Taylor & Francis
Taylor & Francis Group
Autophagy

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/kaup20

The telomeric protein TERF2/TRF2 impairs HMGB1-
driven autophagy

Sara lachettini, Fabio Ciccarone, Carmen Maresca, Carmen D’ Angelo,
Eleonora Petti, Serena Di Vito, Maria Rosa Ciriolo, Pasquale Zizza &
Annamaria Biroccio

To cite this article: Sara lachettini, Fabio Ciccarone, Carmen Maresca, Carmen D’ Angelo,
Eleonora Petti, Serena Di Vito, Maria Rosa Ciriolo, Pasquale Zizza & Annamaria Biroccio
(2023) The telomeric protein TERF2/TRF2 impairs HMGB1-driven autophagy, Autophagy, 19:5,
1479-1490, DOI: 10.1080/15548627.2022.2138687

To link to this article: https://doi.org/10.1080/15548627.2022.2138687

A
© 2022 The Author(s). Published by Informa h View supp|ementary material =
UK Limited, trading as Taylor & Francis

Group.
@ Published online: 30 Oct 2022. Submit your article to this journal (&
. . A
il Article views: 3920 h View related articles &'
@ View Crossmark data (' @ Citing articles: 13 View citing articles &

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=kaup20


https://www.tandfonline.com/journals/kaup20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15548627.2022.2138687
https://doi.org/10.1080/15548627.2022.2138687
https://www.tandfonline.com/doi/suppl/10.1080/15548627.2022.2138687
https://www.tandfonline.com/doi/suppl/10.1080/15548627.2022.2138687
https://www.tandfonline.com/action/authorSubmission?journalCode=kaup20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=kaup20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15548627.2022.2138687?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15548627.2022.2138687?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2022.2138687&domain=pdf&date_stamp=30%20Oct%202022
http://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2022.2138687&domain=pdf&date_stamp=30%20Oct%202022
https://www.tandfonline.com/doi/citedby/10.1080/15548627.2022.2138687?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/15548627.2022.2138687?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=kaup20

AUTOPHAGY
2023, VOL. 19, NO. 5, 1479-1490
https://doi.org/10.1080/15548627.2022.2138687

Taylor & Francis
Taylor & Francis Group

RESEARCH PAPER

8 OPEN ACCESS ) Check for updates

The telomeric protein TERF2/TRF2 impairs HMGB1-driven autophagy

Sara lachettini®*, Fabio Ciccarone®<*, Carmen Maresca®, Carmen D’ Angelo? Eleonora Petti?, Serena Di Vito?,

ax T

Maria Rosa Ciriolo®<, Pasquale Zizza

, and Annamaria Biroccio®”

Translational Oncology Research Unit, IRCCS - Regina Elena National Cancer Institute, Rome, Italy; *Department of Biology, University of Rome “Tor
Vergata”, Rome, Italy; “Biochemistry of aging section, IRCCS San Raffaele Roma, Rome, Italy

ABSTRACT

TERF2/TRF2 is a pleiotropic telomeric protein that plays a crucial role in tumor formation and
progression through several telomere-dependent and -independent mechanisms. Here, we uncov-
ered a novel function for this protein in regulating the macroautophagic/autophagic process upon
different stimuli. By using both biochemical and cell biology approaches, we found that TERF2 binds
to the non-histone chromatin-associated protein HMGB1, and this interaction is functional to the
nuclear/cytoplasmic protein localization. Specifically, silencing of TERF2 alters the redox status of the
cells, further exacerbated upon EBSS nutrient starvation, promoting the cytosolic translocation and
the autophagic activity of HMGB1. Conversely, overexpression of wild-type TERF2, but not the mutant
unable to bind HMGB1, negatively affects the cytosolic translocation of HMGB1, counteracting the
stimulatory effect of EBSS starvation. Moreover, genetic depletion of HMGB1 or treatment with
inflachromene, a specific inhibitor of its cytosolic translocation, completely abolished the pro-
autophagic activity of TERF2 silencing. In conclusion, our data highlighted a novel mechanism
through which TERF2 modulates the autophagic process, thus demonstrating the key role of the
telomeric protein in regulating a process that is fundamental, under both physiological and patho-
logical conditions, in defining the fate of the cells.

Abbreviations: ALs: autolysosomes; ALT: alternative lengthening of telomeres; ATG: autophagy
related; ATM: ATM serine/threonine kinase; CQ: Chloroquine; DCFDA: 2',7'-dichlorofluorescein diacetate;
DDR: DNA damage response; DHE: dihydroethidium; EBSS: Earle’s balanced salt solution; FACS: fluor-
escence-activated cell sorting; GFP: green fluorescent protein; EGFP: enhanced green fluorescent
protein; GSH: reduced glutathione; GSSG: oxidized glutathione; HMGB1: high mobility group box 1;
ICM: inflachromene; IF: immunofluorescence; IP: immunoprecipitation; NAC: N-acetyl-L-cysteine; NHEJ:
non-homologous end joining; PLA: proximity ligation assay; RFP: red fluorescent protein; ROS: reactive
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Introduction

TERF2/TRF2 (telomeric repeat binding factor 2) is a component
of the Shelterin multiprotein complex that is essential to inhibit
ATM (ATM serine/threonine kinase) signaling and non-
homologous end joining repair pathway at the end of chromo-
somes, thus preserving telomere integrity and genome stabi-
lity [1,2].

TERF2 has also been found overexpressed in several
tumors [3-7] and promotes tumor formation and progression
[8-11]. The involvement of TERF2 in tumorigenesis relies not
only on its telomeric roles but also on several non-canonical
functions. Interestingly, TERF2 can regulate gene expression
through the binding to the interstitial telomeric sequences
dispersed in the genome [12,13], thus affecting several biolo-
gical processes involved in tumorigenesis, included immune
response [14,15] and angiogenesis [16,17]. Recently, we
revealed that pro-tumoral activity of TERF2 also goes through
the control of the microRNAs (miRNAs) expression, so

defining a new mechanism through which TERF2 can affect
the expression and the function of several target proteins [18].

