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ABSTRACT

The telomere specific shelterin complex, which in-
cludes TRF1, TRF2, RAP1, TIN2, TPP1 and POT1, pre-
vents spurious recognition of telomeres as double-
strand DNA breaks and regulates telomerase and
DNA repair activities at telomeres. TIN2 is a key com-
ponent of the shelterin complex that directly inter-
acts with TRF1, TRF2 and TPP1. In vivo, the large
majority of TRF1 and TRF2 are in complex with TIN2
but without TPP1 and POT1. Since knockdown of
TIN2 also removes TRF1 and TRF2 from telomeres,
previous cell-based assays only provide information
on downstream effects after the loss of TRF1/TRF2
and TIN2. Here, we investigated DNA structures pro-
moted by TRF2-TIN2 using single-molecule imaging
platforms, including tracking of compaction of long
mouse telomeric DNA using fluorescence imaging,
atomic force microscopy (AFM) imaging of protein—
DNA structures, and monitoring of DNA-DNA and
DNA-RNA bridging using the DNA tightrope as-
say. These techniques enabled us to uncover previ-
ously unknown unique activities of TIN2. TIN2S and
TIN2L isoforms facilitate TRF2-mediated telomeric
DNA compaction (cis-interactions), dsDNA—-dsDNA,
dsDNA-ssDNA and dsDNA-ssRNA bridging (trans-
interactions). Furthermore, TIN2 facilitates TRF2-
mediated T-loop formation. We propose a molecu-
lar model in which TIN2 functions as an architec-
tural protein to promote TRF2-mediated trans and cis
higher-order nucleic acid structures at telomeres.

INTRODUCTION

Telomeres are nucleoprotein structures that protect the ends
of linear chromosomes by preventing them from activat-
ing DNA damage response and DNA double-strand break
(DSB) repair pathways (1,2). Human telomeric DNA con-
sists of ~2-20 kb of TTAGGG repeats and a G-rich 3’
overhang (1,3). In humans, the shelterin complex, includ-
ing TRF1, TRF2, RAP1, TIN2, TPPI and POT1, forms
complexes on telomeric DNA and shields telomeres from
being spuriously recognized as double-strand DNA breaks
(4-9). Among the shelterin proteins, TRF1 and TRF2 di-
rectly bind double-stranded telomeric DNA through the
Myb/SANT domain, and POT1 directly binds to the single-
stranded overhang through the OB domain (10-12). TRF1
and TRF2 differ at their N-termini (13), containing an
acidic and a basic domain, respectively (13). TRF1 and
TREF?2 play distinct roles in promoting higher-order DNA
structures at telomeres. TRF2 displays a unique activity in
promoting T-loops, in which the 3’ single-strand overhang
invades the upstream double-stranded telomeric region
(14-17). The TRFH domain of TRF2 mediates the wrap-
ping of dsDNA, which was proposed to be a critical step in
T-loop formation (16). Furthermore, TRF2 recruits RAP1
to telomeres, and in turn, RAP1 enhances TRF2’s binding
specificity for telomeric DNA (18-20). Consistent with its
activity in promoting T-loop formation, TRF2 plays critical
roles in regulating Mrell/Rad50/Nbsl-dependent ataxia-
telangiectasia mutated (ATM) kinase signaling, classical
nonhomologous end-joining (NHEJ) and alternative non-
homologous end-joining (alt-NHEJ) pathways at telom-
eres. In comparison, TRF1 promotes parallel pairing of
telomeric DNA (21-23). TRF1 prevents DNA replication
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fork stalling at telomeres and contributes to the repression
of telomere fragility (24).

TIN2 is the linchpin among the shelterin proteins and
mediates the localization of three key DNA interacting pro-
teins at telomeres (TRF1, TRF2 and POT1). TIN2 interacts
with both TRF1 and TRF2 proteins and stabilizes them at
telomeres (25,26). TRF2 and TIN2 form a complex with
2:1 stoichiometry (27). Deletion of TIN2 is embryonically
lethal (28), and conditional knockout of TIN2 in mouse em-
bryo fibroblasts (MEFs) leads to growth arrest. TIN2 deple-
tion elicits a moderate level of chromosome-type fusions, a
phenotype linked to TRF2 loss from telomeres. TIN2 loss
also mimics the phenotypes of TPP1/POT1 deletion. TIN2
depletion leads to excess 3’ overhangs and fusion of dupli-
cated chromatids that have been linked to POT1 or TPP1
deficiency (29). Consequently, TIN2 deletion elicits a DNA
damage response involving both ataxia telangiectasia and
Rad3-related (ATR) and ATM kinases (29).

Higher-order DNA structures play essential roles in
telomere maintenance (30). T-loop formation plays a crit-
ical role in telomere protection as it enables cells to dis-
tinguish between native chromosome ends and aberrant
double-stranded DNA breaks (15-17). STochastic Optical
Reconstruction Microscopy (STORM) imaging of T-loops
from MEFs showed that TRF2 is required for T-loop for-
mation and maintenance (15). However, this study did not
specifically test the impact of TIN2 toward T-loop forma-
tion as TIN2 loss leads to the removal of both TRF2 and
POT]1 from telomeres (29). A recent study evaluating the ef-
fect of TIN2 on T-loop formation was based on the compar-
ison between the T-loop frequencies from cells overexpress-
ing WT TRF2 and a TRF2 mutant missing its TIN2 and
RAPI binding sites (31). This study found no difference in
T-loop frequencies in cells expressing wild-type TRF2 and
TRF2 mutant containing deletions of its TIN2 and RAPI
binding sites. However, the authors acknowledged that the
high expression levels of exogenous TRF2 and elongated
3’ overhangs after removing TIN2 might mask the defect
in the T-loop formation due to the removal of TIN2 from
telomeres.

Telomeric Repeat-containing RNA (TERRA) is ex-
pressed within a subset of subtelomeric regions in the prox-
imity of the telomeric repeats (32-34). TERRA can be di-
rectly involved in telomere maintenance through associa-
tion with telomeric chromatin forming telomeric R-loops.
An R-loop is a three-stranded nucleic acid structure con-
taining nascent RNA hybridized with its corresponding
DNA template strand and the displaced ssDNA (35). It
was recently shown that TERRA R-loops accumulate pref-
erentially at short telomeres, contributing to the activa-
tion of DNA damage response (36,37). Telomeric R-loops
support the telomerase-independent Alternative Lengthen-
ing of Telomeres (ALT) mechanism by promoting telom-
ere recombination (38). TRF1 and TRF2 directly bind to
TERRA. Furthermore, TRF2 promotes RNA invasion of
double-stranded telomeric DNA to form telomeric R-loops
(39,40). However, whether TIN2 directly enhances TRF2-
mediated R-loop formation has not been investigated.

In human and mouse cells, TRF1, TRF2, TIN2 and
RAPI are approximately ten times more abundant than
POTT1 and TPPI1 (41). The majority (~90%) of the TRF1
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and TRF2 proteins exist in complexes with TIN2 but lack-
ing POT1 and TPP1. Consequently, investigating how TIN2
directly regulates TRF2-DNA binding is key to advancing
our understanding of shelterin-mediated telomere mainte-
nance. However, since the loss of TIN2 removes TRF1 and
TRF2 from telomeres, it is technically challenging to iden-
tify all aspects of TIN2 functions from cell-based assays.
Furthermore, despite the importance of higher-order DNA
structures at telomeres, our understanding of how shel-
terin proteins other than TRF2 contribute to T-loop and
telomeric R-loop formation is still limited. While ensemble-
based bulk assays report the average properties of hetero-
geneous protein—-DNA complexes, single-molecule imag-
ing techniques can reveal protein-induced DNA conforma-
tions at specific DNA sequences, such as DNA compaction,
DNA-DNA bridging and T-loop formation (16,42,43).
Thus, there is a clear need to investigate the impact of
TIN2 on TRF2-DNA binding at the single-molecule level
using a defined in vitro system involving purified pro-
teins. In this study, we focused on investigating whether or
not TIN2 (TIN2S and TIN2L isoforms) regulates TRF2—
DNA binding by applying single-molecule imaging plat-
forms, including atomic force microscopy (AFM) (43—
45) and fluorescence imaging of TRF2-TIN2 on telom-
eric DNA (42,46,47). The substrates include long native
telomeric DNA purified from mouse liver tissues that con-
tain same human telomeric DNA sequences and DNA
tightropes containing regions with 270 TTAGGG repeats.
We directly compared TRF2 and TRF2-TIN2 mediated
telomeric DNA compaction, bridging and T-loop forma-
tion. These imaging platforms provide complementary re-
sults demonstrating that both TIN2S and TIN2L facili-
tate TRF2-mediated DNA compaction (cis-interactions),
as well as dsDNA-ssDNA and dsDNA-ssRNA bridg-
ing (zrans-interactions) in a telomeric sequence-dependent
manner. Furthermore, TIN2 increases the TRF2-mediated
T-loop formation frequency. This work sheds new light on
the previously unknown biophysical functions of TIN2 and
provides a new framework for future investigation of diverse
functions of TIN2 in telomere maintenance.

