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ARTICLE INFO ABSTRACT

Keywords: The Telomeric Repeat binding Factor 2 (TRF2), a key protein involved in telomere integrity, is over-expressed in

TRF2 several human cancers and promotes tumor formation and progression. Recently, TRF2 has been also found

mii{-193b]-3p outside telomeres where it can affect gene expression. Here we provide evidence that TRF2 is able to modulate
E;ggecm cancer the expression of microRNAs (miRNAs), small non-coding RNAs altered in human tumors. Among the miRNAs

regulated by TRF2, we focused on miR-193b-3p, an oncomiRNA that positively correlates with TRF2 expression
in human colorectal cancer patients from The Cancer Genome Atlas dataset. At the mechanistic level, the control
of miR-193b-3p expression requires the cooperative activity between TRF2 and the chromatin organization
factor CTCF. We found that CTCF physically interacts with TRF2, thus driving the proper positioning of TRF2 on
a binding site located upstream the miR-193b-3p host-gene. The binding of TRF2 on the identified region is
necessary for promoting the expression of miR-193b3p which, in turn, inhibits the translation of the onco-
suppressive methyltransferase SUV39H1 and promotes tumor cell proliferation. The translational relevance of
the oncogenic properties of miR-193b-3p was confirmed in patients, in whom the association between TRF2 and
miR-193b-3p has a prognostic value.

Prognostic markers

of DNA damage [2]. In addition, TRF2 has been found to function as a
topological stress sensor that counteracts telomere fragility due to the
stall of the replicative fork proper of highly heterochromatic DNA re-

1. Introduction

The Telomere Repeat-Binding Factor 2 (TRF2), one of the six pro-

teins constituting the shelterin complex, takes part in the maintenance of
telomere integrity and genome stability [1]. In particular, TRF2,
through its binding to double-stranded telomere repeats (TTAGGG),
provides a protective capping function that, suppressing DNA damage
response (DDR) and non-homologous end joining (NHEJ), avoids the
erroneous recognition of the terminal portions of chromosomes as sites

gions [3].

The idea of an exclusively telomeric role of TRF2 was unhinged
almost ten years ago by a pioneering study, first demonstrating the ex-
istence of extratelomeric binding-sites of TRF2: pericentromeric satellite
III (sat III) sequences and interstitial telomeric sequences (ITSs),
telomere-like TTAGGG sequences diffused alongside the entire genome
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[4]. The discovery of these novel binding sites marked a turning point in
the biology of TRF2. Indeed, through the binding to Sat III regions, TRF2
facilitates replicative fork progression also through pericentromeres, so
assuming a more general role in ensuring genome-wide heterochromatic
stability [5]. Moreover, studies concerning the distribution of ITSs
within the genome demonstrated that these sequences are particularly
abundant in the proximity of gene regulatory elements, such as pro-
moters and/or enhancers, and that TRF2, by binding these regions,
controls the expression of a number of target genes [6-12].

Interestingly, TRF2 has been found overexpressed in several human
malignancies and in the vasculature of many cancer types [13-15].
TRF2 contributes to carcinogenesis in mice and is regulated by the
Wnt/p-catenin pathway [16,17]. Moreover, consistently with its onco-
genic role in human cancers, an increased dosage of TRF2 in a variety of
tumor cells enhances their tumorigenicity, whereas TRF2 depletion re-
duces tumor growth [7,18-20]. Studies recently published by our and
other laboratories have demonstrated that a large part of the
tumor-related properties of TRF2 are essentially attributable to its
capability to affect the expression of genes (e.g. HS3ST4, GPC6, VCAN,
SULF2), mainly involved in the reorganization of cell glycocalyx [7,10,
12]. Indeed, by promoting tumor immune escape and angiogenesis,
TRF2-regulated genes have been demonstrated to deeply impact on the
processes of tumor formation, growth and dissemination [7,10,12].

Despite the progresses done in the last few years, currently available
data are still insufficient to explain at all the plethora of functions
involving TRF2, indicating that our knowledge — especially that con-
cerning the mechanisms through which TRF2 exerts its oncogenic role —
is still limited and needs additional investigations.

In the last few years a growing body of literature highlighted the
relevance of microRNAs (miRNAs), a class of endogenous non-coding
RNAs, in physiological and pathological processes, included cancer
biology [21]. Indeed, playing a pivotal role as post-transcriptional reg-
ulators of gene expression, miRNAs can act, depending on their target
genes, as both tumor promoters and tumor suppressors [22,23]. More-
over, due to their key role in tumorigenesis, miRNAs have been inves-
tigated as prognostic and diagnostic biomarkers and as useful targets for
therapeutic intervention [24,25].

Compelling evidence has demonstrated that miRNA expression is
dysregulated in human cancer through various mechanisms, which
include, among others, abnormal miRNA transcription, epigenetic
changes and defects in the miRNA biogenesis machinery [26,27]. Here,
we explored the possibility that TRF2 affects — similar to that already
observed for protein-coding genes —also the expression of cancer-related
miRNAs.

Notably, our results demonstrated that TRF2 is able to regulate the
expression of a number of miRNAs, including the miR-193b-3p, a small
non-coding RNA that exerts a significative oncogenic activity in colo-
rectal cancer (CRC) by targeting the histone-lysine N-methyltransferase
SUV39H1. Moreover, here we elucidated the mechanism through which
TRF2 exerts its activity as a transcriptional regulator of miRNA
expression. We showed that the control of miR-193b-3p expression is
mediated by the coordinated activity of TRF2 with CTCF, a chromatin
organization factor that modulates gene expression. In particular, our
data demonstrated that CTCF, driving the positioning of TRF2 on the
DNA, creates the proper conditions for promoting the transcriptional
control of miR-193b-3p by TRF2. These data first obtained in vitro, also
using advanced cellular models, were finally confirmed in CRC patients
in whom the association between TRF2 and miR-193b-3p assumes a
marked prognostic relevance.