At the structural level, TERF2 is characterized by multiple
domains mediating its interaction with DNA and other pro-
teins. In particular, TERF2 can act as a hub for both telomeric
and non-telomeric binding partners, thus promoting their
localization on the DNA [19]. Despite the increasing knowl-
edge about TERF2 activity, a number of processes regulated
by this protein are still under investigation. Here we identified
a novel non-canonical role of TERF2 in controlling macro-
autophagy/autophagy.

Autophagy is an intracellular catabolic pathway playing
a fundamental role in removing unnecessary or dysfunctional
cellular components (e.g. misfolded or aggregated proteins,
nucleic acids fragments and damaged organelles) through
their inclusion within autophagosomes that, fusing with lyso-
somes, originates the autolysosomes (ALs), acidic vesicular
organelles aimed at the digestion of the sequestered material
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[20]. Even if constitutively active under basal conditions in
several cell types, the autophagic process is additionally
enhanced by a large array of cellular stresses, such as nutrient
deprivation, hypoxia, DNA damage and oxidative stress, thus
functioning - in a context-dependent way - as a self-
nourishment or a homeostasis maintenance process [21]. As
such, activation of autophagy associates with both physiolo-
gical and pathological conditions, such as cancer [22].

Notably, the role of autophagy in cancer is dual since it acts
as a tumor suppressor during the initial stages, then evolving
into a tumor promoting response in concomitance with the
progression of the malignancy [23]. Moreover, autophagy has
been demonstrated to sustain the viability of well-established
tumors by acting as a resistance mechanism to cytotoxic
agents, thus representing an obstacle for successful patients’
treatment [24].

At the mechanistic level, autophagy is primarily controlled
by members of the ATG (autophagy related) protein family
[25]. However, in the last few years a number of novel auto-
phagic players have been identified [26]. Among these,
HMGB1 - a member of the high mobility group (HMG)
protein family — has been abundantly investigated. First iden-
tified in the early 1970s as a non-histone chromatin-associated
protein, HMGBI is a widely-expressed and highly-abundant
nuclear factor acting as a DNA chaperone involved in the
regulation of replication, transcription, recombination and
repair [27]. Together with its nuclear functions, HMGBI1 has
been reported to act as a sensor protein that, upon stress
conditions, translocates from the nucleus to the cytosol and,
eventually, exits out of the cell [28]. Interestingly, the cytosolic
HMGB]I, through its interaction with BECN1 (beclin 1), pro-
motes the autophagic process [29].

Among the mechanisms that can regulate HMGBI-
dependent autophagy, oxidative stress has been reported to
play a key role [28,30]. Indeed, the unbalance between the
production of reactive oxygen species (ROS) and antioxidant
defenses — arising under this stress condition - promotes the
oxidation of specific aminoacidic residues of HMGBI, neces-
sary for the proper localization of HMGBI in the cytosol and,
consequently, for promoting the autophagic activity of the
protein [30,31].

Here, we found that the mechanism through which TERF2
regulates autophagy is dependent on its capability to control
the cytosolic translocation of HMGBI. This would represent
an additional mechanism through which TERF2, besides its
well-known involvement in activating DNA damage response,
can affect the autophagic process in cancer cells. Overall,
being autophagy a key event in tumor formation and progres-
sion, our data contribute to extend the current knowledge
concerning the complex and multifaceted roles of TERF2 in
cancer biology.

Results
HMGBT1 interacts with TERF2 in the nucleus

Based on a previous paper from our group [32], showing that
HMGBI localizes at telomeres, here, we wondered if it could
interact with TERF2, which is known to function as

a telomeric hub for protein complexes. Immunofluorescence
(IF) confocal microscopy experiments evidenced that HMGBI1
colocalizes with TERF2 in both telomerase-positive human
cervical cancer cells, HeLa (Figure 1(a); Fig S1A), and alter-
native lengthening of telomeres (ALT)-positive human osteo-
sarcoma cells, U20S (Fig. SIA and S1B). In addition,
immunoprecipitation (IP) experiments demonstrated that
the two proteins reciprocally interact (Figure 1(b); Fig. S1C).
To directly visualize this interaction in cells, a proximity liga-
tion assay (PLA) - an experimental tool that allows to visua-
lize in-situ co-localizations between proteins distant less than
40 nm - was performed. Quantification of PLA spots by
deconvolution microscopy revealed that TERF2 overexpres-
sion (pTERF2) significatively increases the number of coloca-
lizations (Figure 1(c)), while its silencing (shTERF2), as well
as the interference of HMBGI, decreases the PLA signal
visualized in the nuclei of the cells (Fig. S1D and S1E).

To gain deeper insight into the mechanism of this interaction,
affinity-isolation experiments were performed by using recombi-
nant TERF2-conjugated beads. Notably, the assay demonstrated
that TERF2 is unable to precipitate HMGB1 (Fig. S1F), suggesting
that DNA can mediate the interaction between the two proteins. In
agreement with this hypothesis, IP experiments evidenced a loss of
the interaction upon the enzymatic digestion of the DNA (Fig.
S1G). To confirm and reinforce these results, HeLa cells were
transiently transfected with a mutant of TERF2 (pTERF2AC)
that, lacking the Myb-domain at the C terminus, is unable to
bind the DNA [33]. Notably, the TERF2AC mutant, in contrast
with its wild-type counterpart (pTERF2), did not immuno-
precipitate HMGBL1 (Figure 1(d)), definitively proving the essen-
tial role played by the DNA in mediating this interaction.