MATERIALS AND METHODS
Protein purification

N-terminal Hisg-tagged TRF1 and TRF2 were purified
using a baculovirus/insect cell expression system and an
AKTA Explorer FPLC (GE Healthcare) as reported pre-
viously (48). Extensive use and reports of His-tagged TRF2
and HA-tagged TIN2 in the literature provide evidence that
the tag does not interfere with protein activities or introduce
DNA binding artifacts (8,16,27,49). TRF2 concentrations
were determined using the Bradford assay. N-terminal HA-
tagged TIN2L (HA-TIN2L, 1-451 aa) and TIN2S (HA-
TINZ2S, 1-354 aa) were expressed in the Sf9 insect cells us-
ing the pFastBacl expression system (GenScript). The Sf9
cells infected with P2 virus were cultured in the Sf-900 I
SFM medium (Gibco) for 3 days at 27°C and harvested
at 72 h post-infection. Cell pellets were lysed in the cell ly-
sis buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 1% NP-
40, 1 mM EDTA, 10% glycerol, 1 mM PMSF, 12.5 pg/ml
leupeptin, 6.25 wg/ml aprotinin and 2.5 wg/ml pepstain).
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HA-TIN2S and HA-TIN2L were purified using the HA-
antibody agarose and stored in a buffer containing 50 mM
Tris-HCI (pH 7.5), 150 mM NacCl, 10% glycerol, 1% NP-
40 and 1 mM EDTA. The concentrations of TIN2 proteins
were determined by the BCA™ protein assay using BSA
as the standard (ThermoFisher). The identities of purified
HA-TIN2S and HA-TIN2L proteins were further estab-
lished by the western Blot analysis using the HA antibody
(GenScript A00168) and MALDI-TOF mass spectrome-
try analysis (UNC-Chapel Hill Proteomics Center). TIN2S
and TIN2L were active in interacting with TRF1 based
on electrophoresis mobility shift assays (EMSAs) using the
telomeric DNA substrate containing three TTAGGG re-
peats (50). Mitochondrial single-stranded binding protein
(mtSSB) was a gift from the Copeland laboratory (NIEHS)
(51). T7 exonuclease was purchased from NEB.

DNA substrates

N DNA and the pSXneo (T2AG3) plasmid DNA con-
taining 1.6 kb telomeric TTAGGG repeats with a 23-bp
nontelomeric sequence linking two (TTAGGQG),3s regions
(T270 DNA) were purchased from New England BioLabs
(NEB) and Addgene, respectively (52). For AFM imaging,
linear T270 DNA fragments were generated by digestion of
T270 plasmid DNA at 37°C for 4 h using BglII in Buffer
4 (NEB) and further purification using the PCR DNA Pu-
rification Kit (Qiagen). The linearized T270 DNA for the
DNA tightrope assay was ligated using the Quick Liga-
tion™ Kit (NEB) at room temperature for 1 h followed by
overnight incubation at 4°C. Ligated T270 DNA was puri-
fied using phenol-chloroform extraction. The biotinylated
linear T270 DNA and control DNA substrates were gen-
erated through biotinylation of the gel-purified T270 frag-
ment containing the (TTAGGG),7 region (pT270, 1.6 kb)
or control nontelomeric DNA (noTel, 4.1 kb) using the 5’
EndTag Labeling DNA/RNA Kit (Vector Laboratories).
Biotinylation efficiencies of the pT270 and noTel fragments
were established using AFM imaging of DNA samples in
the presence of streptavidin-coated quantum dots (strep-
QDs, Invitrogen) (50). Single-stranded TTAGGG-12 DNA
and UUAGGG-12 RNA containing 12 telomeric repeats
and 5 biotin labels were purchased from IDT.

To generate the model T-loop substrate, the linear T270
fragment (5.4 kb, 28 nM) was incubated with the T7 exonu-
clease (12.5 U) for 6 min on ice. The reaction was stopped
by the addition of 11 mM EDTA. T7 exonuclease-treated
linear T270 DNA was purified using the PCR DNA Purifi-
cation Kit (Qiagen). Next, to mark the nontelomeric DNA
end with QDs, the linear T270 DNA (2.8 nM) was incu-
bated with a biotinylated primer (5 biotin-TAT AGT GTC
ACC TAA ATC GTA TGT GTA TGA TAC 3, 11 nM)
complementary to the nontelomeric 3’ overhang at 65°C for
5 min, followed by slow cooling to room temperature. Fi-
nally, strep-QDs (11 nM) were added to the sample to label
the nontelomeric DNA end on the linear T270 DNA with
a QD.

Purification of telomeric DNA from mouse liver tissues

Genomic DNA was isolated from C57B/6J mouse liver tis-
sue using the Puregene DNA Isolation Kit (Qiagen) based

on the standard protocol from the manufacturer. Approx-
imately 0.5 g of mouse liver tissues yielded ~2.5 mg of
genomic DNA. Mouse genomic DNA (650 pg) was di-
gested using a restriction enzyme cocktail containing HinfT,
Alul, Hphl and Mnll (NEB) overnight at 37°C (3,53,54).
Region Specific Extraction (RSE) Purification Kit (Gen-
eration Biotech) was used to extract telomeric DNA from
the digested genomic DNA (55). Digested genomic DNA
was incubated with 2-, 5- or 10-fold molar excess of bi-
otinylated 3’ telomeric overhang-complementary oligo (5’
biotin-ACT CCC CCT AAC CCT AAC CCT AAC CCT
AAC CCT AAC CCT AAC CCT AAC CCT AA 3')in the
RSE H-buffer containing DNA polymerase and biotiny-
lated dNTPs. The PCR reaction was carried out with the
denaturation step at 92°C for 5 min, followed by the primer
extension step at 64°C for 15 min. Streptavidin-coated mag-
netic beads were added to the PCR reaction at room tem-
perature and incubated for another 20-30 min. Beads were
washed twice with 200 wl of RSE Buffer before further
incubation at 82°C for 15 min in a water bath, followed
by slow cooling to room temperature. The concentrations
of extracted telomeric DNA samples were measured us-
ing a NanoDrop Microvolume Spectrophotometer (Ther-
mofisher).

Validation of the purity of telomeric DNA obtained using the
RSE method

Detection of telomeric and genomic DNA containing the
Alu repeat was performed using the GE Manifold spot blot
apparatus based on a method described previously (54). For
each experiment 7.5 ng of RSE-purified telomeric DNA was
loaded with the corresponding genomic DNA (1, 5, 7.5,
10, 20 and 50 ng) in duplicates. The telomeric probes 5'-
(TTAGGG)4-3' and 5'-(CCCTAA)4-3" and the Alu probe
(5-GGGAGGCCGAGGCGGGCGGA-3') were radiola-
beled as described previously (54). The membranes were
incubated at 42°C for 30 min, in the hybridization buffer
(Church Buffer: 0.25 M sodium phosphate buffer pH 7.2,
I mM EDTA, 1% BSA, 7% SDS), and then overnight with
the hybridization buffer containing the radiolabeled probe.
The membranes were washed once in a buffer containing
2x SSC, once with 0.1% SDS and 0.1 x SSC, and once more
with 2x SSC before visualization on a Typhoon phospho-
rimager. Quantification of the signal intensities was done
using ImageQuant software.

Direct capture of long telomeric DNA onto a surface for
single-molecule imaging

For flow-stretching experiments, glass coverslips were first
cleaned by sequential sonication in anhydrous ethanol, DI
(deionized water) water, 2 M KOH, and DI water. The cov-
erslips were then silanized by sonication in a mixture of
APTES (1 ml) and acetone (50 ml) for 20 min. The silaniza-
tion reaction was stopped by washing the coverslips with DI
water. Coverslips were dried in a continuous stream of nitro-
gen gas. The first round of PEGylation was performed using
mPEG-SVA (succinimidyl valeric acid PEG, MW 5000, 10
mg, Laysan Bio) and Biotin-PEG-SVA (MW 5000, Laysan
Bio) mixed in a ratio of 80:1 in 0.1 M NaHCOj buffer (70 .l
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per coverslip sandwich) and incubation of 3-5 h. The sec-
ond round of overnight PEGylation was done using 7 mg
of Methyl-PEG4-NHS (Thermoscientific, Catalogue num-
ber: 22341) dissolved in 0.1 M NaHCO; buffer (pH 8.5, 70
w1 per coverslip sandwich). After PEGylation, the strepta-
vidin solution (0.1 mg/ml, 30 pl) was introduced into the
flow cell (30 wl volume), and the reaction was incubated for
10 min. To directly capture the long telomeric DNA, the
enzyme cocktail (Hinfl, Alul, Hphl and Mnll) digested ge-
nomic DNA was first purified using phenol-chloroform ex-
traction (54). Next, purified genomic DNA was incubated
with biotinylated oligo complementary to the 3’ overhang
(oligo to overhang ratio at 10:1) at 68°C for 5 min, fol-
lowed by slow cooling to room temperature. The resulting
biotinylated telomeric DNA was stained with YOYO!1 (dye-
to-DNA base pair ratio at 1:10) overnight at 4°C. YOYOI-
stained DNA substrates were introduced into the flow cell
containing a streptavidin-coated glass coverslip for flow-
stretching experiments.