2. Materials and methods
2.1. Biological resources

Colon cancer cell line HCT116 were purchased from ATCC. Dicer-
deficient HCT116 cells (Dicer™>®*%) were generously provided by
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professor Vogelstein B. (Johns Hopkins University, Baltimore, MD,
USA). Human embryonic kidney cells (HEK293T) were provided by
professor Gilson E. (IRCAN, Nice, France). All these cell lines were
grown in high glucose Dulbecco modified eagle medium (DMEM; Invi-
trogen, Carlsbad, CA, USA) supplemented with r-glutamine, Penicillin/
streptomycin and 10% foetal bovine serum (FBS, Hyclone). Colorectal
cancer cells (HT29, SW480, SW620, HCT15 and LIM2527) were kindly
provided by professor Milella M. (University of Verona, Verona, Italy)
and were grown in Roswell Park Memorial Institute (RPMI) 1640 me-
dium (Gibco) supplemented with r-glutamine, Penicillin/streptomycin
and 10% foetal bovine serum (FBS, Hyclone). The CRC organoids were
grown in Dulbecco’s Modified Eagle’s Medium/Nutrient mixture F-12
Ham (D6421, Sigma-Aldrich) supplemented with: B-27 (17504-044,
GIBCO), N2-supplements (17502-048, GIBCO), N-acethylcysteine
(A9165, Sigma-Aldrich), EGF 20 ng/ml (E9644, Sigma-Aldrich), t-
glutamine, Penicillin/streptomycin and 10% foetal bovine serum (FBS,
Hyclone) as previously reported [28]. Organoids cultures were main-
tained and passaged every 2 weeks.

2.2. Transfection and infection of cell lines

Cells were transiently transfected with the indicated mimic-miRNA
(Ambion; ThermoFisher Scientific) or with the siRNA (GE Healthcare
Dharmacon, Inc., Lafayette, CO, USA) by using the Interferin reagent
(Polyplus, New York, NY, USA), according to the manufacturer’s in-
structions. SUV39H1 and TRF2 over-expressing HCT116 cells were ob-
tained by transient transfection of human HCT116 by using the JetPEI
reagent (Polyplus) according to the manufacturer’s instructions. All the
analyses were performed 72h after cell transfection.

Stable TRF2 over-expressing HCT116 and HT29 cells and their
control (pBabe-Empty) were infected with retroviral particles produced
into Phoenix-AMPHO cells transfected with retroviral vectors (pBabe-
puro-Empty and pBabe-puro-mycTRF2) [29]; using the JetPEI reagent
(Polyplus, New York, NY, USA), according to the manufacturer’s
instructions.

To establish stable suppression of TRF2 gene, HCT116 and SW620
were infected with lentiviral particles produced into HEK293T cells,
transfected with the packaging pCMVR8.74 and the envelope pMD2.G
vectors in combination with the vectors encoding either for a scramble
short hairpin sequence (shSCR; N2040 targeting E.coli DNA polymerase)
or for one of the two short hairpin sequences directed against TRF2
(shTRF2_N1; N2573 TRCN0000004813 or shTRF2N2; N2571
TRCN0000004811, which were a gift from Prof Shoeftner S. (University
of Trieste, Trieste, Italy). After infection, cells underwent to antibiotic
selection by incubation with puromycin. Puromycin was used at a final
concentration of 0.3 pg/ml for HT29 and 1 pg/ml for HCT116 and
SW620. All the analyses were performed starting from 7 days after
antibiotic selection. Early passages of stably infected cells were used for
all experiments.

2.3. TagMan and Sybr green qPCR

To evaluate miRNA and gene expression by Taq-Man qPCR and Real-
Time qPCR, total RNA was isolated from cell pellets by using TRIzol
reagent (Ambion by ThermoFisher Scientific). For pri-miRNA, cells were
lysed by using Cell Nuclear Extraction kit (Applied Biosystems by
ThermoFisher Scientific), and nuclear RNAs were extracted by using
TRIzol reagent. Quality (A260nm/A280nm absorbance ratio) and
quantity (ng/pl) of extracted RNA was assessed by Nanodrop (Nanodrop
1000, ThermoFisher Scientific).

Specific miRNA reverse transcription (RT) was obtained using the
Reverse Transcription Kit with the specific RT probe (Applied Bio-
systems by ThermoFisher Scientific).

For each sample 1.5 pl of specific RT was mixed with 0.75 pl of
specific probe (Applied Biosystems by ThermoFisher Scientific), 7.5 pl of
2x-TagMan fast universal PCR master mix (Applied Biosystems by
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ThermoFisher Scientific) and 5.25 pl of water. Thermal parameters used:
one cycle of 95 °C for 10 min then 40 cycles of 95 °C for 3 s and 60 °C for
30s.

Reverse transcription of total RNA was performed using the Quan-
tiTect Reverse Transcription Kit (Qiagen) according to the manufac-
turer’s instructions. For each sample 5 pl of the 1:10 diluted cDNA was
mixed with 0.5 pl of each primer (10 pM), 10 pl of the power syber green
master mix (Applied Biosystems by ThermoFisher Scientific) 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 s 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). Both qPCRs were performed using QuantStudio 6-Flex
(ThermoFisher Scientific) or 7900HT Fast Real-Time PCR System
(Applied Biosystems).

The primers used for gene analysis were synthesized by Integrated
DNA Technologies (BVBA Leuven, Belgium) or Metabion international
AG. For each primers’ pair, forward and reverse sequences are specified
in the Supplementary Table 1. All experiments were run in triplicate and
the gene expression levels were calculated using the 2"(-AACt) method.
The gene expression was normalized to B-actin, 18S for pri-miR-193b
levels or RNU44 for miR-193b expression.

2.4. Western blotting

Western blot analysis was performed as previously reported [30].
Expression levels of TRF2 and SUV39H1 were evaluated by using the
mouse anti-TRF2 (4A794; Millipore) and the mouse anti-SUV39H1
(C-10; Santa Cruz Biotechnology Inc., CA, USA). The RISC complex
was evaluated by using the following antibodies: rabbit anti-Dicer
(30226; Santa Cruz Biotechnology Inc.); rabbit Drosha (3364; Cell
Signaling, Beverly, MA, USA); mouse Ago2 (2897; Cell Signaling).
Samples were normalized by using mouse p-actin (Sigma) and mouse
HSP72/73 (Calbiochem, EMD Bioscience, La Jolla, CA, USA) antibodies.

