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Abstract

Mammalian telomeres consist of a long array of repetitive sequence (TTAGGG) and cap
chromosome ends to maintain chromosome stability. Without the telomerase activity that
can elongate the telomeres, the telomere length shortens every cell division. Upon
reaching a critical short length, the telomeres trigger cellular senescence, which can
suppress abnormal cell growth relating to tumorigenesis. Telomerase reactivation
circumvents the growth limitation by the telomere-dependent senescence and leads to
immortalization. Induction of recombination between telomeres, termed alternative
lengthening of telomeres (ALT), can also lead to a similar effect leading to
immortalization and tumorigenesis. In this thesis, to investigate telomeres in cancer cells
by imaging, proteomics, and RNA interactome, | performed two projects: telomere

visualization in tissue sections and isolation of telomere-associated noncoding RNAS.

Initially, I report a development of a telomere-visualization method in mouse and human
tissue sections using P1 polyamide probes. Pl polyamides are DNA binding compounds
that can be designed to target predetermined DNA sequences. To visualize telomeres in
cultured cells and tissue sections, fluorescent in situ hybridization (FISH) method has
been used as a ‘standard’ method. However, this method needs a DNA denaturation step
for probe hybridization by harsh heating and formamide treatments, and carries the risk
of destroying cellular structures which make it difficult to co-stain telomeres with a
protein using an antibody. Because Pl polyamides bind to the target sequences in the

minor groove of double-stranded DNA without denaturation step, this compound is



compatible with immunostaining and has an advantage compared to FISH method. As
collaboration with HiPep Laboratories and Prof. Sugiyama’s group at Kyoto University,
a fluorescent Pl polyamide probe (HPTH-59) that target the mammalian telomere
sequence with high specificity was developed. | showed that HPTH-59 visualized
telomeres not only in cultured cells but also in mouse and human frozen tissue sections.
Double staining with HPTH-59 and antibodies were performed. By quantitatively
measuring the telomere length in clinical tissues from an esophageal cancer patient, |
found that a cell population positive for a proliferation marker, Ki-67 protein, had shorter
telomeres than do the Ki-67-negative cells in non-tumor tissue sections. From these
results, | propose that Pl polyamides are promising alternative for telomere labeling in

cell biology as well as clinical research.

Next, | investigated the chromatin composition of telomeres. Telomeric DNA is three-
dimensionally organized as chromatin, where nucleosomes are associated with non-
histone proteins and RNAs. It still remains unclear how the telomeric chromatin structure
regulates telomere maintenance because of limited information of telomeric chromatin
composition. Although various methods were previously developed to identify telomere-
binding proteins, there is still no reliable technique for unbiased identification of both
proteins and RNAs including non-coding RNAs (ncRNAs) associated with telomeric
chromatin. Since HPTH-59 polyamides bind to telomere DNA with high affinity in a mild
condition, | expected that HPTH-59 enable us to analyze telomeric chromatin not only by
imaging but also by affinity purification for proteomics and RNAomics.

To dissect the telomeric chromatin composition, | show a novel approach of locus-specific

chromatin purification using a telomere-targeting Pl polyamide, and named PI
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polyamide-based proteomics and RNA-omics of isolated chromatin segments (P1-PRICh).
By applying PI-PRICh to mouse erythrocytes leukemia (MEL) cells, | was able to identify
proteins known to associate with telomeres such as shelterin complex (TRF1, TRF2,
POT1, and TIN2) using mass spectrometric analysis. At the same time, | also extracted
RNA fraction associated with telomeric chromatin followed by next generation-
sequencing (NGS) for comprehensive identification of telomeric chromatin-associated
RNAs. PI-PRICh highly enriched (>500-folds) the well-known telomerase RNA
component (TERC) and telomeric repeat-containing RNA (TERRA) bound to the

telomeres.

To identify ncRNAs associated with the telomeres in human ALT cell in which telomeres
are highly recombinogenic, | compared ncRNAs in ALT cells with those in telomerase
positive cells. | found that several intronic ncRNAs specifically identified in ALT cells.

A possible physiological role of the intronic ncRNAS will be discussed.

Finally, from my studies | emphasize that understanding the nature of telomeric
chromatin in different types of cancers from various angles is important for basic and
clinical aspects. In addition, I anticipate that P1 polyamide will be a powerful tool for
chromatin imaging and the chromatin composition analysis of other regulatory

sequences.



Chapter 1

Telomere Visualization in Tissue Sections using

Pyrrole-Imidazole Polyamide Probes

1.1. Introduction

Telomeres protect the end of chromosomes. In mammalian chromosomes, the telomeres
consist of a repetitive sequence (TTAGGG)n to prevent chromosome instability and can
be elongated by an enzyme “telomerase”. In differentiated cells that do not have the
telomerase activity, the telomere length gradually decreases with every cell division.
Upon reaching to a critical length, the telomeres can induce cellular senescence, which
suppresses further cell division. The senescence is thought to inhibit the abnormal
growth associated with tumorigenesis (Blackburn 2010; Zakian 2012; Smogorzewska
and de Lange 2004). Reactivation of the telomerase can induce cells to circumvent
growth limitation by the telomere-dependent senescence and lead to immortalization
(Shay and Bacchetti 1997; Kim et al. 1994). Additionally, induction of recombination
between telomeres, termed alternative lengthening of telomeres (ALT), can also lead to
a telomere elongation resulting to immortalization from the telomere-dependent

senescence (Bryan et al. 1997; Bryan et al. 1995).