AFM imaging and analysis

TRF2 (80 nM dimer) without or with TIN2 (TIN2S or
TIN2L, 80, 120 and 200 nM) was incubated with the lin-
ear pT270 DNA (10.5 nM) in TRF2 Imaging Buffer (20
mM HEPES [pH 7.5], 100 mM NacCl) at room tempera-
ture for 10 min. All DNA-protein samples were diluted
10-fold in TRF2 Imaging Buffer before being deposited
on to a freshly prepared 1-(3-aminopropyl)silatrane (APS)-
treated mica (SPI Supply) surface for 30 s (56). The APS-
treated mica surface was washed with DI water and dried
under a stream of nitrogen gas. All images were collected
in the tapping mode using Pointprobe@®) PPP-FMR probes
(Nanosensors, spring constants at ~2.8 N/m) on an MFP-
3D-Bio AFM (Asylum Research). All images were captured
at a scan rate of 1-2 Hz, a scan size of 1-3 pm x 1-3 pm
and a resolution of 512 x 512 pixels.

The DNA tightrope assay

The oblique angle Total Internal Reflection Microscopy
(TIRFM) based DNA tightrope assay was carried out ac-
cording to protocols described previously (42,46,57-60).
Briefly, ligated DNA substrates were introduced into the
flow cell using a syringe pump at a flow rate of 300 pl/min
to stretch the DNA between poly-L-lysine (2.5 mg/ml,
MW > 30 000 kDa, Wako Chemicals) treated silica beads
on a PEGylated coverslip surface. The primary HA anti-
body (Abcam) was conjugated to red QDs (655 nm) to form
HA-Ab-QDs using the SiteClick™ QD antibody labeling kit
(Life Technologies) following the manufacturer’s protocols.
HA-tagged TIN2S or TIN2L was conjugated to QDs by in-
cubating proteins with HA-Ab-QDs at a 1:1 molar ratio for
20 min at room temperature. All protein—QD samples were
diluted 100-fold using the imaging buffer (20 mM HEPES
[pH 7.9], 100 mM NaCl, 0.3 mM MgCl,, ] mM EDTA, 0.5
mM DTT and 1 mg/ml BSA) to a final concentration of 10
nM proteins in the flow cell. 1x Blocking Reagent (Sigma,
catalog number 11096176001) was added to the imaging
buffer to reduce nonspecific binding.
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Statistical analysis

Data sets from AFM, TIRFM imaging and the DNA
tightrope assay were from at least two to three independent
experiments. The numbers reported are mean + SEM, un-
less stated otherwise. The statistical significance level was
set at P < 0.05 based on the Student’s #-test.

RESULTS

Flow-stretching long telomeric DNA for single-molecule flu-
orescence imaging

One technical barrier in studying DNA binding by the
shelterin system using single-molecule fluorescence imaging
techniques is the availability of long native telomeric DNA
(>2 kb) with high purity. In general, purification of telom-
eres from cultured cells or tissues was achieved through
restriction digestion of genomic DNA using a cocktail
of high-frequency cutters and subsequent separation of
telomeric DNA from the digested genomic DNA fragments
(54,61). The separation step is typically performed using gel
filtration, gel electrophoresis or streptavidin-coated mag-
netic bead pulldown of biotinylated DNA (14,54). The ma-
jor drawback of using gel filtration and electrophoresis
methods for the separation step is that the final products in-
clude other long DNA fragments with repetitive sequences.
While the magnetic bead pulldown method was success-
ful in purifying telomeric DNA from HelLa cells (~2-20
kb) (54), the yield of telomeric DNA from cultured cells
or tissues using this method is relatively low (Kaur, unpub-
lished data). This low pulldown efficiency is likely due to
reduced accessibility of the biotin on the complementary
strand and a large shearing force on the longer telomeric
DNA during the incubation of DNA with beads. To over-
come this technical barrier, we optimized a new DNA target
capture technology, the Region-Specific Extraction (RSE,
Generation Biotech) system, for purifying longer telomeric
DNA (Figure 1A). The RSE method has been shown to en-
rich DNA fragments with lengths >20 kb achieving an ac-
curacy of over 99% (55). We hybridized a complementary
capture primer to the 3’ overhang of the DNA, followed
by extension of the primer using PCR reactions contain-
ing biotinylated-dNTP and purification using streptavidin-
coated magnetic beads. PCR extended primers containing
multiple biotinylated nucleotides provide extra stability and
accessibility to streptavidin-coated magnetic beads. First, to
validate the specificity and efficiency of the RSE system,
PCR extension and capture steps of RSE were performed
on A DNA in the absence (mock treatment) or presence of
a primer complementary to the overhang. From 8 pg of A
DNA, we recovered ~20 ng DNA for the mock treatment
and ~650 ng for the A DNA annealed to the complementary
primer. These experiments established that the RSE system
could capture long DNA with lengths comparable to telom-
eric DNA from mouse liver tissues.

Next, we applied the RSE method to purify telomeric
DNA from mouse liver tissues. We first used AFM imag-
ing to validate long DNA fragments in the genomic DNA
preparation (Figure 1B). We then digested genomic DNA
purified from mouse liver tissues using a restriction enzyme
cocktail containing Hinfl, Alul, Hphl and Mnll, which do
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Figure 1. Purification of long telomeric DNA from the mouse liver tissue using the region-specific extraction (RSE) method. (A) Schematics of the RSE
method for purifying mouse telomeric DNA. (B) An AFM image of genomic DNA purified from the mouse liver tissue. XY scale bar = 1 pum. (C) Agarose
gel electrophoresis showing purified mouse genomic DNA and genomic DNA digested with a cocktail of four restriction enzymes. (D) Dot-Blot assay
validating the purity of mouse telomeric DNA obtained from the RSE method. Various amounts of undigested genomic DNA and the telomeric DNA
purified using the RSE method were loaded on to a membrane that was hybridized with either a radiolabeled telomere (left panel) or Alu repeat DNA
probe (right panel). Telomeric DNA preparations using 2x, 5x and 10 x molar excess of the complementary capture primers relative to the estimated

telomeric fragments were tested.

not cut telomeric DNA (Figure 1C) (54). AFM imaging and
agarose gel electrophoresis validated that this restriction
enzyme cocktail digested most of the genomic DNA into
smaller DNA fragments (<0.5 kb, Figure 1C). To use the
RSE method, we hybridized a capture primer to the 3’ over-
hang of the telomeric DNA in the digested genomic DNA
pool, followed by primer extension using PCR reactions
containing biotinylated-dNTPs (Materials and Methods).
For the primer annealing step, we used a primer/telomeric
DNA fragment ratio of ~2:1 (2x), 5:1 (5x) or 10:1 (10x).
Mouse telomeric DNA fragments annealed to these bi-
otinylated primers at the 3’ overhang were later captured
by the streptavidin-coated magnetic beads (Figure 1A). For

mice with a total nuclear genome content of 2.8 x 10° bp
per cell, telomeric DNA (~60 kb) constitutes ~0.17% of the
total genome. From 125 pg of mouse genomic DNA, under
all three purification conditions, the RSE system generated
~0.18 pg of purified telomeric DNA, achieving a yield of
~85%. The higher yield for telomeric DNA is likely due to
longer overhangs at telomeres (hundreds of nt) compared
to A DNA (12 nt).