2.5. Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed as reported in Ref. [12]. Briefly, for each
condition 7 x 10° HCT116 cells were plated and, after 72h, fixed with
1% of formaldehyde. Nuclei were lysed with SDS lysis buffer using a
Dounce homogenizer with B pestle (tight) 5 times. Next, the lysates were
sonicated 3 times for 5 min setting high level by using the biorupter
standard (Diagenode Inc., NXT-Dx Belgium). The average length of
sonicated chromatin was around 300-400 bp. For each immunopre-
cipitation condition 100 pg of chromatin and 5 pg of the indicated an-
tibodies were used. The antibodies used for the immunoprecipitation
are: rabbit TRF2 (NB110-57130, Novus), rabbit CTCF (C15410210-50,
Diagenode), IgG Rabbit (Bethyl).

The primers are reported in the Supplementary Table 1. All the
qPCRs were performed using Power SYBR Green Master Mix (Applied
Biosystems by ThermoFisher Scientific) in the QuantStudio 6-Flex
(ThermoFisher Scientific) or in the 7900HT Fast Real-Time PCR Sys-
tem (Applied Biosystems). ChIP analysis was performed using the
percent Input method.

2.6. Immunoprecipitation (IP) and pull-down assay

HCT116 cells were lysed by using a sequential lysis buffer A (10 mM
Hepes pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.6% NP-40, 1
mM DTT and 1 mM PMSF) and buffer C (20 mM Hepes pH 7.9, 400 mM
NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT and 1 mM PMSF), which
resulted in cytosolic and nuclear fraction isolation respectively. Protein
concentration was determined and 500 pg of nuclear fraction were used
for each IP.

For IP, magnetic beads A and G (Dynabeads, ThermoFisher Scienti-
fic) were washed with PBS with 0.02% Tween 20 (Wash Buffer) and
bound to 4 pg of mouse anti-TRF2 (4A794; Millipore) or rabbit CTCF
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(Diagenode) antibodies and mouse IgG or rabbit as negative control (15
min of incubation at RT). Next, antibodies bound to the magnetic beads
were washed and incubated with nuclear extracts for 45 min at RT.
Immunoprecipitates were washed, eluted from the magnetic beads with
4x Laemmli Sample Buffer, and boiled at 95 °C for 5 min before SDS
page.

For the pull-down assay, 400 pg of nuclear extracts were incubated
16h at 4 °C with 30 pl of recombinant protein-conjugated resin in a
buffer containing 50 mM Tris-HCl pH 7.5, 150 mM NacCl, 5 mM EDTA,
0.1% NP-40, 1 mM DTT and 1 mM PMSF. After five washes with a buffer
containing 50 mM Tris-HCl pH8, 200 mM Nacl, 0.25% NP-40 and 0.5
mM PMSF, beads were resuspended in 20 pl of reducing protein loading
buffer and incubated at 95 °C for 5 min. Supernatant was run on a
denaturating SDS page. Signal of CTCF was revealed by Western blot
analysis by using the antibody against CTCF (C15410210-50,
Diagenode).

2.7. Cell proliferation

HCT116 (10 x 10° cells/well in 24 well plates) 72h post-transfection
with the indicated mimic-miRNAs, alone and in combination with
SUV39H1 or its relative empty vector, were seeded.

The confluence of the cells was monitored using the IncuCyte S3
(Sartorius) every 24h for a total of four days. The phase-contrast images
were acquired using a 10x objective and 9 photos for each well were
snap to the indicated time. The analysis was performed with the specific
software IncuCyte Live-Cell analysis system (Sartorius).

2.8. Time-lapse microscopy

CRC organoids were resuspended in cultrex reduced growth factor
BME type 2 and drops of 100 pl were plated into chamber slides (15 p-
Slide 4 well glass bottom, Ibidi). Then, organoids were transfected with
50 nM of the indicated mimic-miRNAs (following the protocol already
reported for 2D cell lines). The day after, 4-well slides were loaded into a
specific chamber (5% CO5 and 37 °C) and phase-contrast images were
acquired at time 0 and after 96h using the microscope Leica DMi8 (20 x
objective). The software used to set the parameters was LasX (Leica).

2.9. Cloning 3 UTR-SUV39H1 into dual luciferase vector

The region containing the two putative binding sites of miR-193b-3p
into the 3'UTR of SUV39H1 was first amplified from genomic DNA using
PCR Kapa HiFi HotStart 2x (KapaBiosystems) with the primers reported
in Supplementary Table 1. The thermocycler was set with the following
stages:

. 95 °C 3min,

. 98°C20s,61°C15sand 72 °C1.20 s for 3 cycles.
. 98°C20s,70°C15sand 72 °C 1.20 s for 25 cycles.
. 72°C 2 min

A WN R

The PCR was analysed by agarose gel, the band was cut and purified
using the gel extraction kit (Qiagen). Next, the PCR fragments and the
PsiChek2 vector (Promega) were digest at 37 °C for 1h using NotI and
Xhol enzymes (NEB). Finally, the 3'UTR of SUV39H1 was cloned into
PsiChek2 vector using the T4 ligase reaction (NEB) at 16 °C for 16h.

2.10. Luciferase assay

Hela cells were seeded (3 x 10° cells/well) in 96 well plates, next
day cells were transient transfected with the indicated mimic-miRNAs
(10 nM). After 24h, HeLa cells were transfected with the dual lucif-
erase PsiChek2 (Promega) vector in which was cloned the 3'UTR of
SUV39H1 wt (downstream the Renilla gene) or the 3'UTR of SUV39H1
deleted (del) for the putative binding sites of miR-193b-3p. Three days
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after the mimic-miRNAs transfection, the cells were assay by using the
Dual-Glo® Luciferase reagents (Promega) and the plates were read by
luminometer. The values were normalized using the PsiChek2-Empty or
the 3'UTR-SUV39H1 del vectors in combination with the mimic-miR-
Control.