TERF2 retains HMGB1 into the nucleus

Starting from these results, we decided to investigate the functional
relevance of the interaction between TERF2 and HMGBI. In
particular, being the functions of HMGBI tightly dependent on
its cellular localization [28], we questioned if TERF2 might affect
the shuttling of HMGBI1 from the nucleus to the cytosol. To
address this point, HeLa cells, chronically silenced for TERF2
(ShTERF2), and their control counterpart (shSCR), were trans-
fected with enhanced green fluorescent protein (EGFP)-tagged
HMGBI1 (EGFP-HMGBI1) and the cellular localization of the
exogenous protein was evaluated. Interestingly, IF experiments
(Figure 2(a)) — then biochemically confirmed by western blotting
(WB) analyses (Figure 2(b)) — demonstrated that the silencing of
TERF2 determines a significant increase in the cytosolic transloca-
tion of HMGBI, and this effect is maintained upon EBSS starva-
tion, a pro-autophagic stimulus that promotes the release of
HMGBI out of the nucleus [29] (Figures 2(a-b)). To strengthen
our data, mirror experiments were performed in cells overexpres-
sing TERF2. The obtained data evidenced that the upregulation of
the protein negatively affects the cytosolic translocation of
HMGBI, counteracting the stimulatory effect of EBSS starvation
(Fig. S2A and S2B). For completeness, all these data were also
confirmed in cells subjected to transient modulation of TERF2
expression (Figure 2(c); Fig. S2C-S2E). Conversely to the over-
expression of the wild-type form of TERF2, the expression of the
TERF2AC mutant does not inhibit the cytosolic translocation of
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Figure 1. HMGB1 interacts with the telomeric protein TERF2. (A) Representative images of co-immunofluorescence experiments performed in human cervical cancer
cells (HeLa) using the antibodies against TERF2 (green spots) and HMGB1 (red spots). The nuclei were stained with DAPI (blue). The images were acquired by confocal
microscopy (63X magnification). Colocalization enlargements are shown. (B) Immunoprecipitation (IP) experiment performed with nuclear extracts obtained from
Hela cells subjected (pTERF2) or not (pBabe) to stable overexpression of TERF2. IP were performed by using an antibody against TERF2. The amount of HMGB1
immunoprecipitated by TERF2 antibody was evaluated by western blot analysis. The evaluation of TERF2 levels were used as immunoprecipitation control. (C)
Proximity ligation assay (PLA) performed in HeLa pBabe and pTERF2 cells by using the antibodies against TERF2 and HMGB1. The red signals indicate the proximity of
the indicated proteins. In all sections, the nuclei were stained with DAPI (blue). As a negative control, each antibody was used alone. Left panel. Representative
images acquired by deconvolution microscopy (63X magnification). Right panel. Quantitative analysis performed counting the number of TERF2-HMGB1 PLA spots for
nucleus (N = 80 cells). (D) IP experiment performed in Hela cells overexpressing the MYC-tagged form of the wild-type (pTERF2) or mutant (pTERF2AC) TERF2. IP
were performed by using an antibody against HMGB1. The cells expressing the pBabe empty vector (pBabe) were used as the control counterpart. The amount of
TERF2 immunoprecipitated by HMGB1 antibody was evaluated by western blot analysis by using an antibody against MYC. HMGB1 protein levels were used as
immunoprecipitation control. Input lanes show the signal relative to the endogenous MYC (first lane, pBabe), exogenous MYC-tagged TERF2 (second lane, pTERF2)
and exogenous MYC-tagged truncated TERF2 mutant (third lane, pTERF2AC). As reported in the figure, IgG signals are visible in the IP lanes. Dot plot represents the

mean values + S.D. of three independent experiments. ***p < 0.001.

HMGBI, confirming that the localization of the protein depends
on its interaction with TERF2 (Fig. S2D and S2E). Since the
telomeric protein TERF1/TRF1 is known to share with TERF2
the binding sites at telomeres, other than a number of biological
functions, we finally evaluated the capability of this telomeric
protein to interact with HMGBI1 and to affect - similar to
TERF2 - its shuttling from the nucleus to the cytosol.

Interestingly, IP experiments demonstrated that HMGBI1 -
even localizing at telomeres [32] — does not interact with TERF1
(Figure 2(d)). This result is tightly in line with the IF experiments
showing that silencing of TERF1 is unable to promote the cytosolic
translocation of HMGB1 (Figure 2(c); Fig. S2C), confirming the
specificity of the TERF2 in controlling the cellular localization of
HMGBI.

TERF2 regulates autophagy by modulating HMIGB1
localization

Cytosolic translocation of HMGBI represents a key event in
activating the autophagic process. Therefore, we pointed at
elucidating if TERF2, altering the localization of HMGBI,
would impact on autophagy. To this aim, HeLa cells

chronically silenced for TERF2 were transfected with EGFP-
tagged LC3B (EGFP-LC3B) and the percentage of cells with
EGFP-LC3B foci (LC3 puncta-positive cells) was quantified.
Interestingly, IF experiments — then biochemically confirmed
by WB analysis - demonstrated that the down-regulation of
TERF2 promotes a significant increase in the percentage of
EGFP-LC3B puncta-positive cells (Figure 3(a); Fig. S3A and
S3B). In parallel, the autophagic role of TERF2 was also
confirmed in vivo, by immunohistochemical experiments. As
reported in the Figure 3(b), tumors originating from TERF2-
silenced cells (sShTERF2) showed a significative increase of
LC3 staining in comparison with the tumors originated
from control cells (shSCR).

Conversely to silencing experiments, the overexpression of
TERF2 was found to impair the activation of autophagy
mediated by nutrient starvation (Fig. S3C). For completeness,
the role of TERF2 in autophagy was also evaluated in other
cancer cell lines and under different pro-autophagic stimuli.
The obtained data demonstrated that silencing of TERF2
promotes autophagy also in HT1080, a fibrosarcoma cell
line, and HCT116, a colorectal cancer cell line (Fig. S3D-
S3F), and that its effect also occurred upon rapamycin
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Figure 2. TERF2 silencing promotes the cytosolic translocation of HMGB1. (A) Hela cells stably silenced for TERF2 (shTERF2), and their respective control (shSCR),
were transfected with the recombinant protein EGFP-HMGB1 for 24 h, starved with EBSS for 1 h and finally processed for fluorescence assay. Left panel. Percentage of
cells with cytosolic HMGB1 evaluated on total GFP-positive cells. Right panel. Representative images acquired by deconvolution microscopy (magnification 63X).
Arrowheads indicate cells showing HMGB1 cytosolic localization. (B) Western blot analysis of HMGB1 protein levels in cytosolic (25 ug) and nuclear extracts (5 pug)
obtained from HelLa shSCR and shTERF2 cells subjected or not to EBSS starvation for 1 h. a-TUBA and LMNA protein levels were used as controls of protein extraction
and loading. TERF2 protein levels were used as control of protein silencing. (C) Left panel. Quantitative analysis showing the percentage of cells with cytosolic HMGB1
performed in Hela cells silenced for TERF2 (siTERF2), TERF1 (siTERF1) and their control counterpart (siSCR). Right panel. Representative images acquired by
deconvolution microscopy (magnification 63X). Arrowheads indicate cells showing HMGB1 cytosolic localization (D) IP experiment performed in Hela cells subjected
(PTERF1) or not (pBabe) to stable overexpression of FLAG-TERF1. IP were performed by using an antibody against HMGB1. The amount of TERF1 immunoprecipitated
by HMGB1 antibody was evaluated by western blot analysis using both the antibody against TERF1 and that against FLAG. Evaluation of HMGB1 protein levels was
used as internal control. All the histograms represent the mean values + S.D. of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.