We performed the Dot-Blot assay to estimate the purity
of telomere DNA obtained using the RSE system (54). We
loaded various amounts of genomic DNA, and 7.5 ng of pu-
rified telomere DNA, followed by hybridization with a radi-
olabeled telomeric or Alu repeat DNA probe as the negative
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control (Figure 1D). Alu repeats are short interspersed nu-
clear elements (SINEs) that comprise ~13% and 18% of the
primate and rodent genomes, respectively (62,63). Based on
signal intensities quantified for the telomeric DNA probe,
using 5 x complementary primers for the RSE protocol led
to the highest yield of the telomeric DNA. Notably, there
were no significant signals detected using the Alu probe
from the telomeric DNA purified using the RSE method.
These results established that the RSE method enabled us
to purify telomeric DNA with high purity. To ensure that
the telomeric DNA was intact through the RSE purification
process, the end-to-end length of the flow-stretched con-
trol A DNA and purified telomeric DNA was measured us-
ing objective-based TIRFM (Figure 2) (42,46,47). YOYOI1-
stained DNAs were anchored onto streptavidin-coated PE-
Gylated glass slides and stretched under a flow rate of 250
pl/min (Figure 2A—C) (64). The DNA molecules stretched
under the buffer flow recoiled back as the flow stopped.
These results established that there were no significant non-
specific interactions between DNA molecules and the flow
chamber surface. Furthermore, the large majority of flow-
stretched telomeric DNA molecules were anchored at one
end only. This result indicated that the capture primer pre-
dominantly targeted the 3’ overhang of the telomeric DNA.
Annealing of the capture primer at the double-stranded
telomeric DNA region was not significant. The end-to-end
length of A DNA at its maximum extension under this flow
rate was measured at 6.7 pm (& 0.6 pm, N = 52, Figure 2D).
Meanwhile, the purified telomeric DNA displayed a wider
length distribution at 7.4 pm (£ 5.2 pm, N = 133, Figure
2D). Based on the end-to-end lengths of flow-stretched A
DNA (48.5 kb) under the same experimental conditions, the
end-to-end lengths of telomeric DNA were consistent with
results from previous terminal restriction fragment (TRF)
analysis of samples from the same mouse strain (C57B/6J)
(65).

Next, to streamline the single-molecule imaging plat-
form, we directly anchored the telomeric DNA from the
digested mouse genomic DNA pool onto the flow cham-
ber surface. Specifically, after digestion of mouse genomic
DNA using the restriction enzyme cocktail and removing
enzymes using phenol extraction, a biotinylated oligo was
annealed to the 3’ overhang of telomeric DNA. The di-
gested genomic DNA sample containing telomeric DNA
fragments with a biotin-labeled primer annealed to the 3’
overhang was then introduced into the flow chamber con-
taining a streptavidin-coated coverslip surface (Materials
and Methods). The lengths of flow-stretched DNA cap-
tured on the surface (8.0 wum =+ 3.7 wm) were consistent
with what was measured for the telomeric DNA purified
using the RSE method (7.4 pm £+ 5.2 pwm, Figure 2D).
In stark contrast, there was no long DNA attached to
the streptavidin-coated coverslip following the same experi-
mental procedure but with biotinylated Alu probe (Supple-
mentary Figure S1A). Thus, this direct surface capture plat-
form enables the anchoring of long telomeric DNA onto a
surface from the digested mouse genomic DNA pool. The
ability to specifically anchor individual long telomeric DNA
molecules on to a surface at DNA ends opens new possibil-
ities for investigating shelterin protein assembly on physio-
logically relevant long telomeric DNA substrates.

Nucleic Acids Research, 2021, Vol. 49, No. 22 13005

TRF2 recruits TIN2 to telomeric DNA and forms stable
protein—-DNA complexes on DNA

Next, to study the interaction between TRF2 and TIN2,
we utilized the oblique angle TIRFM imaging to moni-
tor QD-labeled proteins on DNA tightropes anchored be-
tween micron-sized silica beads (23,58-60,66). In this imag-
ing platform, DNA molecules are stretched using hydrody-
namic flow inside a flow cell. Anchoring of stretched DNA
between two poly-L-lysine coated microspheres forms
DNA tightropes. Uniquely, DNA tightropes created us-
ing tandemly ligated DNA allow us to directly correlate
DNA binding events with the underlying specific DNA se-
quences or structures along DNA tightropes (23,42,46).
Specifically, to study telomere binding proteins, we ligated
linear T270 DNA fragments containing 270 TTAGGG re-
peats (LT270 DNA) to form DNA tightropes with telomeric
regions at defined spacing (Figure 3A). The lengths of the
LT270 DNA tightropes are typically in the range of ~2.1—
22 wm, corresponding to ligation of ~2-12 of T270 frag-
ments (5.4 kb) (23). Three TIN2 isoforms have been iden-
tified in human cell lines (67-69), including TIN2S (354
AAs), TIN2L (451 AAs) and TIN2M (420 AAs). TIN2S,
TIN2L and TIN2M share the same TRF1, TRF2 and TPP1
binding domains and localize to telomeres (67,69,70). We
purified the full-length His-tagged TRF2 using the insect
cell/baculovirus protein expression system and obtained
HA-tagged TIN2 (TIN2S and TIN2L, Supplementary Fig-
ure S2A) (23,50,71). The DNA binding activity of puri-
fied TRF2 and formation of TRF2-TIN2S and TRF2-
TIN2L complexes on DNA were validated by electrophore-
sis mobility shift assays (EMSAs) (Supplementary Figure
S2B) (72). To monitor the recruitment of TRF2 at the
telomeric sequences, we previously conjugated His-tagged
TREF2 to the strep-QDs through the biotinylated multiva-
lent chelator tris-nitrilotriacetic acid (BTTris-NTA) linker
(TRF2-QDs) (23). QD-labeling of TRF2 does not signif-
icantly affect its telomeric DNA binding specificity (23). In
addition, no strep-QDs were observed on DNA tightropes
in the presence of BSA (1 mg/ml) and strep-QDs (10
nM), indicating that QD labeling is specific to His-tagged
proteins (Supplementary Figure S2C). We observed that
TRF2 bound specifically to the telomeric DNA on LT270
DNA tightropes and could transit between slow diffusion
over telomeric and fast diffusion over nontelomeric regions
(23). To monitor the recruitment of TIN2 onto DNA by
TRF2 in this study, we conjugated HA-tagged TIN2 to
primary HA antibody-coated QDs (HA-Ab-QDs) using
the antibody sandwich method (TIN2S-QDs and TIN2L-
QDs, Figure 3B). Without TRF2, there was no signifi-
cant binding of TIN2S-QDs or TIN2L-QDs on LT270
DNA tightropes (Figure 3C). To monitor the recruitment
of TIN2 on to DNA tightropes by TRF2, after establish-
ing LT270 DNA tightropes in the flow cell, we introduced
unlabeled TRF2 (25 nM dimer) together with TIN2-QDs
(TIN2S or TIN2L, 10 nM) using a syringe pump. After the
buffer flow was stopped, videos of TIN2-QDs on unstained
LT270 DNA tightropes were recorded at 20 frames/s (Fig-
ure 3D). For both TRF2-TIN2S-QDs and TRF2-TIN2L-
QDs, approximately 86% of TIN2-QD complexes remained
on DNA tightropes after 10 or 30 s (N = 567). Further-
more, ~86% of TIN2-QDs were static, indicating stable
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TRF2-TIN2 binding to DNA. The histograms of the pair-
wise distance between adjacent TIN2S-QDs and TIN2L—
QDs displayed distinct peaks centered at 1.5 (£ 0.6) pm and
1.4 (+0.5) pm (Figure 3E), respectively. The average center-
to-center spacing between (TTAGGG),7o regions on LT270
DNA tightropes is ~1.5 wm, assuming DNA is stretched to
~90% of its contour length under hydrodynamic flow dur-
ing attachment to microspheres (58). Thus, the distance be-
tween adjacent TIN2-QDs (nearest neighbors) was consis-
tent with the expected spacing between telomeric regions
on the LT270 tightropes (Figure 3A). Furthermore, we ex-
pect approximately 6 (TTAGGG),7y regions per 10 wm of
LT270 DNA tightropes. We measured the densities of QDs
on LT270 DNA tightropes with single or multiple com-
plexes (static or mobile). The QD densities were 3.8 (N = 23
tightropes) and 3.4 (N = 74 tightropes) complexes per 10
pm of DNA, respectively, for TIN2S— and TIN2L-QDs.
These results indicated that close to half of the individual
(TTAGGG);y7 regions contained TRF2-TIN2. Further-
more, TRF2-QD and TIN2-QD co-localized on LT270
DNA tightropes (Figure 3F). In summary, these results
demonstrate that TRF2 loads TIN2 (TIN2S and TIN2L)
specifically at telomeric regions and forms stable complexes
on telomeric DNA.