Telomere length can be used as a diagnostic marker to detect immortalized cells with
short telomeres or ALT cells with much longer telomeres. Thus far, quantitative

fluorescent in situ hybridization (Q-FISH) with a peptide nucleic acid (PNA) probe has
4



been widely used to visualize relative telomere length in individual cells (Lansdorp et
al. 1996; Henderson et al. 1996; Levsky and Singer 2003). Many clinical studies of
telomere length measurement by Q-FISH have demonstrated that there are types of
cancer cells have shortened telomeres (Meeker, Gage, et al. 2002; Meeker, Hicks, et al.
2002; Ferlicot et al. 2003). However, the FISH method requires harsh treatment using
heat and 50% formamide for probe hybridization, which carries the risk of destroying
cellular structures. Indeed, only a few studies have performed telomere labeling along
with immunostaining for a cell marker (e.g., tumor marker) that can provide results with
physiological relevance in human tissue sections (Meeker et al. 2004). Additionally,
simple and less time-consuming steps and labeling reproducibility, such as clinical
studies with numerous samples, are preferable for high-throughput experiments. The
‘gold standard’ for labeling telomeres, FISH, still has issues to be resolved, including

for instance, the time required and convenience.

N-methylpyrrole (P)—N-methylimidazole (1) (Pl) polyamides bind to the minor groove
of double-stranded DNA without denaturation and can recognize Watson—Crick base
pairs (Figure 1) (Trauger, Baird, and Dervan 1996; White et al. 1998; Chenoweth and
Dervan 2009; Dervan 2001; Dervan and Edelson 2003; Dervan, Doss, and Marques
2005; Bando and Sugiyama 2006; Blackledge and Melander 2013). PI polyamide is an
alternative to the nucleic acid probes, which require denaturing genomic DNA, before
probe hybridization. Maeshima et al. a tandem hairpin Pl polyamide probe with a
fluorophore (TH59) that target human telomere sequences (TTAGGG), under mild
conditions (Maeshima, Janssen, and Laemmli 2001). A hairpin structure is composed of

two antiparallel linear compounds folded in a U-shape and is connected to another
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hairpin moiety through a hinge segment (Figure 2). To increase the binding selectivity
of TH59, my collaborators developed a method for the robust synthesis of TH59 and
derivatives of TH59 with higher specificity for human telomeres in the cell (Kawamoto

et al. 2013; Hirata et al. 2014; Kawamoto et al. 2015).

Here, | show that HPTHS59-b, which has an optimal hinge connecting two hairpins,
visualizes telomeres not only in cultured cells but also in mouse and human frozen
tissue sections (Figure 3). The tissue sections were co-stained with HPTH59-b and
antibodies for cell-specific markers to compare the telomere lengths in various cell
populations in the tissue sections. By quantitatively measuring telomeres in clinical
tissue samples from an esophageal cancer patient, | found that a cell population positive
for a proliferation marker, Ki-67 has shorter telomeres than those in the Ki-67-negative
cells in non-tumor tissue sections. Therefore, Pl polyamide provides an advantageous

alternative for the measurement of telomere length in clinical research.

Figure 1. A structural model of HPTH59-b binding to DNA.
6
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Figure 2. Chemical structure of HPTH59-b.
TAMRA is tetramethylrhodamine. In the box, the base recognition profile of HPTH59-b is shown.
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Figure 3. A simple scheme for telomere labeling using HPTH59-b.

Green dots indicate signals from telomere repeats.



1.2. Results

Telomere length measurement by quantitative PI polyamide labeling

Several studies have shown that telomeres in cancer tissues are often shorter than those
in normal tissues (Hastie et al. 1990; Bryan et al. 1998; Sommerfeld et al. 1996), thus,
quantitative telomere measurement should make an important contribution to
investigations of tumorigenesis. To verify the quantification of telomere length by PI
polyamide labeling, I stained the telomeres in cells having different lengths of telomere
repeats with fluorescently labeled HPTH59-b (Hirata et al. 2014) and 4', 6-diamidino-2-
phenylindole (DAPI) (Figure 4, 5). The telomere lengths of HeLaS3, HeLal.3, and U2-
OS ALT cells are 2-10 kb, ~23 kb, and <3 to >50 kb, respectively (Takai et al. 2010;

Scheel et al. 2001).



DAPI DIC
DAPI HPTHS59-b HPTHS59-b HPTHS59-b

U2-0S

HeLaS3 Hela1.3

Figure 4. Telomere labeling with HPTH59-b in human cultured cells.

Telomerase-active cells (HeLal.3 and HeLaS3) and alternative lengthening of telomere (ALT) cells
(U2-0S) were stained with DAPI (first column) and HPTH59-b (second column). Merged images
are in the third column. The fourth column shows merged images of HPTH59-b staining and
differential interference contrast (DIC) images. Note that some U2-OS cells have extra-nuclear

telomere signals (yellow arrowhead).
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Figure 5. Distribution histograms of telomere signal intensities in HeL.al.3 and HelLaS3 cells.
Signal intensities in HeLal.3 (long telomere) and in HeLaS3 (short telomere) cells are shown in
blue and red, respectively. The overlapping area of the two distributions is shown in purple. The
numbers of telomere signals measured for HeLal.3 and HeLaS3 cells are 13171 dots from 280
cells and 10805 dots from 277 cells, respectively. Median values of the intensity distributions for
HelLal.3 and HeLaS3 are 50.0 (blue arrow) and 26.7 (red arrow), respectively. To compare these

median values, the Wilcoxon rank sum test was used (P<0.01).
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As shown in Figure 4, HeLal.3 cells exhibited more intense HPTH59-b signals than
HelLaS3 cells. Quantitative measurement of their signal intensities normalized to the
DAPI signal indicated that the telomere signals of HeLal.3 cells were significantly
higher than those of HeLaS3 (Figure 5). Moreover, quantitative measurement of
telomere signals on mitotic chromosomal spreads also showed that the signals at every
chromosomal end of HeLal.3 cells were higher than those of HeLaS3 cells (Figure 6,
7), suggesting that the telomeres of HeLal.3 are longer than those of HeLaS3 cells. In
U2-0S cells, | observed the strongest telomere signals among the three cell lines
(Figure 4). Additionally, U2-OS cells had several intense signals even outside the
nucleus, which have been reported to be extra-chromosomal telomere DNA in the
cytoplasm (Tokutake et al. 1998). These results suggested that the observed signal
intensity of HPTH59-b can distinguish different telomere lengths among these cultured

cells.
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Figure 6. Telomere labeling in chromosomal spreads with HPTH59-b.
HeLal.3 (1% row) and HeLaS3 (2™ row) cell spreads stained with DAPI (15t column) and
HPTH59-b (2™ column). The 3" column is the merged images.
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spreads.