treatment and hypoxia (Fig. S3G-S3I), indicating that the role
played by TERF2 on autophagy is independent from tumor
histotype and the stimulus used.

To gain deeper insight into the role of TERF2 in the
autophagic process, cells stably silenced for TERF2 were
transfected with the mRFP-EGFP tandem fluorescence-
tagged LC3B construct (ptf-LC3) to monitor the autophagic
flux. IF experiments evidenced, together with an increase of
autophagosomes (yellow-fluorescence structures), the pre-
sence of ALs (red-fluorescence structures), definitively indi-
cating that silencing of TERF2 promotes an increase in the
autophagic flux (Figure 3(c)).

Because TERF2-dependent activation of DNA damage
response (DDR) is known to promote the autophagic pro-
cess through the release of damaged DNA fragments within
the cytosol [34], an eventual contribution of the DNA
damage deriving from the silencing of TERF2 cannot be
neglected.

For this reason, analysis of DDR pathway was performed
in our model. In line with previous data published from our
and other laboratories [16,35], it was found that, conversely to
the acute silencing of TERF2, chronic depletion of the protein
did not induce a persistent DNA damage, that — as evidenced
by IF and WB analyses - is not detectable either at genomic or
telomeric level (Fig. S4A-S4D).

Finally, to definitively demonstrate that the autophagic
role of TERF2 is dependent on the shuttling of HMGBI,
cells chronically silenced for TERF2 were treated with infla-
chromene (ICM), a specific inhibitor of the cytosolic trans-
location of HMGB1 [36] (Fig. S4E). As shown in the
Figure 3(a), ICM treatment completely reverts the autopha-
gic activity of TERF2 under both basal condition and EBSS-
stimulation. To confirm and reinforce the obtained results,
the pharmacological approach was paralleled by genetic
experiments based on the silencing of HMGBI
(siHMGBI), as well as ATG7 (autophagy related 7), an
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TERF2 and LC3B. Left panel. Representative images of TERF2 and LC3B immunostained sections of primary tumor established from tumor cells silenced (shTERF2) or
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enzyme playing a central role in autophagosome biogenesis
[37]. The obtained results evidenced that down-regulation
of these proteins abrogates the pro-autophagic activity of
TERF2 silencing (Figure 3(d); Fig. S4F-S4H). In parallel,
the expression of the HMGB1“'°®® - a mutant that, con-
stitutively localizing in the cytosol, promotes autophagy
independently from stimulation [29] - reverts the inhibi-
tory effect of TERF2 overexpression on autophagy (Fig.
S4I). Altogether, these results clearly indicate that TERF2
regulates autophagy by controlling the translocation of
HMGBI into the cytosol.

TERF2 affects HMGB1-localization by regulating the
redox status of tumor cells

As reported in the literature, HMGBI is a redox-sensitive
protein that needs to be oxidized to translocate in the cytosol
and activate autophagy [28,30]. Based on this knowledge, we
questioned if TERF2, besides sequestering HMGBI1 into the
nucleus, might also influence the protein shuttling of HMGB1
by altering the redox status of the cells. To address this point,
the levels of reduced (GSH) and oxidized (GSSG) glutathione
were evaluated in cells silenced or not for TERF2.
Interestingly, data analysis evidenced a significant decrease
in GSH:GSSG ratio (Figure 4(a)). Moreover, fluorescence-
activated cell sorting (FACS) performed with two different
probes - dihydroethidium (DHE) and 2°,7-
dichlorofluorescein diacetate (DCFDA) - evidenced that the
accumulation of reactive oxygen species (ROS), observed
upon EBSS stimulation, is exacerbated by TERF2 depletion
(Figure 4(b); Fig. S5A). Consistently with these data, silencing
of TERF2 was found to promote an increase in the cellular
levels of 8-hydroxy-2’-deoxyguanosine (8-OHdG), a marker
of oxidatively damaged DNA [38], both in vitro and in vivo
(Fig. S5B and S5C). Altogether these data indicate that the
down-regulation of TERF2 levels associates with an altered
glutathione homeostasis and with a burst of oxidative stress.

To verify the involvement of intracellular redox state in the
TERF2-dependent autophagy, cells were treated with the anti-
oxidant N-acetylcysteine (NAC) before the EBSS starvation.
Interestingly, pre-treatment with NAC, reducing ROS levels
(Fig. S5D), impairs HMGBI1 cytosolic translocation (Figure 4
(c)), thus inhibiting cell autophagy (Figure 4(d)). In parallel
with these experiments, TERF2-overexpressing cells (pPTERF2),
and their control counterpart (pBabe), were treated with hydro-
gen peroxide (H,0,), a potent inducer of oxidative stress [39],
and cellular localization of HMGBI1 was evaluated by IF experi-
ments (Figure 4(e)). As expected, the treatment with H,O,
promotes cytosolic translocation of HMGBI in the control
cells, but this effect is impaired in the cells overexpressing
TERF2. These results indicate that an excess of the telomeric

protein limits the response of HMGBI1 to those pro-oxidant
stimuli, that commonly trigger its cytosolic translocation.