TIN2 facilitates DNA compaction and DNA-DNA bridging
by TRF2

Previous single-molecule studies of TRF2 and shelterin
proteins using DNA substrates ranging from 32 to 270

TTAGGG repeats demonstrated that TRF2 alone can com-
pact telomeric DNA (8,13,23,43). After confirming that
TRF2 loads TIN2 specifically at telomere regions, we went
further to investigate how TIN2 affects DNA binding by
TREF2 at the single-molecule level. We anchored individ-
ual YOYOl-stained and biotinylated control A or telom-
eric DNA molecules on to the flow chamber surface us-
ing the biotin-streptavidin linkage (Figure 4A). The telom-
eric DNA was purified using the RSE method or from
the digested mouse genomic DNA pool. Before and af-
ter introducing TRF2 without or with TIN2, we recorded
videos and positions of stretched DNA under back-and-
forth buffer flow (Figure 4). Videos of DNA before adding
proteins were used to establish their original extended DNA
end-to-end lengths. After introducing TRF2 alone (200 nM,
unlabeled) into the flow chamber, we recorded videos of the
same sets of DNA molecules under the same buffer flow
conditions (Figure 4B). The extended end-to-end lengths
of N DNA under buffer flow after incubation with TRF2
were only slightly reduced by 2.3% (£ 3.8%) from their
original lengths (Figure 4E). The change was not statis-
tically significant. In stark contrast, a direct comparison
of extended telomeric DNA end-to-end lengths before and
after introducing TRF2 (200 nM) into the flow cham-
ber showed that TRF2 significantly reduced the telomere
DNA lengths by 22.1% (£25.3%, Figure 4B and E). No-
tably, upon incubation with TRF2, QD-labeled TRF2 co-
localized with beadlike structures showing higher YOYO1
intensities on DNA tightropes that represented folded or
compacted DNA (N = 35 events, Figure 4B). These struc-
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Figure 3. TRF2 loads TIN2 specifically at telomeric regions on LT270 DNA tightropes. (A) Schematics of the ligated T270 DNA (LT270) substrate for
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kymographs (bottom panels) of red (655 nm) HA-Ab-QD-labeled TIN2S (TIN2S-QD, left panel) and TIN2L (TIN2L-QD, right panel). (E) Histograms
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(N =288, R? > 0.98). (F) Co-localization of TRF2-QD and TIN2-QD on L270 DNA tightropes; N = 42 observations.

tures are consistent with previous reports of multiprotein
TRF2-DNA complexes (43,73). The beadlike DNA struc-
ture upon TRF2 binding demonstrated that the long telom-
eric DNA compaction was heterogeneous and possibly
was mediated through the cooperative binding of multiple
TRF2 molecules. In addition, comparison experiments us-
ing telomeric DNA purified through the RSE method and
from direct anchoring of the telomeric DNA from the di-
gested genomic DNA pool showed the same trend of DNA
end-to-end length reduction upon the addition of TRF2
(Supplementary Figure S1B).

Since anchoring of telomeric DNA after the RSE pu-
rification or from the digested genomic DNA pool pro-
vided similar results, we carried out additional experiments
with TRF2-TIN2 using the latter method. Next, to inves-

tigate whether TIN2 facilitates TRF2-mediated telomeric
DNA compaction (cis-interactions), after anchoring telom-
eric DNA from the digested genomic DNA pool, we in-
troduced both TRF2 (100 nM dimer) and TIN2 (100 nM,
TIN2S or TIN2L) into the flow cell (Figure 4C and D).
Strikingly, from their original lengths without proteins, the
telomeric DNA end-to-end lengths were reduced by 56.3%
(£ 27.8%) and 65.0% (£ 21.8%), respectively, for TRF2-
TIN2S and TRF2-TIN2L. These levels of DNA com-
paction by TRF2-TIN2 on telomeric DNA were 2 to 3-fold
higher than what was observed for TRF2 alone (22.1% +
25.3%, Figure 4E). Clearly, the addition of TIN2 shifted the
protein-DNA complexes to the higher DNA compaction
mode (Supplementary Figure S3A). In comparison, the ex-
tended DNA end-to-end lengths of N DNA under buffer
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flow after incubation with both TRF2 (200 nM) and TIN2
(100 nM, TIN2S or TIN2L) were only slightly reduced
by 1.2% (£ 1.6%) and 7.8% (& 8.6%), respectively, from
their original lengths (Supplementary Figure S3B). Fur-
thermore, the extent of DNA compaction for individual
DNA molecules was constant during the duration of the
back-and-forth flow-stretching (for 30 s to 1 min, Figure
4B and C), indicating that TRF2-TIN2 mediated DNA
compaction was stable. It is worth noting that after adding
either TRF2 alone or TRF2-TIN2 in the flow chamber,
the directions of the flow-stretched \-DNA and telomeric
DNA molecules changed with buffer flow direction switch-
ing. This observation indicated that DNA molecules did not
nonspecifically interact with the flow chamber surface upon
the addition of proteins (Figure 4B and C). In addition,
QD-labeled TIN2S localized to compacted DNA regions
with beadlike structures (N = 50 events, Figure 4D). Since
TIN2 does not directly bind to DNA, these results sug-
gested that TRF2-TIN2 together compact telomeric DNA.

To further establish the structure of TRF2-TIN2 medi-
ated DNA-DNA compaction, we applied AFM imaging of
telomeric DNA in the presence of TRF2-TIN2. We used
the linear DNA substrate containing 270 TTAGGG repeats
(pT270 DNA) that was gel-purified to remove the non-
telomeric regions after double-digestion of the T270 plas-
mid. To investigate the function of TIN2, we carried out
AFM imaging of samples after incubation of the linear
pT270 DNA (10.5 nM) with TRF2 (80 nM dimer) and in-
creasing concentrations of TIN2 (either TIN2S or TIN2L,
0, 80, 120 and 200 nM, Figure 5). We identified protein
complexes using AFM heights of molecules on DNA. Since
dsDNA alone displayed an AFM height <0.5 nm (47),
structures with AFM heights >0.8 nm were categorized as
protein complexes on DNA (Figure 5A and B). Consis-
tent with previous observations (13,43), TRF2 alone signif-
icantly (P < 0.05) compacted the pT270 DNA from its orig-
inal length of 605 nm (% 2 nm) to 550 nm (% 10 nm, Fig-
ure 5C). With a fixed TRF2 concentration (80 nM dimer)
and increasing TIN2 concentrations (80, 120 and 200 nM),
the pT270 DNA lengths were significantly (P < 0.05) short-
ened compared to TRF2 alone (Figure 5B and C). In ad-
dition, TIN2 alone (200 nM) did not significantly bind
to pT270 DNA and induce telomeric DNA compaction.
Collectively, consistent with previous studies using shorter
telomeric DNA (13,43), imaging of flow-stretched DNA
demonstrated that TRF2 compacts physiologically rele-
vant long telomeric DNA (cis-interactions). Significantly,
both TIN2S and TIN2L facilitate TRF2-mediated telom-
eric DNA compaction.

TIN2 facilitates TRF2-mediated double-stranded telomeric
DNA-DNA bridging

In addition to DNA compaction (cis-interactions) (Figure
5), AFM imaging also revealed that compared to TRF2
alone, TRF2 and TIN2 together significantly increased the
percentage of molecules that contained multiple strands of
pT270 DNA bridged by protein complexes (Supplemen-
tary Figure S4). To further establish whether or not TIN2
facilitates TRF2-mediated trans-interactions (DNA-DNA
bridging) in solution, we anchored LT270 DNA tightropes
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between micron-sized silica beads and introduced free bi-
otinylated pT270 (270 TTAGG repeats, pT270) or the con-
trol nontelomeric dsDNA fragments (noTel, Materials and
Methods, Figure 6A) into the flow cell. To visualize the
pT270 DNA and noTel bridged on to DNA tightropes by
proteins, we labeled ends of these two DNA substrates with
red (655 nm) strep-QDs (PpT270 and PnoTel, Materi-
als and Methods). AFM imaging revealed that 60.7% (+
3.1%) of the pT270 and 67.7% (% 6.7%) of the noTel DNA
fragments were labeled with strep-QDs (50). Previously, we
also established that the QpT270 DNA fragments do not
nonspecifically pair with LT270 DNA tightropes without
proteins (50). Thus, QD signals on DNA tightropes en-
able us to directly observe protein-mediated bridging of the
linear PpT270 dsDNA fragments from solution to DNA
tightropes.