Telomere signal intensities in HeLal.3 (6564 dots from 38 cells) and HeL.aS3 (10895 dots
from 43 cells) cell spreads are shown in blue and red, respectively.

Median values of signal intensities in non-tumor and tumor tissues are 194 (blue arrow) and
135 (red arrow), respectively. The overlapping area of the two distributions is shown in
purple. To compare these median values, the Wilcoxon rank sum test was used (P<0.01).
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Telomere labeling in tissue sections

Next, to examine whether the telomere labeling by HPTH59-b can be applied to cells in
tissues, | prepared frozen tissue sections of a mouse (20-pum thickness) and stained them
with fluorescent HPTH59-b (green). Images of lung and brain regions are presented in
Figure 8. Intense HPTH59-b foci in the DAPI-staining DNA region were clearly
detected in both tissues. To test the telomere-targeting efficiency of HPTH59-b, |
stained mouse tissue sections with HPTH59-b and anti-TRF1 (telomere-binding protein)
antibody simultaneously and compared the signals. | observed strong signals of
HPTH59-b with low background noise, whereas TRF1 signals were weak with high
background noise in the brain and lung (Figure 9A). Additionally, substantially more
signals were detected by HPTH59-b than by TRF1 (Figure 9A, B). On the other hand, in
cultured murine cells (MC12), the intensity and number of HPTH59-b signals were
comparable to those of TRF1signals (Figure 9B). Thus, the HPTH59-b probe might

label telomeres in tissue sections more efficiently than immunostaining.
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DAPI ~HPTHS59-b Merge

Figure 8. Co-staining with HPTH59-b and TRF-1 antibody in cultured cells and tissue sections.
First column, DAPI signal; second column, HPTH59-b signal; third column, merged images of
DAPI and HPTH59-b. Enlarged images of the boxed region in the upper part are shown in the
lower part.
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Figure 9. Co-staining with HPTH59-b and TRF-1 antibody in cultured cells and tissue sections.
(A) Mouse embryonic carcinoma cells (MC12) and frozen mouse tissue sections stained with
DAPI (blue), HPTH59-b (red) and TRF1 antibody (green). Enlarged images of the boxed region
in the upper row are shown in the lower row. (B) Venn diagrams of telomere signals derived from
HPTH59-b and TRF1. The number of dots was extracted from images in (A).
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Knowing the telomere length of a specific cell population in a tissue, especially at the
single-cell level, is very useful. To explore telomere length in a specific cell type, |
focused on the telomere length in a germ cell line, which has high telomerase activity.
DEAD box proteins (DDX), putative RNA helicases, are specifically and highly
expressed in the germ cell lineage in both sexes, and they are widely used as a marker of
germ cell lineage (Fujiwara et al. 1994; Toyooka et al. 2000). Testis sections containing
gonadal tissues, where primordial germ cells (PGCs) are located, were treated with
HPTH59-b (red) and anti-DDX4/MVH antibody (green). Immunostaining with anti-
DDX4/MVH antibody specifically labeled the cytosol of PGCs, and HPTH59-b showed
clear foci in both the germ cells and somatic cells (Figure 10). The telomere signals in
PGCs seemed to be weaker than those in PGC marker-negative cells. The PGC marker-
positive cells showed a unique characteristic of nuclear organization: less DAPI staining
over the nucleus, which is consistent with a previous report (Yoshioka, McCarrey, and
Yamazaki 2009). The quantitative measurement of telomere signals normalized to the
DAPI signal suggested that PGCs had slightly longer telomeres than the PGC-negative
cells (Figure 11). These results demonstrated that HPTH59-b highlighted telomeres and
the antibody marked PGCs simultaneously, thereby demonstrating that double staining
with HPTH59-b and antibodies can be used to label telomeres in a specific cell lineage

in tissue.
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Figure 10. Telomere labelng in mouse germ cells and somatic cells.
Neonatal (PO) mouse gonads stained with DAPI (blue), anti DDX4/MVH antibody (germ cell
marker; green), and HPTH59-b (red). Enlarged images of the boxed region in the first-row images

Mouse P0 male gonad

are shown in the second row.
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Figure 11. Distribution histograms of telomere signal intensities in germ cells and somatic cells.
I analyzed 19 cells (469 dots) and 19 cells (390 dots) in germ (blue) and somatic (red) cells,
respectively. The identical image containing PGCs in Figure 10 is shown at the top. Median
values of signal intensities in germ and somatic cells are 220 (blue arrow) and 152 (red arrow),
respectively. The overlapping area of the two distributions is shown in purple. To compare these

median values, the Wilcoxon rank sum test was used (P<0.01).
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Shorter telomeres in human tumor cells

