF2 can alter the secretome of can-
cer cells and consequently tumor angiogenesis. The high-
throughput approach based on multiplexed Luminex X-
MAP technology showed that either the down-regulation
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or the overexpression of TRF2 mostly increased the secre-
tion of growth factors, suggesting that this phenomenon is
not controlled by a direct effect of TRF2. This is in agree-
ment with a recent work showing that TRF2 knock-down
enhanced the expression of cytokines implicated in inflam-
mation (54). Of note, in this paper the author did not take
into consideration cells overexpressing TRF2.

Among the different proteins analysed, only VEGF was
found significantly modulated according to TRF2 expres-
sion. Consistently with these results, conditioned medium
from cells with modulated TRF2 levels was able to inter-
fere with proliferation, migration and angiogenic response
of endothelial cells (ECs) both in vitro and in vivo and the
effect was strictly dependent on VEGF-A, one of the main
regulators of angiogenic response. Interestingly, the role of
TRF2 on the secretion of VEGF-A and angiogenesis has
been observed in various cell types of different histotype,
strongly demonstrating that the role of TRF2 in the for-
mation of new vessels is a general phenomenon. Taken to-
gether our data show that TRF2 overexpression in cancer
cells can trigger an angiogenic switch, inducing the expres-
sion pattern of pro- versus anti-angiogenic molecules (cy-
tokines, chemokines and/or growth factors) of cancer cells,
and stimulate the formation of new vessels around the tu-
mor. It was also reported that TRF2 is overexpressed in
the vasculature of most human cancer types where it is re-
quired for proliferation, migration and tube formation of
endothelial cells (5). These two TRF2 pro-angiogenic func-
tions can be considered as the two faces of the same coin in
which key players of tumor angiogenesis (endothelial cells
from one side and cancer cells from the other) are orches-
trated by TRF2. Of note, the role of TRF2 in tumor angio-
genesis may also involve the immune system as proposed
by us (10) and recently confirmed by an independent re-
search group (54), suggesting that TRF2 can modulate the
expression of a panel of cytokines involved in angiogenic
balance and inflammatory processes. The fact that, in our
experimental models, the role of TRF2 in tumor angio-
genesis is independent of the immune system, offered us
the opportunity to highlight a novel non cell-autonomous
anti-neoplastic effect of TRF2 loss of function not related
to telomere deprotection. Indeed, the angiogenic switch in-
duced by TRF2 on several cancer cells is not accompanied
by an overt DNA damage response and is not associated
with an induction of apoptosis or senescence. Previous stud-
ies involving various types of cancer cells suggested that a
reduced expression of TRF2 might not be enough to trig-
ger DDR activation (13,55). The uncoupling of TRF2 role
in telomere protection from the ability of cancer cells to es-
cape immunosurveillance was attributed to an extratelom-
eric role of TRF2 in regulating gene expression (10). Our re-
sults show that a similar uncoupling between telomere cap-
ping and angiogenesis can also occur in tumors cells thanks
to the role of TRF2 in increasing the VEGF-A signalling.

Our paper goes one step further questioning about
the mechanism(s) through which TRF2 modulates the
VEGPF-A levels in the secretome of tumor cells We found
that, the expression of VEGF-A was not affected by
overexpression/silencing of TRF2, permitting to exclude a

direct transcriptional control of VEGF-A by TRF2 pro-
tein. Interestingly, by using biochemical and imaging ap-
proaches, we found that TRF2 regulates the extracellular
release of VEGF-A, altering the equilibrium between cell-
free and cell-associated amount of VEGF-A. This prop-
erty of TRF2 is dependent on the expression of SULF2,
a sulfotransferase with a potential oncogenic role that has
been found overexpressed in subsets of multiple tumors
(56). This enzyme, indeed, inducing post-synthetic mod-
ification of HSPGs, is capable of modulating the extra-
cellular release of a number of growth factors containing
an heparin-binding domain, including VEGF-A. Mecha-
nistically, the region up-stream the TSS of SULF2 con-
tains a binding site for TRF2 that is localized within a ge-
nomic portion showing the properties of a distal regula-
tory element. Our experiments demonstrated that, binding
of TRF?2 to its target motif can enhance the promoter ac-
tivity eventually leading to an increased SULF2 expression.
The results reported here clearly demonstrate that SULF2
is a novel direct TRF2-target gene and unveil a novel and so
far unreported way through which TRF2 can regulate gene
expression. Notably, these data open the question on how
the TRF2-binding to a distal regulatory element can favour
gene expression. We can envisage at least two mechanisms
(TRF2 might) (i) act as a bridge for promoting the binding
of transcription factors to DNA or (ii) induce the folding of
the DNA required to bring distal-bound transcription fac-
tors near to the promoter) that will be further investigated.

These results, together with our previous finding on
TRF2-mediated regulation of the sulfotransferase HS3ST4
(10) and, more recently, of two additional genes, GPC6
and versican (VCAN), both involved in the metabolism of
HSPGs and GlycoAminoGlycan (GAG) (Cherfils Vicini et
al., submitted), strongly indicate that TRF2 can act as a
general remodeler of glycocalyx.

We also addressed the functional relevance of our find-
ings demonstrating that the regulation of SULF2 is not only
sufficient but also necessary to promote VEGF-A secretion
and angiogenesis and, more interesting, genetic and phar-
macological targeting of SULF2 impairs tumor growth,
opening the way for new therapeutic option for cancer with
high levels of TRF2. Notably, SULF2 appears to be a ma-
jor effector of TRF2 oncogenic function, since overexpres-
sion of this target gene restore tumor growth, angiogene-
sis and metastatic ability of TRF2-dysfunctional cells. This
is in line with a large number of high-quality mechanistic
studies demonstrating important roles for HS signalling in
cancer biology, including proliferation, tumor angiogenesis,
metastasis and differentiation (23).

Finally, we translate our results on human patients by
showing a direct correlation among TRF2 and SULF2 pro-
tein expression on a cohort of CRCs surgically treated in the
Regina Elena National Cancer Institute and in the TCGA
dataset available online. A direct correlation with tumor an-
giogenesis was also observed in TRF2High tumors. More in-
terestingly, analysis of patient survival in the TCGA dataset
reveled that TRF2/SULF?2 overexpression has a prognos-
tic role in CRC patients. Together, our pioneering results
may constitute a valuable tool in determining the patient



at risk of recurrence and may help to stratify patients who
can benefit from anti-tumoral therapies targeting angiogen-
esis and/or HSPG and their modifying enzymes to enhance
chemotherapy efficacy and/or overcome drug resistance.
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