To evaluate whether or not TIN2 facilitates DNA-DNA
bridging by TRF2, we first introduced unlabeled TRF2 (25
nM dimer) without or with TIN2 (TIN2S or TIN2L, 10
nM) into the flow cell and incubated for 5 min to allow
proteins binding to LT270 DNA tightropes. Then, we in-
troduced LpT270 DNA fragments (50 nM) along with
TRF2 (25 nM dimer), either without or with TIN2 (TIN2S
or TIN2L, 10 nM). Under all experimental conditions, we
observed PpT270 bound to LT270 DNA tightropes that
were long-lasting. All @PpT270 DNA molecules stayed on
DNA tightropes until the end of the 10-120 s observa-
tional windows (Figure 6B). The average spacing between
QPpT270 signals mediated by TRF2 alone (1.43 + 0.02
pm), TRF2-TIN2S (1.45 4+ 0.04 pm) and TRF2-TIN2L
(1.64 £+ 0.02 wm) on the DNA tightropes was consistent
with the distance between adjacent telomeric regions (Fig-
ure 6C). Under the same experimental conditions, when
both TRF2 and TIN2 (TIN2S or TIN2L) were present,
the QD intensities from the QPpT270 fragments bridged
to individual telomeric regions on LT270 tightropes were
significantly stronger than when TRF2 alone was present
(Figure 6D). Even though only one QD was conjugated
to each pT270 DNA (50), the heterogeneity in the inten-
sity from individual QDs prevented us from precisely deter-
mining the number of QDs in each cluster. However, these
results strongly suggested that compared to TRF2 alone,
when both TRF2 and TIN2 were present, higher numbers
of linear @PpT270 DNA fragments were bridged to indi-
vidual telomere regions on LT270 tightropes. In compar-
ison, there were no significant @°pT270 DNA or ®PnoTel
DNA signals on nontelomeric DNA tightropes either in the
presence of TRF2 alone, TRF2-TIN2S or TRF2-TIN2L.
In summary, results from AFM imaging and the DNA
tightrope assay show that both TIN2S and TIN2L facilitate
TRF2-mediated telomeric dSSDNA-dsDNA bridging (trans-
interactions).

TRF2 facilitates the bridging of telomeric single-stranded
DNA and RNA to double-stranded DNA

Results from both in vitro and cell-based experiments sup-
port the notion that TRF2 is the crucial player in T-
loop formation, in which the 3’ overhang invades the
double-stranded telomeric DNA region (13,15,16). Fur-
thermore, TRF2 directly binds to TERRA (39). To in-
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Figure 5. Facilitation of TRF2-mediated telomeric DNA compaction by TIN2 revealed by AFM imaging. (A and B) Representative AFM images of
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vestigate whether or not TIN2 contributes to the re-
cruitment of single-stranded telomeric DNA or RNA
to the double-stranded telomeric DNA regions, we ap-
plied the DNA tightrope assay with QD-labeled single-
stranded DNA (TTAGGG-12) or RNA (UUAGGG-12)
containing 12 telomeric repeats in the flow chamber (Fig-
ure 7A and B). To visualize the ssDNA and ssRNA re-
cruited to the DNA tightrope, biotinylated TTAGGG-12
and UUAGGG-12 were conjugated to strep-QDs. With-
out proteins, there was no significant ®°TTAGGG-12
or QPUUAGGG-12 signals observed on LT270 DNA
tightropes. In stark contrast, with the introduction of
TRF2 (25 nM dimer) and single-stranded DNA or RNA
(PTTAGGG-12 or PUUAGGG-12, 50 nM) in the flow
cells, QD signals decorated LT270 tightropes (Figure 7A
and B). These results indicated that TRF2 recruited single-
stranded TTAGGG-12 and UUAGGG-12 to LT270 DNA
tightropes. The histograms of the pairwise distance be-
tween adjacent QD-labeled single-stranded telomeric DNA
or RNA were consistent with the spacing between adja-
cent T270 regions (Figure 7C). Thus, consistent with previ-
ous observations (13,15,16,39), these results demonstrated
that TRF2 recruits telomeric single-stranded DNA and
RNA to the double-stranded telomeric regions. Next, we
introduced TRF2 (25 nM dimer), TIN2 (10 nM, TIN2S
or TIN2L) and ssDNA or ssRNA (®°TTAGGG-12 and
QPUUAGGG-12, 50 nM) into the flow chamber with
LT270 DNA tightropes. The spacing between adjacent
QD-labeled TTAGGG-12 and UUAGGG-12 observed on

LT270 tightropes was again consistent with the distance be-
tween telomeric regions on LT270 DNA (Figure 7C). In
the presence of TRF2-TIN2 (TIN2S or TIN2L), the in-
tensities of the ®°TTAGGG-12 and ®®UUAGGG-12 sig-
nals at individual telomeric regions on the LT270 DNA
tightropes were significantly greater than what was ob-
served for TRF2 alone (Figure 7D). These results in-
dicate that compared to TRF2 alone, TRF2 -TIN2 to-
gether bridged higher numbers of TTAGGG-12 ssDNA
or UUAGGG-12 ssRNA molecules to individual telom-
eric regions on LT270 tightropes. In contrast, there were
no significant °TTAGGG or LPUUAGGG signals on
nontelomeric DNA tightropes either in the presence of
TRF2 alone, TRF2-TIN2S or TRF2-TIN2L. Thus, results
from the DNA tightrope assay establish that both TIN2S
and TIN2L facilitate TRF2-mediated bridging of telomeric
single-stranded DNA and RNA to double-stranded DNA.

TIN2 facilitates TRF2-mediated T-loop formation in vitro

While the DNA tightrope assay clearly showed that TIN2
enhances TRF2-mediated bridging of double-stranded
telomeric DNA and single-stranded DNA to LT270
tightropes, it did not address whether or not TIN2 facili-
tates the T-loop formation. To directly evaluate the impact
of TIN2 on T-loop formation in vitro, we generated a model
T-loop substrate based on the established protocols and val-
idated the presence of the 3’ overhang using AFM imaging
(14). First, the ends of the linecar T270 DNA (5.4 kb) con-
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LT270 DNA tightropes by TRF2 alone, TRF2-TIN2S and TRF2-TIN2L. (C) Histograms and fitting using Gaussian function of the spacing between
QP T270 DNA fragments bridged on to the LT270 tightropes by TRF2 alone (N = 215, 1.43 um = 0.02 wm, R*> = 0.93), TRF2-TIN2S (N = 229, 1.45
wm = 0.04 pm, R? = 0.96) and TRF2-TIN2L (N = 212, 1.64 um = 0.02 wm, R? = 0.98) (Gaussian peak + STD). (D) Intensities (arbitrary units: a.u.) of
QP T270 on LT270 DNA tightropes mediated by TRF2 (N = 183), TRF2-TIN2S (N = 148) and TRF2-TIN2L (N = 180) with their standard deviations

from two independent data sets. P < 0.05 *, P < 10736 #**

taining 270 TTAGGG (1.6 kb) repeats at one end were re-
sected using T7 exonuclease. AFM imaging of the T7 ex-
onuclease treated T270 substrate after incubation with mi-
tochondrial SSB (mtSSB) revealed that approximately 88%
(N = 100) DNA molecules were bound by mtSSB, and
among which 86% DNA molecules with mtSSB bound only
at one or both ends without internal DNA binding (Sup-
plementary Figure S5A). This establishes that the majority
of T7 exonuclease treated linear T270 DNA contained ss-
DNA overhangs. Furthermore, after T7 exonuclease treat-
ment, the double-stranded DNA contour length decreased
from 1744 (£ 80) nm to 1652 (£ 110) nm (Supplementary
Figure S5B), indicating that the average overhang was ~150
nt at each DNA end. Next, to differentiate the telomeric
and nontelomeric DNA ends, we annealed a biotinylated
primer to the 3’ overhang of the nontelomeric end and la-

beled it with strep-QDs (Figure 8A). The majority (72%)
of the QDs observed on the T7 exonuclease treated T270
DNA fragment were located at DNA ends, demonstrating
the specificity of this DNA end labeling strategy. To bench-
mark the T-loop formation efficiency by TRF2, we incu-
bated increasing concentrations of TRF2 with the model
T-loop substrate. T-loops, positioned at the opposite side
of the nontelomeric end marked by the QD, were observed
as lasso-like structures with TRF2 bound at the base of the
loop (Figure 8B). The T-loop formation efficiency is TRF2
concentration-dependent, with the highest efficiency of T-
loop formation observed at 25 nM TRF2 dimer concentra-
tion (Figure 8C).