Telomere length is strongly connected to cell immortalization and tumorigenesis.
Indeed, telomere shortening has been observed in carcinoma derived from bladder,
esophageal, gastric, head and neck, ovarian, and renal cells (Wentzensen et al. 2011;
Zhang et al. 2015). To further investigate telomeres in human neoplastic cells, |
performed simultaneous labeling in esophageal cancer tissue using HPTH59-b and an
antibody for a proliferation marker Ki-67, which is highly expressed in cells that are
actively dividing, but it is absent in cells under a quiescent state, such as cells in the GO
phase of the cell cycle (Schluter et al. 1993). | found that some cell fractions in the
lesions were still Ki-67-positive (green) and the fluorescent intensity of telomere foci
appeared lower than that of Ki-67-negative cells (Figure 12). Using digital image
analysis, | quantitatively compared telomere signals (Figure 13). The distribution map
of the telomere signals revealed two distinct peaks between tumor and non-tumor
tissues. These results suggest that highly proliferating tumor cells have shorter
telomeres than non-dividing cells, and HPTH59-b can detect differences in telomere

length between tumor and non-tumor cells in the tissue.
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Figure 12. Different telomere lengths between human tumor and non-tumor tissue sections.
Frozen sections of esophageal tumor/non-tumor tissue stained with DAPI (blue), anti-Ki-67
(growth marker; green) antibody, and HPTH59-b (red). Enlarged images of the boxed region in

the upper images are shown in the lower part.
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Figure 13. Distribution histograms of telomere signal intensities in tumor and non-tumor tissue
sections.

Telomere signal intensities in tumor (511 dots from 54cells) and non-tumor (635 dots from 50
cells) are shown in red and blue, respectively. Median values of the signal intensities in non-
tumor and tumor tissues are 27.8 (blue arrow) and 16.7 (red arrow), respectively. The
overlapping area of the two distributions is shown in purple. To compare these median values, the

Wilcoxon rank sum test was used (P<0.01).
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1.3. Discussion

To demonstrate and verify the application of Pl polyamide to clinical studies, I used PI
polyamide HPTH59-b, along with immunostaining, to visualize telomeres in mouse and
human frozen tissue sections. My quantitative analysis of the telomere signals also
suggested that highly proliferating cells in tumor tissue had shorter telomeres than non-
dividing cells in non-tumor tissue. Although the issue of whether telomere shortening is
a consequence of cell proliferation during tumor expansion or a cause of tumorigenesis
initiation is controversial, HPTH59-b provides a simple and quick detection method for
telomere alteration at the single-cell level, thereby contributing to the genetic diagnosis

of malignancy and drug response in patients.

Telomere visualization by HPTH59-b has several advantages over the Q-FISH method.
First, the sample preparation process is much faster. Even with tissue sections,
incubation with HPTHS59-b for just 1 hour is sufficient for staining telomeres.
Moreover, even when co-staining with HPTH59-b and an antibody for cell-specific
markers, the whole procedure can be completed within 4.5 hour. The second advantage
is high sensitivity. As shown in Figure 9A, HPTH59-b generated more telomere signals
with lower background noise than did immunostaining with a TRF1 antibody, whereas
with cultured cells, HPTH59-b showed a staining efficiency comparable to that of a
TRF1 antibody. In the case of thicker tissue sections, the probe size might be critical to
accessing telomeres, and HPTH59-b (2.67 kDa) is much smaller than antibodies (~150
kDa). The third advantage is that HPTH59-b labeling can be carried out under mild
conditions. This probe can also detect telomere sequences in small DNA molecules in

the cytoplasm of ALT cells, which have extra-chromosomal circular DNA of telomeric
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repeats due to the high activity of recombination (Dunham et al. 2000; Nabetani and
Ishikawa 2011). Only a few studies using the conventional FISH method have ever
reported the extra-chromosomal DNA in cytoplasm (Tokutake et al. 1998). This is
probably because, unlike large genomic DNA, such small circular plasmid-like DNAs
may be easily washed away during the harsh hybridization process and/or easily re-
annealed, preventing the nucleic acid probes from hybridization. In contrast, HPTH59-b
binds to dsSDNA TTAGGG repeats without denaturation, and it may have a similar

labeling efficiency for the extra-chromosomal and chromosomal telomere repeats.

Two new telomere labeling methods that use genome editing systems have recently
been reported. One involves telomere labeling using a transcription activator-like
effector (TALE)-based strategy in both fixed and living mammalian cells (Ma, Reyes-
Gutierrez, and Pederson 2013; Miyanari, Ziegler-Birling, and Torres-Padilla 2013).
Although the TALE-based method is applicable to live-cell imaging, it is time
consuming (i.e., for plasmid construction and establishment of stable cell lines
expressing the fluorescent-TALE). Moreover, the TALE-based strategy cannot be
applied to telomere labeling in tissue sections, especially to clinical samples from
patients. On the other hand, HPTH59-b can label telomeres in both cultured cells and

tissue sections without constructing plasmids and establishing stable cell lines.

Another recent approach uses the clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated caspase 9 (Cas9) technique (Chen et al. 2013).
Recently, Deng et al. reported the use of in vitro constituted nuclease-deficient

CRISPR/Cas9 complexes as probes (Cas9-mediated fluorescence in situ hybridization,
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CASFISH) (Deng et al. 2015). Telomere labeling by this method does not require DNA
denaturation and can quickly (15 min) label telomeres in cultured cells and tissue
sections. However, the production cost of large amounts of single-guide RNAs
(sgRNASs) and dCas9 (nuclease-deficient) protein make it more expensive than the
HPTH59-b method, which could be problematic for high-throughput applications, such

as those involved in cancer diagnosis.

With the recent development of new technologies, our understanding of chromatin
structure and dynamics is deepening (Maeshima et al. 2016). Because our sensitive
telomere labeling method can be performed under mild conditions, another interesting
application to telomere regions involves super-resolution imaging without harsh
treatments. This technique could help to elucidate how telomere chromatin is organized
in the cell nuclei. Therefore, telomere visualization using the P1 polyamide-based
approach discussed here would contribute to telomere biology and related medical

science.