Collectively these results indicate that TERF2 controls
autophagy by regulating the cytosolic translocation of
HMGBI in two complementary ways: on one hand by holding
the HMGBI into the nucleus and, on the other hand, by
affecting the cellular redox homeostasis (Figure 5).

Discussion

TERF2 - beyond its telomeric functions - plays a key role in
cancer biology by promoting tumor formation and progres-
sion, two events that have been associated with immune-
surveillance escape [14,15] and tumor angiogenesis [16,17].
At the molecular level, these telomere-independent functions
derive from its ability to affect a plethora of molecular pro-
cesses, including control of gene transcription [14,15,40-42],
synthesis of ribosomal RNA [43], regulation of microRNAs’
expression [18] and establishment of protein complexes
[18,19,44].

In this work, we disclosed an additional role of TERF2 in
controlling autophagy. In particular, our data demonstrated
that the depletion of TERF2 promotes the autophagic process,
a result that is in accordance with a recent study in which the
authors correlated autophagy with the DDR deriving from
TERF2 silencing in normal cells [34]. Despite TERF2 deple-
tion is reported to activate DDR pathway, telomeres of certain
cancer cell lines have been found to be resistant to a partial
loss of the protein [15,35]. Here, in line with previous data
obtained from our and other laboratories [16,35], we demon-
strated that chronic depletion of TERF2 - conversely to its
acute silencing - does not induce detectable levels of DNA
damage in HelLa cells. This model offered us the unique
opportunity to identify a previously unreported mechanism
through which TERF2, in absence of DDR activation, can
control autophagy.

In this context, analysis of autophagy evidenced that the
downregulation of TERF2 induces the formation of both
autophagosomes and ALs, indicating that the silencing of
the telomeric protein promotes activation of the autophagic
flux. Moreover, our data highlighted that pro-autophagic
activity induced by TERF2 silencing is comparable with that
induced by canonical pro-autophagic stimuli (e.g. nutrient
starvation, hypoxia or rapamycin treatment), thus underlying
the biological relevance of our findings. Finally, mirror experi-
ments demonstrated that TERF2 overexpression, conversely
to its silencing, plays an anti-autophagic role. Of note, oppo-
site results obtained by modulating TERF2 protein in the two
directions (up and down) demonstrated the specificity of
TERF2 activity in regulating the autophagic process, thus
strengthening our data. Nevertheless, the effect derived by

EBSS starvation. Autophagic flux was assessed by analyzing yellow- and red-fluorescence structures, indicating an accumulation of autophagosomes and
autolysosomes, respectively. Treatment with the autophagic inhibitor chloroquine (CQ) at 12 pM for 24 h was used a positive control of autophagosome
accumulation. Left panel. Confocal microscopy images of a representative experiment (63X magnification). Right panel. Quantitative analysis showing the average
number of LC3 red-fluorescence puncta per cell. The histogram represents the mean + SEM of one representative experiment. (D) Left panel. Quantitative analysis of
punctate vesicular structures in HeLa shSCR and shTERF2 transiently silenced (siHMGB1 #1 and #2) or not (siSCR) for HMGB1. Right panel. Representative images
acquired by deconvolution microscopy (magnification 63X). Specific enlargements are shown. The histograms, when not specified, represent the mean values + S.
D. of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001, ****P < 0.0001.
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Figure 4. TERF2 regulates cytosolic translocation of HMGB1 altering the redox status of the cells. (A) HelLa cells stably silenced for TERF2 expression (shTERF2), and
their respective control (shSCR), were treated with EBSS for 30 min and processed for the evaluation of GSH and GSSG intracellular levels by HPLC. The histogram
shows the GSH:GSSG ratio. (B) FACS analysis of ROS-positive cells, detected with DHE, in HelLa shSCR and shTERF2 cells starved with EBSS for increasing times. Left
panel. Representative images of FACS analysis. Right panel. Quantitative analysis of FACS experiments. (C) HeLa shSCR and shTERF2 were transfected with EGFP-
HMGB1 for 24 h, pre-treated with the antioxidant NAC 5 mM for 3 h and starved with EBSS for the last 1 h. Left panel. Quantitative analysis showing the percentage
of cells with cytosolic EGFP-HMGB1 on total GFP-positive cells. Right panel. Representative images acquired by deconvolution microscopy (magnification 63X). (D)
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the up-regulation of TERF2 levels is evident only under pro-
autophagic stimuli and this is reasonably due to the impossi-
bility of appreciating a further decrease in the already low
autophagic levels detectable in steady-state conditions.

Together with the clarification of the role of TERF2 in
the autophagic process, we defined the molecular mechan-
ism - complementary to DDR activation - through which
TERF2 affects autophagy. Interestingly, the mechanistic
part of this work comes from our recent study demonstrat-
ing that HMGBI, a multifunctional protein known to pro-
mote autophagy [30], localizes at telomeres [32]. By
adopting complementary technical approaches based on
both IF microscopy (e.g. colocalization experiments, PLA)
and biochemistry (IP experiments, affinity-isolation assays),
here we demonstrated that HMGBI interacts with TERF2
in a DNA-dependent manner. Indeed, DNA digestion by
DNAse, as well as the overexpression of a TERF2 mutant
unable to bind the DNA, determined a loss of the interac-
tion between the two proteins. Interestingly, functional
analysis of the discovered interaction revealed that cellular
localization of HMGBI is tightly dependent on the expres-
sion levels of TERF2. In particular, we demonstrated that
the amount of cytosolic fraction of HMGBI inversely cor-
relates with the levels of TERF2 expression, an effect that is
mainly due to the ability of TERF2 to sequester HMGB1
into the nucleus. This is in accordance with the literature
data reporting that HMGBI1 shuttles from the nucleus to
the cytosol where it exerts its pro-autophagic activity [30].
However, as evidenced by our results, TERF2 activity is not
limited to holding HMGBI into the nucleus but it actively
controls the protein localization by affecting the redox
status of the cell, an event that finally impacts on
HMGBI translocation. Since our data evidenced oxidative
DNA damage subsequent to the silencing of TERF2, we
cannot exclude that this event - even if not accompanied
by the phosphorylation of histone H2AX (yH2AX) - could
contribute to autophagy. Nevertheless, we demonstrated
that TERF2 overexpression is able to counteract the cyto-
solic translocation of HMGBI1 promoted by a potent indu-
cer of oxidative stress like H,O,, reinforcing the idea that
TERF2, binding HMGBI, regulates the amount of telomere-
free HMGBI1. Notably, the molecular mechanism through
which TERF2 influences the redox status of the cells
remains to be clarified but, despite its general interest, it
is out of the scope of this work.