To evaluate the effect of TRF1 on TRF2 mediated T-loop
formation, we incubated the linear T270 DNA containing
a 3’ overhang with TRF2 (25 nM dimer) and TRF1 (25 nM
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Figure 7. TIN2 enhances TRF2-mediated bridging of telomeric ssDNA and ssRNA to LT270 dsDNA tightropes. LT270 DNA tightropes were incubated
with TRF2 (25 nM dimer) without or with TIN2 (10 nM) before introducing QD-labeled single-stranded TTAGGG-12 (L TTAGGG-12), or UUAGGG-
12 (APUUAGGG-12, 50 nM) along with TRF2 (25 nM dimer) either without or with TIN2 (10 nM). (A and B) Representative fluorescence images (top
panels) and kymographs (bottom panels) of the @ TTAGGG-12 DNA (A) and QUUAGGGG-12 RNA (B) bridged onto LT270 DNA tightropes by
TRF2 alone, TRF2-TIN2S and TRF2-TIN2L. (C) Histograms and fitting using Gaussian function (R2 > 0.94) of the spacing between QCTTAGGG-
12 and QRRUUAGGG-12 on LT270 tightropes, mediated by TRF2, TRF2-TIN2S and TRF2-TIN2L proteins. ®® TTAGGG-12: TRF2 alone (N = 172,
1.72 4 0.01 wm), TRF2-TIN2S (N = 202, 1.54 & 0.01 wm), TREF2-TIN2L (N = 175, 1.38 + 0.01 um). QCUUAGGG-12: TRF2 alone (N = 223,
1.55 £0.01 pm), TRF2-TIN2S (N = 322, 1.35 £ 0.01 pm), TRF2-TIN2L (N = 227, 1.58 £ 0.03 pm). (D) Comparing intensities (arbitrary unit: a.u.)
of PTTAGGG-12 and QPUUAGGG-12 bridged onto LT270 DNA tightropes mediated by TRF2 (NttagGa = 153, Nuuaggs = 162), TRF2-TIN2S
(Nt1acGG = 108, Nyuacgga = 137) and TRF2-TIN2L (NttacGa = 225, Nyuagga = 76) with their standard deviations from two independent data sets;

P < 10712210724 %%,

dimer) in a time-dependent sequential manner. On addition
of TRF1 with a time delay of 30 s to the reaction mixture
of TRF2 and DNA with 3’ overhangs, the percentage of T-
loop formation remained almost the same as when TRF2
alone was present (Supplementary Figure S6). In contrast,
when adding TRF1 30 s before or together with TRF2 to the
DNA reaction mixture, the percentage of T-loop formation
was significantly (P < 0.05) reduced. This result suggests
that TRF1 and TRF2 compete during binding to telomeric
DNA and TRF1 impairs the ability of TRF2 toward T-loop
formation.

To evaluate if TIN2 facilitates TRF2 T-loop formation,
we incubated the linear T270 DNA with a 3’ overhang gen-
erated through T7 exonuclease treatment with TRF2 (25

nM dimer) and increasing concentrations of TIN2L (3, 5
and 7.5 nM). Concentrations of TIN2L >7.5 nM led to
large protein—-DNA complexes covering the whole telom-
eric regions on the T270 DNA and prohibited the analysis
of T-loop structures. With both TRF2 and TIN2L present,
the percentages of the linear T270 DNA with T-loops sig-
nificantly increased from 8.3% (£ 0.3%) for TRF2 alone
to 8.7% (£ 0.8%) at 3 nM TIN2L, 15.0% (£ 1.1%) at 5
nM TIN2L, to 22.5% (£ 0.3%) at 7.5 nM TIN2L (Figure
8E). Furthermore, the T-loops formed in the presence of
TRF2 or TRF2-TIN2L at all three TIN2 concentrations
displayed contour lengths consistent with the length of the
telomeric region (1.6 kb) on the T270 DNA (Supplemen-
tary Figure S7). In stark contrast, on the control linear T270
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DNA without a 3’ overhang, TRF2 (25 nM dimer) as well
as TRF2 (25 nM dimer) combined with TIN2L (7.5 nM)
did not induce significant populations of molecules with
loops (1.3% =+ 0.5% and 2.9% =+ 0.8%, respectively, Figure
8E). These results demonstrated that TRF2-TIN2L medi-
ated telomeric DNA loop structure was 3’ overhang spe-
cific. The AFM volumes of protein complexes at the base
of the loop (>10 000 nm?, Supplementary Figure S7) when
both TRF2 and TIN2 were present were significantly larger
compared to the volumes of TRF2 dimer (~99.6 nm?) and
TIN2 alone (TIN2S: ~41.3 nm?; TIN2L: ~41.9 nm?) in so-
lution (50). While the exact numbers of TRF2 and TIN2
molecules in the complexes were technically challenging to
determine based on AFM imaging, these results support a
model in which TIN2 forms multiprotein complexes with
TRF2 and facilitates TRF2-mediated T-loop formation in
a 3’ overhang dependent manner.

DISCUSSION

It has been established that at telomeres, the large majority
(~90%) of the TRF1 and TRF2 proteins exist in complexes
with TIN2 but lacking POT1 and TPP1 (41). Consequently,
understanding how TIN2 regulates TRF2-DNA binding is
a critical step in advancing our understanding of TIN2 in
telomere maintenance. In this study, complementary results
from AFM imaging and the DNA tightrope assay shed new
light on TIN2’s role in regulating TRF2 function to pro-
mote higher-order nucleic acid structures at telomeres (Fig-
ure 9).

Mechanism of stabilization of TRF2 at telomeres by TIN2

TIN2 binds TRF1 and TRF2 through different domains
(25) and stabilizes both TRF1 and TRF2 at telomeres
(25,29). The depletion of TIN2 using siRNA or conditional
knockout in MEFs leads to decreased localization of TRF1
and TRF?2 at telomeres. Single-molecule imaging from this
study sheds new light on the molecular mechanism underly-
ing stabilization of TRF2 by TIN2 at telomeres. Consistent
with results from cell-based assays, we observed that TRF2
loads both TIN2S and TIN2L specifically at telomeric re-
gions and forms long-lasting protein complexes on LT270
DNA tightropes. AFM imaging revealed that in the pres-
ence of TIN2, large protein complexes consisting of multi-
ple copies of TRF2 and TIN2 form on telomeric DNA and
induce DNA compaction (top left panel of Figure 9). These
results suggest that protein—protein and protein—-DNA in-
teraction networks mediated by TIN2 stabilize TRF2 at
telomeres.

TIN2 facilitates TRF2-mediated dsDNA-dsDNA bridging
and T-loop formation

Applying super-resolution fluorescence imaging of the na-
tive chromatin in MEFs nuclei, Dokasani et al. established
that TRF2 is required for the formation and/or mainte-
nance of the T-loop structure, while the deletion of TPP1,
POT1 and RAPI does not affect the frequency of T-loop
formation (15). Furthermore, super-resolution fluorescence

imaging of telomere structures with an active and ongo-
ing ATM-dependent DDR further revealed that ATM-
dependent DDR at telomeres correlates with the telomere
structural change from the looped to the linear configura-
tions (17). A ‘three-state’ model that includes the closed-
state, intermediate-state and uncapped-state has been pro-
posed to explain telomere-mediated chromosome end pro-
tection (74). TRF2 overexpression in TIN2 knock out cells
leads to a significant decrease in the chromosome-type
telomere fusion but only a slight reduction in the phos-
phorylation of Chk2 (29). These results suggest that TRF2
alone without TIN?2 elicits a cell phenotype that is consis-
tent with intermediate-state telomeres that are linearized
DDR + chromosome ends (29). It was proposed that TIN2
might contribute to the formation of the closed-state telom-
eres (74). However, how TIN2 functions together with
TREF2 to promote the closed-state telomeres is largely un-
known. Single-molecule imaging in this study revealed pre-
viously unknown activities of TIN2 in facilitating TRF2-
mediated bridging of telomeric ssDNA (a surrogate for 3’
overhangs) and dsDNA to telomeric dsDNA (bottom panel
of Figure 9). Consistent with these activities, AFM imaging
revealed that, in a concentration-dependent manner, TIN2
increases the frequency of TRF2-mediated T-loop forma-
tion (top right panel of Figure 9). In the presence of TRF2
and TIN2, large multiprotein complexes with AFM vol-
umes >15 000 nm? formed at the base of T-loop struc-
tures. Collectively, results from our single-molecule imag-
ing strongly suggest that multiprotein TRF2-TIN2 com-
plexes promote T-loop formation with higher efficiency
than TRF2 alone.

TIN2 facilitates TRF2-mediated association of TERRA to
telomeric dsDNA

TERRA plays key roles in telomere maintenance by reg-
ulating telomerase activity, homologous recombination
(HR) and heterochromatin structure (75). Tightly regulated
telomeric R-loop formation promotes HR without severely
impacting DNA replication at telomeres. Despite the im-
portance of TERRA in regulating telomere functions, how
TERRA specifically associates with chromosome ends is
not well understood. TRFI and TRF2 bind to TERRA
in vitro (39). Results from enzyme-linked immunosorbent
assay (ELISA) showed that TERRA binding affinity by
TRF2 is similar to its affinity for single-stranded telomeric
G-rich DNA. Human TERRA forms G-quadruplex struc-
tures both in vivo and in vitro (76-78), and TRF2 binds
to TERRA through G-quadruplex dependent interactions
(79). TRF2 mutant lacking the B domain (TRF2AB) de-
creases the TERRA localization at telomeres. In our ex-
perimental setup, TERRA (UUAGGG-12) in solution was
bridged onto the telomeric regions by TRF2. TIN2 fur-
ther increases the efficiency of ssSRNA-dsDNA bridging,
manifested by higher intensities from more UUAGGG-12
molecules bridged to each telomeric region on LT270 DNA
tightropes. Results from our single-molecule studies pro-
vide direct experimental evidence for TERRA acting in
trans (Figure 9) and supporting the notion that TERRA
expressed from one chromosome participates in telomere
function at multiple chromosome ends (80). TERRA has
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been proposed to serve as a scaffold for telomere-binding
proteins to regulate telomere histone modifications and the
telomere length (39). TERRA acts as a scaffold to recruit
other RNA binding proteins, such as translocated in li-
posarcoma (TLS), also known as fused in sarcoma (FUS)
protein to telomeres (81). Furthermore, TERRA expres-
sion and recruitment to telomeres are regulated by multiple
factors that include DNA methylation at CpG island pro-
moters, cell cycle, DDR at telomeres, telomere lengths and
DNA repair factors such as RADS1 (75,82,83). Based on
these previous observations, our results are consistent with
a model in which TERRA recruited by TRF2-TIN2 links
other biological signals from cells to telomeres by serving as
a scaffold to introduce additional proteins and functions at
telomeres (84).