This research was reported in a peer-reviewed journal;

Sasaki, A., Ide, S., Kawamoto, Y., Bando, T., Murata, Y., Shimura, M., Maeshima, K.
(2016). Telomere Visualization in Tissue Sections using Pyrrole-Imidazole Polyamide
Probes. Sci Rep, 6, 29261.
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1.4. Material and Methods

Synthesis

HPTH59-b was synthesized as reported previously (Hirata et al. 2014).

Human tissues

The use of human tissues was approved by the committees of the National Center for
Global Health and Medicine (#{NCGM-G-001766-00) and was in accordance with the
Declaration of Helsinki of the World Medical Association. Participants provided written
informed consent. | analyzed one case of a patient who had a surgical operation at the
National Center for Global Health and Medicine Hospital. Tissues were prepared from
regions diagnosed as esophageal squamous cell carcinoma and adjacent normal tissue
according to the manufacturer’s protocol. Briefly, excised tissue was flash frozen in
cold acetone with optimal cutting temperature (OCT) compound (Sakura Finetek
Japan). Tissue sections (10 um) were prepared by microtome and placed on the slide

glass for telomere staining.

Telomere staining of HeLaS3, HelLal.3, and U2-OS cells with HPTH59-b

HeLa cells were maintained at 37°C under 5% CO; atmosphere in DMEM containing
10% fetal bovine serum (FBS). For polyamide staining, cells were grown on coverslips
coated with poly-lysine. The cell coverslips were washed in phosphate-buffered saline
(PBS) twice and fixed with 1.85% formaldehyde in PBS. The fixed cells on coverslips
were stained with HPTH59-b and then mounted as described previously (Kawamoto et
al. 2013). Section images were recorded with a DeltaVision microscope and

deconvolved to eliminate out-of-focus blur to obtain clearer pictures. The deconvolved
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images were projected (‘Quick Projection’ tool) to obtain the maximum intensity of
telomere signals. Non-deconvolved pictures were used for quantitative analysis of

HPTH59-b signals.

Telomere staining of mouse tissue sections with HPTH59-b

Postnatal 0 (PO) mice were fixed in 4% paraformaldehyde in PBS overnight at 4°C and
placed in 30% sucrose in PBS for 1 day at 4°C. Mouse whole bodies were then
embedded in optimal cutting temperature (OCT) compound /30% sucrose (2:1) and
incubated for 1 h at room temperature. Embedded samples were stored at -80°C until
sectioning. Samples were sectioned (20 um) using a CM3050S cryostat (Leica) and kept
at -30°C until use. All experimental protocols were approved by the Animal Committee
of the National Institute of Genetics and carried out according to the guidelines to

minimize the pain and discomfort of the animals.

Preparation of human tumor/non-tumor tissue sections

Before staining, sections were incubated in HEN buffer (10 mM HEPES pH 7.5, 1 mM
EDTA, 100 mM NaCl) overnight at 37°C. The sections were permeabilized with 0.1%
Triton X-100 for 10 min and briefly washed twice with TEN (10 mM Tris-HCI pH 7.5,
1 mM EDTA, 100 mM NacCl). For blocking, the sections were treated with Normal
Goat Serum (NGS) in TE buffer (10 mM Tris-HCI pH 7.5, 1 mM EDTA) for 30 min at
room temperature. After a brief rinse with TE buffer, the sections were incubated with
10% NGS, 15 nM HPTH59-b, and 0.5 pg/mL DAPI for 2 h at 37°C. After washing five

times for 3 min with TEN200 buffer (10 mM Tris-HCI pH7.5, 1 mM EDTA, and 200
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mM NacCl), the sections were mounted and image acquisition was performed as

described above.

Co-staining with polyamide and antibody

The procedure from sample preparation to blocking was the same as that described
above. The sections were incubated with 10% NGS, 15 nM HPTH59-b, 0.5 pg/mL
DAPI, and either anti-DDX4/MVH antibody (Abcam #ab13840, 1:500 dilution) or anti-
Ki-67 antibody (Oncogene #NA59, 1:20 dilution) for 2 h at 37°C (Maeshima et al.

2006), following the process from washing to image acquisition as described above.

Quantification of telomere signals

Images of HeLal.3 and HeLaS3 cells and human/mouse tissue sections were recorded
with a DeltaVision microscope under identical conditions. Non-deconvolved images
were projected and used as source images. Extraction of each telomere signal was
performed as follows. The background fluorescent signals of HPTH59-b and DAPI in
the source images were subtracted using the ‘Rolling ball’ tool (Fiji) (Schneider,
Rasband, and Eliceiri 2012). By setting an arbitrary threshold value of HPTH59-b
intensity, the telomere spots were contoured. The maximal signal intensities of
HPTH59-b and DAPI were extracted from each telomere spot, and each HPTH59-b
signal was then normalized with DAPI signals. The Wilcoxon rank sum test was used

for statistical analysis, which was performed with R software (R core Team 2016).
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Chapter 2

Capture of Locus-specific Chromatin to Identify
Non-coding RNAs using a Pyrrole-Imidazole