2.11. Microarray data analysis

The signals of 2006 human miRNAs from Agilent array platform for
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Fig. 1. TRF2 regulates miRNAs expression
in colon cancer. (A) Western blot analysis of
TRF2 levels in HCT116 cells stably silenced
for TRF2 or its control counterpart (shCon-
trol). Left panel: representative images
showing the expression levels of TRF2 (S.E.
short exposure; L.E. long exposure). Actin
levels were evaluated as loading control.
Right panel: quantification of TRF2 expres-
sion normalized to Actin levels. Histograms
show the mean (£SD) of at least three in-
dependent experiments. (B) microRNA
expression profiling analysis was performed
in TRF2-compromised (shTRF2) HCT116
cells derived from (A). Unsupervised hier-
archical clustering was used for the analysis.
miRNAs significantly regulated by TRF2 are
shown. (C) Selected miRNAs identified in (B)
were validated by TagMan qPCR in HCT116
cells silenced for TRF2 (shTRF2) in com-
i parison with their control counterpart
(shControl). RNU44 was used as normaliza-
tion control of miRNAs expression. The his-
togram shows the mean (4+SD) of three
: independent experiments performed in trip-
L R licate. The p-values (*P < 0.1, **P < 0.01,
’ ***p < (0.001; Student’s t-test) are shown
(D-H) A cohort of 621 CRC patients from the
TCGA dataset were used to analysed the
clinical relevance of miRNAs validated in
(C). CRC patients were stratified on the basis
of TRF2 levels (high or low) and miRNA
expression was evaluated. The high or low
TRF2 subgroups were defined considering
positive and negative z-scores of TRF2
—_ expression, respectively. On each box, the
central mark is the median, the edges of the
box are the 25th and 75th percentiles and
the outliers are plotted individually. Statis-
tical significance between distributions of
miRNAs in high and low TERF2 patients was
assessed by two-sided Wilcoxon rank sum
test. P-values are reported in the figure.
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TRF2-silenced HCT116 cells and their controls were verified for quality
control and extracted by Agilent Feature Extraction 10.7.3.1 software.
The arrays were quantile normalized.

All values lower than 1 were considered below detection (threshold
set to 1) and data were log2-trasformed. miRNAs not expressed were
excluded. After normalization and filtering 162 expressed miRNAs were
considered for further analyses.

Differential expression between subgroups of samples was assessed
by a Student’s t-test and a permutation test. miRNAs significantly
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Fig. 2. Modulation of miR-193b-3p by TRF2 is independent from the miRNA biogenesis machinery. (A) Histograms showing the expression levels of pri-miR-193b-3p
(left panel) and miR-193b-3p (right panel), evaluated in nuclear and total RNA extracts, respectively, obtained from TRF2-compromised (shTRF2_N1) HCT116 cells
and their control counterpart (shControl). Expression levels of miRNA and pri-miRNA were normalized to RNU44 and 18S, respectively. (B) Expression levels of the
major components of miRNA biogenesis machinery (Dicer, Drosha, Ago2) were evaluated by western blotting in TRF2 silenced HCT116 cells (shTRF2) and their
control counterpart (shControl). TRF2 and Actin were used as internal controls. (C) Quantitative analysis of the western blots shown in (B). Bands’ intensity was
analysed by Image J software and normalized to actin. (D) Western Blotting showing the expression levels of TRF2 and Dicer evaluated in Dicer-deficient HCT116
cells (Dicer™>/%), stably silenced for TRF2 (shTRF2) or its control counterpart (shControl). Parental HCT116 cells infected with the control vector (shControl) were
used as internal control. Actin levels were evaluated as loading control. (E-F) pri-miR-193b-3p (E) and miR-193b-3p (F) expression levels were evaluated in HCT116
Dicer™>/Ex5 cells, stably silenced for TRF2 (shTRF2) or its control counterpart (shControl). All the histograms show the mean (+SD) of at least three independent
experiments performed in triplicate. P-values (*P < 0.1, **P < 0.01, ***P < 0.001; Student’s t-test) are shown. Western blot images are representative of at least three
independent experiments.

modulated according to both tests were selected. Statistical significance with Matlab R2020b.
was set to 5%. A false discovery procedure was included for multiple
comparisons. - miRWalk 3.0 web tool (http://mirwalk.umm.uni-heidelberg.de/)
Unsupervised hierarchical clustering was performed to individuate was used for miRNA-target interaction prediction.
specific pattern of expression using the Euclidean distance metric. Integrative Genomics Viewer (IGV v.2.9.4) was used to visually
inspect HCT-116 ChIP-Seq data from the ENCODE project on genome
build hgl9. The bigWig files, automatically generated by ENCODE
uniform processing pipelines in order to facilitate the comparison
across datasets, were used for displaying ChIP-Seq data. The
following profiles were visualized: GSM1385712 (Polll),
GSM1385716 (siTOP1), GSM1385715 (wt_TOP1), GSM3190501
(H3K4mel), GSM3190502 (H3K4me3), GSM3190503 (H3K9ac),
GSM3190504 (H3K27ac), GSM3190505 (H3K27me3), GSM3190506
(H3K36me3), GSM3190507 (CTCF).

2.12. Bioinformatic analyses

- Normalized The Cancer Genome Atlas (TCGA) COADREAD gene
expression and miRNA expression of tumor samples were obtained
from Broad Institute TCGA Genome Data Analysis Center (htt
p://gdac.broadinstitute.org/): Firehose stddata_2016_01_28. Broad
Institute of MIT and Harvard (https://doi.org/10.7908
/C11GOKM9).

Significance of miRNA and gene modulation between different sub- 2.13. Statistical analysis
group of samples was assessed by two-sided Wilcoxon rank sum test.
Significance was defined at the p < 0.05 level.