The N-terminal TRFH domain of TIN2 (residues 2-20)
binds to a short motif (residues 350-366) on the intrinsically
disordered regions (IDRs) between the TRFH and Myb do-
mains on TRF2 (85). We speculate that binding of TIN2 to
TRF2 could regulate the dynamics TRF2 dimers and stabil-
ity of TRF2-mediated DNA-DNA and DNA-RNA bridg-
ing. Consistent with this model, our recent single-molecule
study showed that TIN2 increases the lifetimes of TRF1-
mediated DNA-DNA bridging (50). Furthermore, TIN2L,
but not TIN2S, is phosphorylated at its C-terminal domain

by the casein kinase 2 (CK2) and the C-terminal domain
of TIN2L stabilizes TRF2-TIN2 in vivo (86). Consistent
with these results, single-molecule experiments in this study
show that TIN2L is more efficient than TIN2S in promoting
TRF2-mediated DNA-DNA and DNA-RNA bridging.

Importantly, the novel RSE-based telomeric DNA purifi-
cation method enables us to investigate the structure and dy-
namics of shelterin proteins on native telomeric DNA pu-
rified from mouse tissues. Recently, long-read genome se-
quencing technologies generated for the first-time telomere-
to-telomere assembly and uncovered the sequence hetero-
geneity in the human telomeric regions (87). Only a small
number of degenerative telomeric (variant) sequences were
found in between TTAGGG repeats. Even though the full
sequences of telomeres from the mouse genome are not
available for comparison, we do not expect the possible dif-
ference between small numbers of mouse and human telom-
eric variant sequences to affect the interpretation of results
from our single-molecule studies.

In summary, this study based on single-molecule imag-
ing using purified proteins and defined DNA substrates re-
vealed a unique role of TIN2 in promoting TRF2-mediated
higher-order DNA structures, including DNA compaction,
T-loop formation and bridging of TERRA to telomeric ds-
DNA. Previous cell-based assays clearly demonstrated the
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existence of shelterin subcomplexes at telomeres, such as
TRF1 or TRF2 complexes with TIN2 but without TPP1
and POT1 (41). This study on TRF2-TIN2 and the previ-
ous one on the full shelterin complex support a model in
which shelterin assembly are heterogeneous, with shelterin
subcomplexes and full complexes displaying distinct bio-
physical properties and contributing toward different func-
tions at telomeres (8).
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Supplementary Figure S1. Control experiments using the Alu probe for digested
genomic DNA and compaction of DNA by TRF2 using RSE-purified telomeric DNA or
DNA from the digested genomic pool. (A) Images of the flow chamber surface showing no
DNA attached using the Alu probe and digested mouse genomic DNA. XY scale bar =5 um.
(B) Box plot (range 25-75 percentile) of the percentage of compaction of the flow-stretched
telomeric DNA. RSE-purified telomeric DNA: N=56, 22.8% * 23.4%; telomeric DNA from
digested genomic DNA pool: N=25, 29.1% * 29.9%. MeanD , max and min E , 99% and
1% m are represented by these symbols in the box plot.
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Supplementary Figure S2. SDS-PAGE of TRF2, TIN2S, and TIN2L, EMSA of TRF2 and TRF2-
TIN2 with telomeric DNA, and control experiments using BSA only for the DNA tightrope
assay. (A) SDS-PAGE of purified His-tagged TRF2, TIN2S, and TIN2L. M: Protein Molecular
Weight Marker. (B) EMSA of TIN2L alone (100 nM, left panel), with TRF2 (100 nM), TRF2-TIN2S
or TRF2-TIN2L (100 nM each, right panel). DNA: Alexa 488-labeled dsDNA containing 3 TTAGGG
repeats (15 nM). Each panel is compiled from the same gel. (C) Control experiments showing no
QD binding to LT270 DNA tightropes with only BSA present in the flow cell. Final concentrations:
BSA: 1 mg/ml. Strep-QD 655 nm: 10 nM. White arrows: YOYO1-stained LT270 DNA tightropes
without QD binding.
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Supplementary Figure S3. Percentages of compaction of the flow-stretched (A)
telomeric DNA and (B) A DNA in the presence of TRF2, TRF2-TIN2S and TRF2-TIN2L. (A)
Histograms comparing the percent decrease in the DNA end-to end length on incubation of the
telomeric DNA with proteins. Left panel: TRF2 and TRF2+TIN2S; Right panel: TRF2 and
TRF2+TIN2L. Panel A is plotted using the same data set as shown in Figure 4E. (B) A DNA-
TRF2-TIN2S: N=35, % decrease = 1.2% + 1.6%; A DNA-TRF2-TIN2L: N=50, % decrease =
7.8% + 8.6%. MeanD, max and min E , 99% and 1%E are represented by these symbols
in the box plot.
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Supplementary Figure S4. TRF2-TIN2 facilitate bridging of double-stranded telomeric
DNA fragments. (A) AFM images of multiple pT270 DNA fragments (1.6 kb) bridged by
TRF2 alone, TRF2 +TIN2S, and TRF2 + TIN2L forming multi-DNA complexes. TRF2: 80 nM
dimer; TIN2: 80 nM. XY scale bar = 100 nm. (B) The percentage of single-DNA protein
complexes (top panel) and multi-DNA complexes (bottom panel) bound by proteins among
the total pT270 DNA fragments observed in AFM images. Each multi-DNA complex was
counted as one complex while calculating the percentages. Multi-DNA complexes: TRF2:
6.8%, N=158 total DNA fragments; TRF2 + TIN2S:10.3%, N=437 total DNA fragments, and
TRF2 + TIN2L:16.3%, N=178 total DNA fragments.
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Supplementary Figure S5: Characterization of the 3’ overhang on the linear T270 DNA
generated by T7 exonuclease treatment. The linear T270 DNA (5.4 kb) was digested with T7
exonuclease for 8 min on ice to generate the 3’ overhang. (A) AFM images of the T7 exonuclease
treated linear T270 DNA (3.6 nM) after incubation with mtSSB (29.4 nM). XY Scale bar =150 nm.
(B) The contour lengths of the linear T270 DNA before and after treatment with T7 exonuclease.
The dsDNA contour lengths were 1744 (+ 80) nm (N=35) and 1652 (£110) nm (N=50),
respectively, before and after T7 exonuclease treatment. This result indicates total reduced dsDNA
length of ~100 nm and single-stranded overhangs of ~150 nt at each DNA end.
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Supplementary Figure S6. Percentages of T-loop formed on the linear T270 DNA with
a 3’ overhang in the presence of both TRF2 and TRF1. DNA was incubated with TRF2
alone, TRF1 added 30 s after TRF2, TRF2 added 30 s after TRF1, and TRF2-TRF1 added
together. % T-looprgep, = 10.2% + 0.4% (N = 332), % T-l00p1rr2-30s.TrRe1 = 10.0% £ 0.9% (N =
764), % T-looprre1-30s-Trr2 = 4:2% + 0.8% (N = 736), % T-l00Pp1res +7re1 = 9-1% = 1.1% (N =
527). TRF1 and TRF2: 25 nM dimer each.
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Supplementary Figure S7: AFM volumes of protein complexes mediating T-loop and
T-loop contour lengths in the presence of TRF2 alone or TRF2-TIN2L. The AFM
volumes of the protein complexes and T-loop lengths are: TRF2 alone (25 nM dimer,
N=74, 486 = 35 nm in length and 18323 + 2172 cm? in AFM volume), TRF2 + 3 nM TIN2L
(N=60, 557 £ 41 nm in length, and 15607 £+ 2271 nm? in AFM volume), TRF2 + 5 nM TIN2L
(N=135, 528 + 29 nm in length and 14036 + 1291 nm? in AFM volume), and TRF2 + 7.5
TIN2L (N=116, 575 = 31 nm in length and 16856 + 1802 nm3 in AFM volume). The
numbers reported are mean + SEM.