Polyamide Probe

2.1. Introduction

Telomeres protect the chromosome ends so that the ends are not recognized as DNA
double-strand breaks (DSB) and also do not trigger DNA damage response (DDR).
Telomere maintenance mechanisms involve three type of non-coding RNAs (ncRNAS).
First, telomerase RNA component (TERC) is a classic trans-acting RNA that serves as
the template and scaffold for the telomerase complex that elongates telomere
(Blackburn and Collins 2011; Zappulla and Cech 2006). Second, telomeric repeat-
containing RNA (TERRA) is transcribed from subtelomeric region to the telomere and
coats the chromosome ends (Azzalin et al. 2007). Although some roles of TERRA in the
maintenance of telomere length, heterochromatin stabilization, and homologous
recombination were proposed (Arora et al. 2014; Arora and Azzalin 2015 ;Chu et al.
2017), its precise function remains enigmatic. Third, telomeric DNA damage response
RNAs (tDDRNAS) are small double-stranded telomeric ncRNAs and are induced by
telomere uncapping for DDR activation (Rossiello et al. 2017). While these ncRNAs are
recognized as key regulators of the chromatin states for telomere maintenance, the
comprehensive and unbiased identification of ncRNAs associated with telomeres have

been technically challenging.
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For comprehensive analysis of proteins associated with telomeres, a locus-specific
chromatin purification called PICh was developed (Dejardin and Kingston 2009). In
PICh, a locked nucleic acid (LNA) probe is used to capture telomeric chromatin through
Watson—Crick base pairs to telomeric DNA sequence and the telomere-bound proteins
are identified by mass spectrometry. As another method, quantitative telomeric
chromatin isolation protocol (QTIP) using the antibodies against telomere binding
proteins also revealed telomere proteins in various cell states (Grolimund et al. 2013). In
addition to the LNA and the antibody probes, recent development of engineered DNA-
binding molecules including TALE and CRISPR provided alternative methods for
telomere chromatin purification. These systems, called enChIP (Fujita et al. 2015) and
CAPTURE (Liu et al. 2017) identified telomere-specific chromatin-regulating protein
complexes and ncRNAs, but overall enrichment rates of the telomeric proteins such as
shelterin complex in the purified chromatin fractions were less than 10-fold. For
accurate quantification and comprehensive identification of chromatin-associated

RNAs, a methodological breakthrough is required.

Related to my research shown in Chapter 1, we and our collaborators have previously
developed N-methylpyrrole (P)—N-methylimidazole (1) (PI) polyamides for the
visualization of telomere and the assessment of telomere length (Maeshima, Janssen,
and Laemmli 2001; Kawamoto et al. 2013; Hirata et al. 2014; Kawamoto et al. 2015;
Kawamoto et al. 2016). Pl polyamide binds to the minor groove of double-stranded
DNA without denaturation and can recognize Watson—Crick base pairs (Trauger, Baird,
and Dervan 1996; White et al. 1998; Chenoweth and Dervan 2009; Dervan 2001,

Dervan and Edelson 2003; Dervan, Doss, and Marques 2005; Bando and Sugiyama
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2006; Blackledge and Melander 2013). PI polyamide can be an alternative to the nucleic
acid probes in any genomic analyses. | have demonstrated in chapter 1 that fluorescent
labeled tandem hairpin PI polyamides that target human telomere sequences
(TTAGGG)n visualized telomeres in cultured cells and tissue sections in a mild
condition without denaturation (Maeshima, Janssen, and Laemmli 2001;Kawamoto et

al. 2013).

Here, | show a novel approach of locus-specific chromatin purification with a telomeric-
targeting P1 polyamide, named PI polyamide-based proteomics and RNA-omics of
isolated chromatin segments (PI-PRICh). By using PI-PRICh with mouse erythrocytes
leukemia (MEL) cells, | was able to identify proteins bound to telomeres such as
shelterin complex (TRF1, TRF2, POT1, and TIN2) using mass spectrometric analysis.
At the same time, | also extracted RNAs associated with telomeric chromatin, which
were subsequently analyzed by next generation-sequencing (NGS) for comprehensive
identification of telomeric chromatin-associated RNAs. Using PI-PRICh, | obtained the
following 3 points: First, TERC is the most enriched (>500-folds). Second, the
telomeric sequence reads including TERRA occupied over 10% of the total reads.
Finally, other ncRNAs transcribed from subtelomeric regions are >100-fold enriched.
To identify telomeric ncRNAs in human ALT cells, whose telomeres are the highly
recombinogenic, | compared identified ncCRNAs in ALT cells with those in telomerase
positive cells. | found that several intronic ncRNAs specifically appeared at ALT
telomeres. A possible physiological role of the intronic ncRNAs will be discussed. Pl
polyamides are a promising alternative for identification of ncRNAs to investigate

particular chromatin regions.
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2.2. Results

Affinity purification of telomeric chromatin by a Pl polyamide probe

| developed a method, PI-PRICh, which allows unbiased high-throughput identifications
of telomeric chromatin-bound proteins and RNAs (Figure 14). Briefly, cultured cells
were crosslinked with formaldehyde and their chromatin was extracted and
homogenized. Telomere targeting Pl polyamide, which has a biotin analogue for affinity
purification (TH59-DB, Figure 15), was bound to telomeric chromatin. The TH59-DB-
bound chromatin was isolated using magnetic streptavidin beads. The co-purified
proteins and RNAs were eluted and then subjected to downstream assays for
identification and quantitation. Using streptavidin covalently attached to a fluorescent
dye, I confirmed that TH59-DB targeted the telomere regions in the crosslinked cells,
which were immunostained by TRF2 antibody (Figure 16). Moreover, by TH59-DB, |
succeeded in an efficient pull-down of a plasmid containing a 750-bp telomeric repeats
fragment, whereas the empty plasmid was not retrieved (Figurel7, 18). These results
indicated that PI polyamide is competent for affinity purification of telomeric

chromatin.