Disease-free survival (DFS) and overall survival (OS) were evaluated
by using the Kaplan-Meier method and the log-rank test was used to
assess differences between curves. A multivariate Cox proportional-
hazards regression model was built to evaluate the effect of clinical
variables on survival analysis. Patients with high and low signal in-
tensity were defined by considering positive and negative z-score values,
if not differently specified. The analyses were completely conducted

Statistical analyses, where not specified, were calculated using un-
paired t-tests on GraphPad Prism 6. P-values were indicated as followed
*P < 0.05; **P < 0.01; ***P < 0.001.
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from HCT116 cells stably silenced for TRF2 (shTRF2) and their control counterpart (shControl). IgGs were used as negative control. (E) Analysis of the interaction
between TRF2 and CTCF performed in HCT116 cells. Inmunoprecipitations (IP) were performed using an anti-TRF2 (left panel) or anti-CTCF (right panel) antibody
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from HCT116 cells. Upper panel: Ponceau staining of the GST- or GST-TRF2 (indicated by the asterisks) bound beads. Input corresponds to 5% of the total cell lysate
for pull-down. Lower panel: immunoblotting of pull-down products with the anti-CTCF antibody. (G) Real-time qPCR analysis of TRF2-chromatin immunoprecip-
itates obtained from HCT116 cells silenced for CTCF (siCTCF) and their control counterpart (siControl). IgGs were used as negative control All the 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 t-test).
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3. Results
3.1. TRF2 affects microRNAs expression in CRC cells

In our previous studies, we demonstrated that TRF2 can exert
extratelomeric functions through its ability to affect gene expression [7,
8,10,12]. Here, we investigated the capability of TRF2 to regulate
miRNA expression. To validate this hypothesis, we performed a micro-
array hybridization assay on HCT116 human colorectal adenocarcinoma
cells, stably silenced for TRF2. To this end, cells were transduced with
lentiviral particles delivering short-hairpin (sh)RNAs directed against
either TRF2 (shTRF2) or a control scramble sequence (shCTRL) and,
upon validation of TRF2 silencing (Fig. 1A and Supplementary Fig. 1A),
cells underwent RNA extraction and miRNA expression analysis. Inter-
estingly, unsupervised hierarchical clustering analysis, performed on a
panel of 2006 miRNAs, identified 162 miRNAs expressed in the evalu-
ated cells (Supplementary Table 2). In particular, ten of the identified
miRNAs appeared differentially expressed (4 down-regulated and 6
upregulated) in TRF2-silenced HCT116 cells (shTRF2) compared with
their control counterpart (Fig. 1B).

On the basis of their oncogenic or oncosuppressive role in CRC, five
of the identified miRNAs (miR-181a-5p, miR-193b-3p, let7i-5p, mir-
34a-5p, miR-22-3p), were selected and validated by Tag-Man poly-
merase chain reaction (Taq-Man qPCR). As reported in Fig. 1C, results of
Tag-Man gPCR fully matched with those of the microarray, confirming
that TRF2 can control miRNAs expression.

The relationship between TRF2 and the expression of the selected
miRNAs was evaluated in a cohort of 621 CRC patients from the TCGA
dataset. Clinical data evidenced that miR-193b-3p is the only miRNA,
among those evaluated, that correlates in a statistically significant
manner (p = 0.004) with the levels of TRF2 expression in CRC patients
(Fig. 1D-H).

Following the analysis of clinical data, we deeply investigated the
molecular link between TRF2 and the expression of miR-193b-3p. To
this aim, the levels of the miR-193b-3p were first evaluated in HCT116
cells in which TRF2 expression was modulated either negatively, by
chronic infection of a different shRNA (shTRF2_N2, Supplementary
Fig. 1B), or positively, by infection with viral particles delivering a cDNA
for TRF2 (pBabe-TRF2 Supplementary Fig. 1B). As demonstrated by
Tag-Man qPCR, stable overexpression of TRF2 — conversely to its
silencing — induced a significant increase of cellular miR-193b-3p levels
(Supplementary Fig. 1C). Finally, the capability of TRF2 to regulate the
expression of miR-193b-3p was also evaluated in two others CRC cell
lines, SW620 and HT29, expressing relatively high and low levels of
TRF2, respectively (Supplementary Fig. 1D). To this aim TRF2 was
chronically silenced in SW620 (Supplementary Fig. 1E) and over-
expressed in HT29 (Supplementary Fig. 1F) and the miR-193b-3p
expression was evaluated (Supplementary Figs. 1E-F). Results of Taq
Man qPCR evidenced that levels of miR-193b-3p can be affected by
modulating TRF2 expression.

3.2. TRF2 and CTCF share DNA binding site and cooperate to promote
miR-193b-3p expression

Next, we investigated the molecular mechanism(s) through which
TRF2 affects miR-193b-3p expression in tumor cells. In order to address
this point, we first evaluated whether TRF2 takes part in the miRNA
maturation, a process that, starting from the nascent transcript (the so
called pri-miRNA), leads to the synthesis of the mature ~22 nt miRNA.
To this aim, HCT116 cells were stably silenced for TRF2 and, upon RNA
extraction, the levels of the pri-miRNA and mature miRNA were quan-
tified by Tag-Man qPCR. As reported in the Fig. 2A, silencing of TRF2
induces a similar reduction of both the pri-miRNA and the mature form
of miR-193b-3p (about 50% of inhibition). These data were reinforced
by Western blot analyses demonstrating that TRF2 does not affect the
expression of the main RISC complex components (i.e. Drosha, Dicer and
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Ago2) (Fig. 2B-C), indicating that TRF2 regulates the levels of miR-
193b-3p without affecting the maturation machinery. Moreover, ex-
periments performed in Dicer-deficient cells (HCT116 Dicer™>® [31],
Fig. 2D), demonstrated that impairment of the maturation machinery
determines an accumulation of the immature miR-193b-3p at the ex-
penses of its mature form (Fig. 2E-F). Under these conditions, silencing
of TRF2 (Fig. 2D) - even maintaining the capability of impairing the
pri-miRNA levels (Fig. 2E) — does not produce additive effects on the
mature miRNA (Fig. 2F), suggesting that TRF2 is acting upstream the
miRNA maturation, possibly by affecting the transcription process.

Knowing that TRF2 can regulate gene expression through its binding
to proximal (promoters) or distal (enhancers) regulatory elements of the
DNA [6-12], we analysed a region of about 20 Kb upstream the tran-
scription starting site (TSS) of the miR-193b-3p host-gene
(hg38-Chr16:14,302,288-14,331,067), looking for putative TRF2
binding sites. As reported in Fig. 3A, the bioinformatic search identified
a putative binding region for TRF2 — containing two ITS (TTAGGG) - in
the position ranging from 14,289,483 to 14,290,427 of the chromosome
16. To understand if the identified region would fall into a transcrip-
tionally active portion of the DNA, the state of the chromatin around the
putative binding sites of TRF2 was evaluated in a panel of ChIP-Seq data
on HCT116 cells, available within the ENCODE project. As schematically
reported in Fig. 3B, the analysis of the ENCODE data did not evidence, in
the proximity of the evaluated region, any enrichment of markers (e.g.
Polll, Top 1, histones’ modifications) typically associated with gene
promoters and/or enhancers [32,33] suggesting that the control of
miR-193b-3p expression by TRF2 is reasonably due to other regulatory
mechanisms.