The role of oncogenic proteins in autophagy is quite con-
troversial; indeed, while some oncogenes, such as Ras, are
reported to enhance the autophagic process, several others,
such as the BCL2 family members, may select for cells with
a reduced autophagic activity [45,46]. In this context, our data
highlight TERF2 as a novel anti-autophagic oncogenic factor.
Even if the reasons of the different behaviors of oncogenic
proteins in autophagy have been not yet fully elucidated,

a possible explanation could rely on the complexity of the
autophagic process that impacts, in a context-dependent man-
ner, on oncogenesis and on the tumor response to anticancer
treatments [47,48]. In particular, autophagy is reported to
have a dual role in cancer, on one hand, by inhibiting early
stages of tumor and, on the other hand, by playing
a promoting activity in the later stages [23]. In accordance
with its role in inhibiting autophagy, we can speculate that
TERF2 can promote cell growth in the initial phases of
tumorigenesis while, in advanced tumors, it can increase
sensitivity of cancer cells to treatments, thus representing an
Achille’s heel to take in advantage for counteracting the pro-
gression of the malignancy.

Materials and methods
Cells and culture conditions

HeLa, HCT116, HT1080 and U20S human cell lines were
purchased from American Type Culture Collection (ATCC,
CCL-2, CCL-247, CCL-121 and HTB-96) and were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; EuroClone,
ECMO0728L), supplemented with L-glutamine, penicillin-
streptomycin and 10% fetal bovine serum (FBS; Thermo
Fisher Scientific/Gibco, 10,270-106), in a CO,-humidified
incubator at 37°C.

Stable TERF2-overexpressing (pTERF2) and TERF2-
silenced (shTERF2 #1 and shTERF2 #2, obtained by using
two different short hairpin sequences directed against
TERF2) cells, and their respective controls (pBabe and
shSCR), were obtained as previously described [16].

Stable TERF1-overexpressing (pTERF1) cells were
obtained by infecting the cells with amphotropic retroviruses
generated into Phoenix packaging cells transfected with retro-
viral vectors, using the JetPEI reagent (Polyplus, 101-10 N),
according to the manufacturer’s instructions.

For transient overexpression of the wild-type (pTERF2)
and the mutant (pTERF2AC) forms of TERF2, HeLa cells
were transfected for 48 h with the vectors pBabe-puro-MYC-
TERF2 and pBabe-puro-MYC-TERF2AC, respectively, using
JetPEI reagent, according to the manufacturer’s instructions.
pBabe-puro empty vector was used as control. For transient
silencing of TERF2 or TERF1, HeLa cells were transfected for

24 h with 100 nM of siTERF2 (Dharmacon, 5-
GCAGAAGUGGACUGUAGAAUU-3’) or 50 nM of
siTERF1 ~ (OriGene Technologies, SR322000B), using

INTERFERin reagent (Polyplus, 409-10), according to the
manufacturer’s instructions. A control short interfering RNA
(Santa Cruz Biotechnology, sc-37,007) was used as control.
For the silencing of HMGB1 and ATG?7, HeLa cells were
transiently transfected for 48 h with 100 nM of siHMGBI #1
(Santa Cruz Biotechnology, sc-37,982) or 40 nM of siHMGBI
#2 (Dharmacon, J-018981-08-0005) and 25 nM of siATG7

Above cited cell lines were transfected with EGFP-LC3B for 24 h and treated as in C. Quantitative analysis showing the percentage of LC3 puncta-positive cells on

total GFP-positive cells. (E) Hela cells overexpressing (pTERF2) or not (pBabe) TERF2 were transfected with EGFP-HMGB1 and, after 24 h, were treated with H,0,
(300 puM for 10 min). Left panel. Quantitative analysis performed as described in (C). Right panel. Representative images acquired by deconvolution microscopy
(magnification 63X). All the histograms represent the mean values + S.D. of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 5. Schematic representation of the results. Cartoon summarizing the main findings of this work. Left panel. The interaction between TERF2 and HMGB1
occurring, in the nucleus, under steady-state conditions. Right panel. Schematization of the effects of TERF2 depletion on HMGB1 translocation.

(Sigma-Aldrich,  5-ATGGAGAGCTCCTCAGCAGGC-3),
respectively, by using INTERFERin reagent, according to the
manufacturer’s instructions.

For the transient expression of EGFP-LC3B, mCherry-
LC3B, mRFP-EGFP-LC3B (ptf-LC3), EGFP-HMGBI, the
cells were transfected for 24 h by using JetPEl, according
to the manufacturer’s instructions. For the transient expres-
sion of EGFP-HMGB1°'%, the cells were transfected for
48 h by using JetPEl, according to the manufacturer’s
instructions.

Reagents and treatments

For starvation experiments, cells were incubated in Earle’s
balanced salt solution (EBSS; BioWhittaker, BE10-502 F) for
the indicated times.

HMGB1 inhibitor, inflachromene (ICM; Sigma-
Calbiochem, 533,060), was dissolved in DMSO and used at
25 uM for 6 h. Chloroquine (CQ; Sigma-Aldrich, St. Louis,
Missouri, USA, C6628) was freshly dissolved in H,O and used
at a final concentration of 12 uM for 24 h for fluorescence
assays and 30 uM for 3 h for WB applications. N-acetyl-
L-cysteine (NAC; Sigma-Aldrich, A7250) was freshly dis-
solved in 12% NaOH 5 M and administered to cells at a con-
centration of 5 mM for 3 h as a pre-treatment. Rapamycin
(Selleckchem, S1039) was dissolved in DMSO and used at
a final concentration of 0.5 uM for the indicated times. H,
O, was diluted in DMEM and used at a final concentration of
300 puM for 10 min.