32



Cells

[R—
==

Fix
Solubilize M:}ﬁ
TH59-DB
Streptavidin affinity - Proteomics
Binding protein purification

J;]\“ﬂéim ti I £ 2 . RNA-seq

Binding RNA
Figure 14. Scheme for telomeric chromatin isolation using telomere-targeting Pl polyamide
probe (TH59-DB).
Cells are crosslinked with formaldehyde. The chromatin is solubilized using a French press.
The chromatin is mixed and incubated with TH59-DB, and the probe-chromatin complexes

are isolated by streptavidin affinity purification. The isolated chromatin fractions are

analyzed by mass spectrometry for the study of proteins and by next-generation sequencing

for the study of ncRNAs, respectively.
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Figure 15. Chemical structure of TH59-DB.
Base recognition profile of TH59-DB is shown in lower part.
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Figure 16. Telomere labeling with TH59-DB in HelLal.3 cells.
Cells were stained with DAPI (first column), TH59-DB (second column) and anti-TRF2 antibody

(third column). The merged images are in the fourth column.
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Figure 17. Purification of the telomeric repeat-containing plasmid with TH59-DB.
Each fraction (Input, Flow-through (Flow.), and Elution (El.)) was analyzed by agarose gel
electrophoresis and EtBr staining. The positions of telomeric repeat-containing plasmid and

the empty vector are indicated.
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Figure 18. Bar graph quantifying telomeric DNA capture shown in Figure 17.
Error bars represent standard deviations.
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I next performed telomeric chromatin isolation from mouse MEL cells using TH59-DB.
As a negative control probe, | used the TH59-DB premixed with telomeric oligo DNA,
prior to incubation with the chromatin extract (Figure 19). Actually, the masked TH59-
DB failed to capture telomeric DNA in the plasmid pull-down assay (Figure 20, 21).
After incubation of TH59-DB with solubilized MEL-derived chromatin and subsequent
washing process, the pull-down fractions were electrophoresed and analyzed by silver
staining for protein analysis. Several specific bands were indeed detected in the TH59-
DB pull-down fraction (Figure 22). The band pattern was quite similar to that of
telomeric proteins purified by PICh based on LNA (Figure 23, 24). To verify specific
enrichment of telomeric proteins, | monitored the presence of the known telomere-
associating protein TRF1 by immunoblotting (Figure 25). TRF1 was highly enriched in
the TH59-DB pull-down fraction but not in the masked TH59-DB pull-down (negative
control) and input fractions (Figure 25). Importantly, by mass spectrometry analysis, |
identified the known telomeric proteins such as the components of the shelterin and
chromosome passenger complexes (Figure 26). These data showed that the TH59-DB

bound to telomeric sequence specifically and efficiently purified telomeric chromatin.
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Figure 19. Preparation of a negative control probe for telomeric chromatin isolation.
TH59-DB is mixed and incubated with double-stranded oligonucleotide (TTAGGG)a
/(CCCTAA)4 (telomeric oligonucleotides) prior to incubation with telomeric repeat containing

plasmid. The oligonucleotide- premixed TH59-DB is named as “masked TH59-DB”.
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Figure 20. Outline of a plasmid pull-down assay.

Linearized plasmids (gray line) with or without the telomeric repeat (black thick line) are mixed
with TH59-DB or masked TH59-DB. The mixture is incubated at 37°C for binding of TH59-DB.
Plasmid-TH59-DB hybrids are captured using MyOne C1 streptavidin beads.
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Figure 21. Purification of the telomeric repeat containing plasmid with TH59-DB or masked TH59-
DB.

Telomeric repeat-containing plasmids were purified with TH59-DB (lane 2, 3) or masked TH59-
DB with 5 times the amount of the telomeric oligonucleotide (lane 4, 5) or with 50 times the
amount of the oligonucleotide (lane 6, 7). Each fraction (Input, Flow-through (Flow.), Eluate (EL.))
was analyzed by agarose gel electrophoresis and EtBr staining. The positions of the telomeric

repeat-containing plasmid and the empty vector are indicated.
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Figure 22. Silver staining of proteins obtained from telomeric chromatin purification with TH59-
DB.

Chromatin isolation procedure were performed with TH59-DB and masked TH59-DB (See Figure
20, 21). Input represents 0.001% of the starting material (10* cells equivalent). 8 % of the materials
of the TH59 pull-down fraction (Telomere) and masked TH59-DB pull-down fraction (Control)

were analyzed.
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Figure 23. Comparison of silver staining between PICh and PI-PRICh.

Silver staining of proteins obtained from PICh with scrambled (lane 2, Ctrl) and telomere LNA

probe (lane 3, Tel), and obtained from the telomeric chromatin isolation with masked TH59-DB
(lane 5, Ctrl) and TH59-DB (lane 6, Tel) in mouse erythrocytes leukaemia (MEL) cells. Input
represents 0.001% of the starting material (lane 1 & lane 4). The right panel is identical to Figure 22.
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Figure 24. Enlarged images of the boxed region shown in Figure 23.
Enlarged images of the boxed region between 50 kDa and 70 kDa in the left and right panel are
shown in Figure 23 to compare the band patterns.
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Figure 25. Western blot analysis for TRFL1 in each fraction of PI-PRICh.
Input represents 0.0005% of the chromatin extracts. 4 % of the materials of masked TH59-DB

pull-down fraction (Control) and TH59-DB pull-down fraction (Telomere) were loaded per
lane.
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Total number of peptides

Name Control Telomere-PIPA

TRF2 0 142

TRF1 0 23

RAP1 0 21 Shelterin complex
TIN2 0 14

POT1 0 18

ACACA1 0 16

PAXI1 0 12

INCENP 0 11

Borealin 0 10 Chromosome passenger
AURKB 0 9 } complex

Figure 26. List of proteins detected by mass spectrometry analysis of the material purified by TH59-
DB from MEL cells.
The top 10 proteins are sorted by the total number of peptides.
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Comprehensive identification of telomeric chromatin-associated RNAs