Even if extratelomeric functions of TRF2 are now well-recognised,
the mechanisms through which this protein affects gene expression
are still not completely elucidated. Interestingly, quite recent studies
evidenced an enrichment of the chromatin organization factor CTCF in
DNA regions proximal to the binding sites of TRF2, suggesting that TRF2
and CTCF might work cooperatively [34,35]. In accordance with these
data, in-silico analyses performed with LASAGNA-search 2.0, a web tool
for transcription factor binding site search, identified a putative binding
site for CTCF (CAGTGACACCTTGTGGAGGCA), which is localized up-
stream the host-gene of miR-193b-3p (hg38-Chr16:14,289,913-14,289,
934) and contained within the previously identified region of TRF2
binding (Fig. 3A). Starting from this observation — confirmed also by the
Encode data analysis (Fig. 3B) — we pointed at elucidating the link
existing between TRF2 and CTCF. To this aim, we assessed, first of all,
the binding of TRF2 and CTCF to the identified DNA region. Interest-
ingly, ChIP assays demonstrated that TRF2 seats on the same region
occupied by CTCF (Fig. 3C-D). Moreover, as shown by immunoprecip-
itation (IP) experiments and subsequent GST pull-down assay, the two
proteins physically interact (Fig. 3E-F). Interestingly, ChIP experiments
performed by silencing either TRF2 or CTCF, demonstrated that while
knocking-down of TRF2 (Supplementary Fig. 2A) did not affect the
binding of CTCF to its target motif (Fig. 3D), the down-regulation of
CTCF (Supplementary Fig. 2B) significatively reduced the binding of
TRF2 to the DNA (Fig. 3G). These results, together with the data showing
that silencing of TRF2 significatively reduces the cellular levels of
miR-193b-3p (Figs. 1C and 2A), would indicate that the transcriptional
control of the miRNA is dependent on TRF2 while CTCF controls the
proper positioning of TRF2 on its DNA binding-motif.

3.3. miR-193b-3p promotes cells growth by targeting SUV39H1

Next we evaluated the role of miR-193b-3p as a possible functional
effector of the pro-oncogenic activity of TRF2 in tumor cells. The role of
miR-193b-3p is largely debated in the literature. Indeed, while a number
of studies have documented tumor suppressive functions of miR-193b-
3p [36-40], other reports have attributed to the same miRNA a clear
pro-tumoral activity [41-47]. Starting from these considerations, we
decided to evaluate the effect of miR-193b-3p on cell growth in our CRC
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Fig. 4. miR-193b-3p promotes colon cancer proliferation by targeting SUV39H1. (A) TagMan gqPCR analysis of miR-193b-3p levels in HCT116 cells 72h after
transfection of miR193b3p or its control counterpart (miR-Control). (B) Proliferation of HCT116 cells over-expressing miR-193b-3p, and their control counterpart
(miR-Control), was monitored by time-lapse imaging by Incucyte analysis. Left panel: percentage of cell confluence at time 0 and 96 h. Histogram shows the mean
(+£SE) of four independent experiments performed in quadruplicates. Statistical analysis was performed by paired t-test. Right panel: representative images showing
the cell confluence at the final point of the time course analysis (96 h). (C-F) Ectopic expression of miR-193b-3p in two different organoids was evaluated by TagMan
qPCR (C and E). At least 20 organoids of CRC #0327 (D) and #0125 (F) were taken at the indicated times using the Leica DMi8 (magnification 20x). The area of each
organoid was measured by Image J software. Representative image of each sample (right panel D and F) at 96h is shown. Histograms show the mean + SD of two
independent experiments. (G) Expression levels of SUV39H1 and H3K9me3 were evaluated by western blotting in HCT116 72h after the transfection with miR-193b-
3p, or its control counterpart (miR-Control). Left panel: representative images showing the expression levels of SUV39H1 (S.E. short exposure; L.E. long exposure)
and H3K9me3. HSP70 was used as loading control. Right panel: quantitative analysis of the western blots. Bands’ intensity was analysed by Image J software and
normalized to HSP70 (H) Scheme showing the sequences (in bold) of two putative binding sites of miR-193b-3p in the 3'UTR of SUV39H1. (I-J) Binding specificity of
miR193b-3p on the 3'UTR of SUV39H1 was evaluated by luciferase assay. The wild type (I) and the mutated (J) forms of 3'UTR of SUV39H1, cloned into the dual-
luciferase reporter vector psiCHECK-2, were co-transfected with the miR-193b-3p in HCT116 and luciferase activity was assayed. Results are expressed as fold change
over the activity measured in the cells transfected with control miRNA. (K) HCT116 cells overexpressing miR-193b-3p were transiently transfected with SUV39H1
and cell proliferation was evaluated by Incucyte. Results shows the percentage of cell confluence at indicated time points. When not specified, 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 t-test).

models. Interestingly, we found that either over-expression of
miR-193b-3p or TRF2 (Fig. 4A and Supplementary Fig. 2C), significantly
increased cell proliferation (Fig. 4B and Supplementary Fig. 2D), while
silencing of TRF2 reduced cell growth and this effect was reverted by
miR-193b-3p over-expression (Supplementary Fig. 2E), demonstrating
the role of this miRNA as a functional effector of TRF2 activity.

To reinforce our findings, we moved from simple bi-dimensional cell
models to more advanced in vitro models. In particular, experiments
were performed on human organoids — three-dimensional structures
obtained from CRC patients’ cells, which maintain the structural and
functional complexity of the tumor of origin. Interestingly, time-lapse
microscopy experiments evidenced that miR-193b-3p overexpression
(Fig. 4C and E) was able to significantly favour the growth of two
different organoids (CRC-0327 and CRC-0125), thus confirming the
oncogenic role of miR-193b-3p (Fig. 4D and F).