Hypoxic conditions were obtained using Forma Series II
Water Jacket CO, Incubator (Thermo Fisher Scientific), set to
1% of oxygen.

Western blot

Western blot analysis was performed as previously reported
[49]. Nuclear and cytosolic proteins extraction was performed
using NE-PER Nuclear and Cytoplasmic Extraction Reagents

(Thermo Fisher Scientific, 78,835), according to the manufac-
turer’s instructions.

The following primary antibodies were used: rabbit poly-
clonal antibody (pAb) anti-HMGB1 (Abcam, Ab18256);
mouse monoclonal antibody (mAb) anti-TERF2/TRF2
4A794 (Millipore, 05-521); mouse mAb anti-MYC/cMyc
(Santa Cruz Biotechnology, sc-40); mouse mAb anti-TUBA
/aTubulin (Santa Cruz Biotechnology, sc-8035); mouse mAb
anti-LMNA/lamin A/C (Santa Cruz Biotechnology, sc-
7292); mouse mAb anti-TERF1/TRF1 (clone 4E4;
Invitrogen, Carlsbad, California, USA, MA5-31,596); rabbit
pAb anti-Flag (Sigma-Aldrich, F7425); rabbit pAb anti-
CTCF (Diagenode, Belgium, C15410210-50); rabbit pAb
anti-LC3B (Sigma-Aldrich, L7543); mouse mAb SQSTM1/
p62 (clone D-3; Santa Cruz Biotechnology, sc-28,359);
mouse mAb anti-HIF1A/HIFla (Clone 54/HIF-1 «; BD
Transduction Laboratories, San Jose, CA, USA, 610,959);
rabbit mADb anti-Ser1981 p-ATM (Abcam, ab208775); rabbit
pAb anti-Thr68 p-CHEK2/Chk2 (Cell Signaling Technology,
2661); mouse mAb anti-phospho-histone H2AX (YyH2AX;
Millipore, 05-636); mouse mAb anti-ATG7 (Clone B-9;
Santa Cruz Biotechnology, sc-376,212); mouse mAb anti-
ACTB/B-actin (Sigma-Aldrich, A5441).

The following secondary antibodies were used: goat anti-
mouse (Bio-Rad, 1,706,516) or anti-rabbit immunoglobulin
G (IgG)-horseradish peroxidase conjugated antibodies (Bio-
Rad, 1,706,515).

Immunoprecipitation (IP)

Regarding IP experiments, nuclear cell extracts of HeLa cells
were obtained by a sequential lysis with buffer A [10 mM
HEPES pH 7.9 (Fisher scientific, BP299-100), 10 mM KCl
(Sigma-Aldrich, 44,675), 0.1 mM EDTA (Sigma-Aldrich,
E9884), 0.1 mM EGTA (Millipore, 324,628), 0.6% NP-40
(Millipore, 492,016), 1 mM DTT (Roche, 10,197,777,001) and
1 mM PMSF (Roche, P7626)] and buffer C [20 mM HEPES, pH
7.9, 400 mM NaCl (Sigma-Aldrich, S9888), 1 mM EDTA, 1 mM
EGTA, 1 mM DTT and 1 mM PMSF], which resulted
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respectively in cytosolic and nuclear fraction isolation. Protein
concentration was determined by Pierce™ BCA Protein Assay
Kit (Thermo Fisher Scientific, 23,225) and 700 pg of nuclear
fraction were immunoprecipitated by using 4 pg of the indi-
cated antibody and 50 pl of Dynabeads Protein A/G (Invitrogen,
10002D/10004D), according to manufacturer’s instructions.
The following primary antibodies were used for IP: mouse
mAb anti-TERF2/TRF2 4A794 (Millipore, 05-521), rabbit pAb
anti-HMGBI1 (Abcam, Ab18256). IP with anti-normal mouse
IgG (Santa Cruz Biotechnology, sc-2025) and anti-normal rab-
bit IgG (Santa Cruz Biotechnology, sc-3888) were used as
respective negative controls.

Proximity Ligation Assay (PLA)

Cells were grown on gelatin-coated glass coverslips for 24 h,
fixed in 4% formaldehyde in phosphate-buffered saline (PBS;
EuroClone, ECB4004L) 1X for 10 min at room temperature
(RT) and processed with Duolink® In Situ Red Starter Kit
mouse/rabbit (Sigma-Aldrich, DUO92101), according to the
manufacturer’s instructions. The following primary antibodies
were used: Mouse mAb anti-TERF2/TRF2 4A794 (Millipore,
05-521) and rabbit pAb anti-HMGB1 (Abcam, Ab18256).

Fluorescence signals were recorded by using a Leica
DMIRE2 microscope equipped with a Leica DFC 350FX cam-
era and elaborated by Leica FW4000 deconvolution software
(Leica, Germany). The number of TERF2-HMGB1 PLA spots
per cell were counted by visual inspection on the maximum
projection resulting from multiple z-stack images and a total
of 80 cells was considered.

Fluorescence microscopy

Cells were grown on glass coverslips, treated according to the
experiment, fixed in 4% formaldehyde in PBS for 10 min at
RT and permeabilized with 0.25% Triton X-100 (Sigma-
Aldrich, 93,443) for 5 min at RT.

Concerning TERF2-HMGBI1 colocalizations, HelLa and
U20S cells were subjected to co-immunofluorescence experi-
ments. After fixation and permeabilization, cells were incu-
bated with rabbit pAb anti-TERF2/TRF2 (Novus, Italy,
NB110-57,130) and mouse mAb anti-HMGBI1 (Santa Cruz
Biotechnology, sc-135,809) for 2 h at RT. After three washes
in PBS, cells were incubated with anti-rabbit IgG (H + L), F
(ab’)2 Fragment (Alexa Fluor 488 Conjugate; Cell Signaling
Technology, 4412S) and anti-mouse IgG (H + L), F(ab’)2
Fragment (Alexa Fluor 555 Conjugate; Cell Signaling
Technology, 4409S) for 1 h at RT. Nuclei were stained with
4,6-diamidino-2-phenylindole (DAPL Sigma-Aldrich,
D9542).