Next, with the aim of identifying the targets of the miR-193b-3p, we
performed a bioinformatic analysis by miRWalk 3.0, an open-source
prediction software. Among the most promising targets identified
(binding-p > 0.8, Supplementary Table 3), we focused on suppressor of
variegation 3-9 homolog 1 (SUV39H1), a histone methyltransferase
that, by trimethylating lysine-9 of histone H3 (H3K9-3me), regulates
DNA hetero-chromatinization and participates, like TRF2, in mainte-
nance of telomere stability [48-51]. To validate the results of the in-silico
analysis, the capability of miR-193b-3p to target SUV39H1 was evalu-
ated in HCT116 cells. Notably, Western blot analysis evidenced that
SUV39H]1 levels (Fig. 4G) — as well as those of its downstream effector,
the histone H3 lysine-9 trimethylated (H3K9me3, Fig. 4G) - significantly
decreased in miRNA over-expressing cells. Conversely, depletion of
either TRF2 or CTCF promoted the expression of SUV39H1 and
H3K9me3 (Supplementary Fig. 2F), confirming that both TRF2 and
CTCF take part in the control of miR-193b-3p expression.

Next, we investigated the mechanism(s) through which miR-193b-3p
affects SUV39H1 expression. Notably, the mRNA of SUV39H1- evalu-
ated by RT-PCR — was not affected by miRNA over-expression (Supple-
mentary Fig. 2G), indicating that miR-193b-3p is not acting at the
transcriptional level.

Predictive analysis recognizes, for each target, the regions (5'-UTR/
CDS/3'UTR) that are putatively targeted by miRNAs. Concerning our
analysis, the software identified, in the 3'-UTR of SUV39H1, two puta-
tive binding sequences for miR-193b-3p (Fig. 4H and Supplementary
Table 4). Starting from these data, we extended our analysis by per-
forming a luciferase assay aimed at definitively validating SUV39H1 as a
target of miR-193b-3p. In detail, a portion of about 2000 bp of the 3'-
UTR of SUV39H1containing the two binding sites for the miR-193b-3p
(Fig. 4H and Supplementary Table 4), was cloned into a dual-
luciferase reporter vector (psiCHECK-2), downstream the Renilla cod-
ing gene, and the effect of the miRNA was evaluated in the cells upon co-
transfection of this reporter construct with the synthetic mimic-miR-
193b-3p or its control counterpart (miR-CTRL). As reported in Fig. 41,

the over-expression of miR-193b-3p significantly impaired the expres-
sion of Renilla. To prove that the effect of the miRNA was really due to
its capability of targeting the 3'UTR of SUV39H1, the two binding-sites
were then mutagenized and the effect of miR-193b-3p was evaluated.
Interestingly, deletion of both binding-sites completely abolished the
effect of the miRNA, indicating that each of the two sites is sufficient for
promoting miRNA binding and activity (Fig. 4J).

As reported in the literature, forced expression of SUV39H1 exerts a
growth-suppressive and transcriptional repressive role [52], which re-
sults in increased tumor protection in transgenic mice models [30].
Since the tumor-suppressive properties of SUV39H1 inversely correlate
with those of miR-193b-3p, we pointed at clarifying the role of the
miR-193b-3p/SUV39H1 axis on tumor cell proliferation. Interestingly,
cell growth analyses — performed in HCT116 cells over-expressing or not
miR-193b-3p - demonstrated that ectopic expression of SUV39H1
(Supplementary Fig. 2H) counteracted the proliferative activity of the
miRNA (Fig. 4K), confirming that pro-tumoral activity of miR-193b-3p
goes mainly through its capability of targeting SUV39H1.

3.4. miR-193b-3p and TRF2 have a prognostic impact on survival of CRC
patients

Finally, the clinical-pathological relevance of our findings was
evaluated in a cohort of 621 CRC patients from the TCGA dataset.
Notably, our analyses evidenced that miR-193b-3p expression positively
correlates with tumor stage, lymph-node positivity and tumor metas-
tasis. Indeed, stage IIl and IV CRC patients, and particularly those with
lymph-nodal (N+) and/or distal (M+) metastases, were found to be
associated with higher levels of miR-193b-3p (Fig. 5A-C). These data,
fitting with those obtained by evaluating the levels of TRF2 in the same
cohort of patients (Fig. 5D-F), sustained and reinforced the idea that a
number of the oncogenic activities driven by TRF2 in CRC are mediated
by miR-193b-3p. Moreover, analysis of patients’ survival evidenced that
those subjects expressing high levels of both TRF2 and miR-193b-3p
(miR-193"8"/ TRF2"8" 7. >0) have a worst prognosis than the pa-
tients expressing low levels of the two variables (miR-193b'°"/TRF2"°¥,
Zscore<0; Fig. 5G). These results, confirmed also excluding the patients at
stage I and IV (two patients’ sub-populations with a well-predictable
clinical outcome; Fig. 5H), attributed a prognostic value to TRF2/miR-
193b-3p association.

4. Discussion

In recent years, the extratelomeric properties of TRF2 have been the
focus of numerous studies. Indeed, it is now clear that TRF2, through its
capability to bind DNA sequences located outside telomeres, affects the
expression of a number of genes involved in tumor formation and pro-
gression [6-12]. In this context, our recent findings contributed to
identify a number of TRF2-target genes able to affect either the
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Fig. 5. Positive correlation between TRF2 and miR193b-3p has a prognostic impact on patients’ survival. (A-F) Evaluation of miR-193b-3p and TRF2 expression
levels in a cohort of CRC patients from the TCGA dataset. Analyses were performed on the CRC patients categorized on the basis of three parameters: (A and D) tumor
stage (I-II vs III-IV), (B and E) lymph-node positivity (NO vs N+) and (C and F) presence of distal metastases (MO. vs M1). On each box, the central mark is the median,
the edges of the box are the 25th and 75th percentiles and the outliers are plotted individually. (G-H) Analysis of survival performed on a cohort of CRC patients
stratified on the basis of miR-193b-3p/TRF2 expression levels (high/high vs low/low). The Disease-free survival (DFS) evaluated by Kaplan-Meir curves was per-
formed by either including all tumor stages (G) or only the stages II-III (H). Statistical significance between distributions of subgroups of patients was assessed by two-
sided Wilcoxon rank sum test. The number of CRC patients (N) and the p-values are directly reported in the figure.

recruitment and the activation of MDSC and NK - with a consequent
impact on tumor immune-escape [7,10] — as well as the extracellular
release of VEGF-A and tumor angiogenesis [12].