To analyze the cellular levels of 8-OHdG, cells were
processed for IF as reported above and incubated with
the primary antibody mouse mAb anti-8-OHdG (clone
15A3; Santa Cruz Biotechnology, sc-66,036) at + 4°C over-
night. Successively, the cells were incubated with anti-
mouse IgG (H + L), F(ab’)2 Fragment (Alexa Fluor 555
conjugate) for 1 h at RT and the nuclei were stained with
DAPIL

Cellular localization of HMGBI1 was assessed by fluores-
cence microscopy analyses in cells transiently transfected with
EGFP-HMGBI for 24 h. Percentage of cells with cytosolic
HMGB1 was evaluated on total GFP-positive cells. DAPI
staining was used to exclude mitotic events from the analyses.

For autophagy experiments, cells were transiently trans-
fected with EGFP-LC3B or mCherry-LC3B, treated according
to the experimental settings and then processed for fluores-
cence microscopy. Autophagosome structure formation was
detected by observing LC3B puncta in EGFP-LC3B- or
mCherry-LC3B-expressing cells. For each experimental con-
dition, at least 250 cells were counted; cells with more than 10
puncta were considered positive for autophagy. The results
were represented as the percentage of autophagy-positive cells
respect EGFP-LC3B or mCherry-LC3B expressing cells.
Fluorescence signals were recorded by using a Leica
DMIRE2 microscope equipped with a Leica DFC 350FX cam-
era and elaborated by Leica FW4000 deconvolution software
(Leica). Regarding the analysis of the autophagic flux, cells
were transiently transfected with (ptf-LC3), as previously
reported, treated with EBSS for 1 h or CQ for 3 h and
processed for fluorescence. The formation of yellow- and red-
fluorescence structures - indicating an accumulation of auto-
phagosomes and autolysosomes, respectively — was evaluated.
The number of LC3 red-fluorescence puncta per cell was
quantified by using Image] Software.

In order to evaluate the DNA damage, immunofluores-
cence experiments were combined with telomeric FISH
assays. After fixation and permeabilization, cells were blocked
for 1 h with 3% BSA in PBS 1X and incubated with the mouse
mAD anti-phospho-histone H2AX (yH2AX; Millipore, 05-
636) overnight at 4°C. After two washes with 0.05% Triton
X-100 in PBS 1X, the cells were incubated with the secondary
antibody anti-mouse IgG (H + L), F(ab’)2 Fragment (Alexa
Fluor 488 Conjugate) for 1 h at RT and then washed twice
with PBS 1X. Successively, a Telomere DNA FISH was carried
out as previously described [50]. Nuclei were stained with
DAPI. For quantitative analysis of YH2AX positivity, at least
250 cells/condition were scored in triplicate. For Telomere-
Induced Foci (TIFs) analysis, at least 25 yH2AX-positive cells
on a single plane were scored. Cells with at least four telo-
mere-yH2AX colocalization spots were considered TIF-
positive. Fluorescence signals were recorded with Zeiss Laser
Scanning Microscope 510 Meta (63X magnification) (Zeiss,
Germany).

In vivo experiments

For in vivo experiments, NSG (NOD.Cg-PrkdcSCID IL-2 R
null) female mice (Charles River Laboratories, strain 614)
were orthotopically injected with 1 x 10° MDA-MB-231
cells silenced (ShTERF2) or not (shSCR) for TERF2. When
tumors reached a volume of about 300 mm®, mice were
sacrificed and primary tumors underwent to immunohisto-
chemical analysis.

Mice were maintained in a barrier facility on high-
efficiency particulate air HEPA-filtered racks and received
food and water ad libitum.



Immunohistochemistry (IHC)

The formalin-fixed and paraffin-embedded tissue blocks were
sectioned (2 pm) and subjected to deparaffinization, rehydra-
tion and antigen retrieval by PT Link (Agilent, PT10126), at
low or high pH as suggested by the primary antibody data-
sheets used. Endogenous peroxidase was blocked for 10 min
with a peroxidase blocking solution (Agilent Dako, S2023)
and, successively, nonspecific antibody binding was blocked
for 20 min with protein blocking buffer (Agilent Dako,
X0909). Tissue sections were immunostained for 1 h at RT
with anti-TERF2/TRF2 rabbit polyclonal (1:500), anti-
8-OHdG mouse monoclonal (1:800), anti-LC3B rabbit mono-
clonal (AbCam, EPR21234, 1:100) and then were covered for
30 min at RT with Dako EnVision™ FLEX /HRP (EnVision™
FLEX; Agilent, K8023). The signal was developed by using
DAB detection kit (Agilent Dako, GV825), then sections were
counterstained with Mayer’s Hematoxylin (Agilent Dako,
$3309). Finally, slides were washed, dehydrated with increas-
ing alcohol and xylene and mounted with Eukitt (Sigma-
Aldrich, 03989). Immunostaining results were recorded as
percentage of positive cells or immunoreactive score (IRS,
staining intensity per percentage of positive cells).

Reactive oxygen species (ROS) production

Stable TERF?2 interfered HeLa cells, and their control counter-
part, were starved with EBSS for the indicated times, har-
vested, washed in PBS 1X and stained for 30 min at 37°C
with 25 puM of dihydroethidium (DHE; Thermo Fisher
Scientific, D1168) or 2’,7-dichlorofluorescin  diacetate
(DCFDA; Thermo Fisher Scientific, D399) dissolved in
DMEM without FBS. About 20,000 events were acquired by
using BD FACSCelesta™ C6 flow cytometer (BD Biosciences),
gated using forward scatter and side scatter to exclude cell
debris and analyzed with BD FACSDiva Software (BD
Biosciences).

GSH:GSSG measurement

GSH and GSSG intracellular levels were evaluated as pre-
viously reported [51].

Statistics

Experiments were replicated three times and the data were
expressed as means * standard deviation (SD). GraphPad
Prism 6 was used for the statistical analysis and the differences
between groups were analyzed by the unpaired Student’s
t-test. Differences were considered statistically significant for
*p < 0.05; *p< 0.01; **p < 0.001; ***p< 0.0001.
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