Here we did a step forward by demonstrating that TRF2, in addition
to genes, also regulates miRNAs, small non coding RNA that, acting at
the post-transcriptional level, are able to directly affect protein expres-
sion. Among the miRNAs found regulated by TRF2 in CRC, we focused
on miR-193b-3p, a miRNA that positively correlates with TRF2 expres-
sion in human patients.

The role of miR-193b-3p in cancer is quite debated and still
controversial. Indeed, while a number of studies emphasized the tumor-
suppressive activity of this miRNA in different tumor types and cell lines

10

[36-40], several others conversely demonstrated that miR-193b-3p
functions as an oncogene and reported its overexpression in a number
of tumors, including CRC, in which this miRNA plays a key role in tumor
progression [41-47]. Despite the apparent incongruences among the
different studies, a more detailed analysis of the data available in the
literature seems to suggest that the behaviour of miR-193b-3p is
dependent on tumor type.

In the present work, we started by evaluating the impact of the over-
expression of miR-193b-3p in terms of tumor growth. In all the CRC
models that we tested, both simple bidimensional cell cultures and also
human organoids derived from patients, over-expression of the miRNA
exerts a positive impact on tumor proliferation, indicating that this
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miRNA is a downstream effector of the tumor-intrinsic promoting ac-
tivities of TRF2.

Since the information concerning the target of miR-193b-3p are still
very poor, we next pointed at identifying the target of the miRNA that
would explain its pro-tumoral activity. Using a bioinformatic predictive
tool, we searched for the targets of the miR-193b-3p, identifying — as
expected — thousands of putative target genes. Next, based on the data
available in the literature and taking into account the link between the
evaluated targets and the functional roles associated with TRF2
expression, we narrowed up to focus on, SUV39H1, a histone methyl-
transferase with an already known role as tumor-suppressor. Notably,
identifying this target of miR-193b-3p, and demonstrating that its
overexpression is able to revert the effect of miR-193b-3p on tumor
growth, we defined at least one of the cell-intrinsic pathways through
which TRF2 exerts it tumor promoting activity.

Subsequently, we explored the mechanism(s) through which TRF2
affects miRNA expression. Notably, our data demonstrated that TRF2
does not take part in the miRNA maturation process, evidencing —
conversely — the capability of TRF2 to exert its control activity by acting
at the transcriptional level. Results of bioinformatic analyses, followed
by experimental validation, demonstrated that control of transcription
by TRF2 depends on its binding to telomere-like sequences located up-
stream the miR-193b-3p host gene. Different from our previous studies
demonstrating that the control of gene expression by TRF2 was depen-
dent on its binding to gene-regulatory elements (promoters or en-
hancers) [7,10,12], here we found that the binding-site of TRF2 falls into
a region distant from the promoter of miR-193b-3p host-gene and
missing the typical characteristics of the enhancers, finally suggesting
that transcriptional control of the miRNA would be dependent on a
different mechanism of TRF2 action. Notably, we demonstrated that
CTCF, a chromatin organization factor involved in regulation of gene
expression, binds a region of DNA very close to the binding-site of TRF2,
suggesting that this factor could take part in the mechanism of tran-
scriptional control exerted by TRF2 on miR-193b-3p expression. The
mechanism through which CTCF takes part in control of gene expression
has been long studied in the literature. This zinc-finger protein that was
originally identified in a context of gene silencing and repression [53,
54], was subsequently shown to be involved in a large array of tran-
scriptional mechanisms, including gene activation [55], insulation
[56-59], imprinting [60-62] and X chromosome inactivation [63-65].
Notably, these multiple (and sometimes diametrically opposed) regu-
latory activities of CTCF have been found to not directly depend on its
transcriptional activity but rather on the capability of this protein to
affect the global organization of chromatin architecture. Indeed, the
DNA binding of CTCF mediates the formation of inter- and
intra-chromosomal loops that, putting in contact distant regions of the
genome, would permit the control of gene transcription by its
DNA-binding partners [66-68].

In line with these data, we found that CTCF interacts with TRF2 and
it drives the proper positioning of TRF2 on its binding site on the DNA.
However, TRF2 is the factor really involved in the transcription of miR-
193b-3p; indeed, silencing of TRF2 impairs miRNA expression without
affecting the DNA binding of CTCF. Here, although we do not provide a
direct demonstration of the capability of CTCF to promotes DNA
bending (an aspect that will be the tackled in future studies), we defined
a novel and previously unreported mechanism through which TRF2 can
regulate transcription of miRNAs and/or genes, thus defining a general
process that would be at the root of the wide variety of extratelomeric
functions exerted by TRF2.

Finally, we also evaluated the clinical-pathological relevance of our
findings by assessing the prognostic role of the positive association be-
tween TRF2 and the miR-193b-3p in a cohort of CRC patients. Since
prediction of clinical outcome of CRC patients is currently based mainly
on the evaluation of tumor stage, lymph-node positivity and presence of
distant metastases [69], we first evaluated the existence of a correlation
between these parameters and the levels of miR-193b-3p and TRF2.
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Interestingly, our analyses evidenced that both TRF2 and miR-193b-3p
are more expressed in stage II and III patients with positive
lymph-nodes and distal metastases, and TRF2/miR-193b-3p association
negatively impacts on the clinical outcome of the evaluated subjects,
opening the way towards a possible clinical application of our results.
Overall, these data expand our general knowledge about cancer-
related activities of TRF2. Further, the results presented here put for-
ward the prognostic value of TRF2/miR-193b-3p association as a
biomarker that could be deployed for predicting the clinical outcome of
those patients (especially stage II and III) with an uncertain clinical fate.
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