Next, RNA was extracted from the TH59-DB pull-down fraction containing telomeric
chromatin and subjected to NGS analysis. Sequencing and mapping of these libraries
yielded approximately 5.5 million and 2 million total and mappable read pairs in the
TH59-DB pull-down fraction and 7.8 million and 3.5 million total and mappable read
pairs in input. In the TH59-DB pull-down fraction, the substantial part of the RNAs in
our dataset (742249 out of 5479729, 13.5%) had > 5 times-repeated telomeric sequences,
which correspond to telomeric repeat-containing RNA such as TERRA & ARRET (Figure
27). The reads containing the (TTAGGG)s in the TH59-DB pull-down fraction was
enriched 1000-fold over that of the input fraction (0.01%), suggesting much higher purity
of the telomeric materials than that of the previous report (Fujita et al. 2015). To identify
RNAs that are highly enriched in the telomeric chromatin, | plotted RNA level in the pull-
down fraction (after purification) against that of input (before purification). Figure 28
showed that a cluster of RNAs were clearly enriched 100-fold over that of input.
Importantly, the most enriched RNA was telomerase RNA component TERC (Figure 29).
Almost all of the other RNAs included (TTAGGG)n repeat sequence (Supplementary
Table S1), suggesting that the highly enriched RNAs derived from subtelomere regions
or interstitial telomeric sequences (ITS). Actually, the sequence reads in the TH59-DB
pull-down fraction were specifically mapped within last 30-kb region adjacent to the
telomere sequence of each chromosome (Figure 30-32), which are considered to be
subtelomeric region on g arm of each chromosome (Lopes et al. 2014). A part of the
sequence reads were mapped to a validated TERRA transcript from the subtelomeric
region of chromosome 18 in mice (Lopes et al. 2014, Figure 30). Altogether, | concluded

that the telomeric chromatin purification using the Pl polyamide probe is suitable to the
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RNA-omics for telomeric chromatin-associated ncRNA, which has been never done by

PICh using LNA probes.

(TTAGGG)x5 or (CCCTAA)xS5

Input Telomere
0.01% 13.5%

Figure 27. The percentage of telomeric repeat reads including TERRA transcripts in the input and
TH59-DB pull-down fraction in MEL cells.

The number of the paired-end reads including (TTAGGG)s or (CCCTAA)s extracted from input
and TH59-DB pull-down fraction (telomere) were divided by total number of reads. The
percentage of telomeric repeat reads were 0.01% (telomere reads/total reads, 750/7843024) in
input and 13.5% (742249/5479729) in telomere, respectively (shown in yellow color). Gray color

shows the other reads.
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Figure 28. Scatter plot of fragments per kilobase million (FPKM) of TH59-DB pull-down

fraction versus that of input sample for each RNA.

Telomerase RNA component, TERC, that is most enriched in TH59-DB pull-down fraction
(telomere) is highlighted in red. RNAs that enriched more than100 fold in TH59-DB pull-
down fraction are plotted below a red dotted line.
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Figure 29. Bar graph of FPKM of telomerase RNA-component (TERC) in input and TH59-DB
pull-down fraction (telomere).
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Figure 30. Bar graph of FPKM value of the transcripts at a 30-kb region adjacent to the
telomere on g arm of each chromosome in input and TH59-DB pull-down fraction
(telomere, Figure32).
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Figure 31. Mapped reads to a subtelomeric region in chromosome 18.
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Figure 32. ncRNAs mapped to the region near the end of each chromosome.

Genomic view of the terminal regions of ¢ arm of each chromosome based on mouse reference

genome, GRCm38 (mm10). RNA were mapped to the terminal region of each chromosome.
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NncRNAs on ALT telomeric chromatin

I then focused on ALT cells, which have highly recombinogenic telomeres. ALT
telomeres have a different chromatin state from telomerase-driven telomere (Tardat and
Dejardin 2018), and telomeric RNA, particularly TERRA, is highly expressed in ALT
cells and might be a key player to promote the homologous recombination (Arora et al.
2014; Graf et al. 2017). Additionally, it is known that telomere elongation by ALT is
associated with genomic alternation via the telomere repeats insertion into non-
telomeric genome regions (Sakellariou et al. 2013; Marzec et al. 2015; Sieverling 2018).
Based on these findings, | assumed that | might be able to pull-down telomeric
chromatin as well as other genomic regions containing the telomeric repeat insertions

distributed in the genome.

| applied P1-PRICh to two human cell lines with two distinct types of telomere:
HeLal.3 that is telomerase positive and has long telomeres, and the U2-OS ALT cell
line. PI-PRICh data showed that TERC was detected in the telomerase-positive HeLal.3
cells, but very few in the ALT cells (Figure 33). To compare the amounts of TERRA
associated with the pull-down chromatin between the two cell lines, | mapped the reads
on a reference sequence of a subtelomeric region called TelBam3.4 (Negishi et al. 2015;
Nergadze et al. 2009; Figure 34). The TERRA amount calculated from the mapped
reads in U2-OS cells was comparable to that of HeLal.3 cells (Figure 34, 35).
Furthermore, |1 compared the percentages of the reads including >(TTAGGG)s between

the two cell lines, and found little difference (Figure 36).

50



TERC

5000
4000

3000

FPKM

2000
1000

0 —
HelLa1.3 U2-0S
telomere telomere

Figure 33. Bar graph of FPKM of telomerase RNA component (TERC) in telomerase-
maintained telomere (HeLal.3) and ALT telomere (U2-0S).
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Figure 34. Comparison the telomeric chromatin-associated TERRA between telomerase positive
and ALT cell lines.

A browser view of a chromatin-associated TERRA transcripts at a subtelomeric region downstream
transcription start site (TSS) coding TelBam3.4 sequence using Integrative Genomic Viewer (IGV)
in telomerase-maintained telomere (HeLal.3) and ALT telomere (U2-OS). The numbers at left side
in tracks indicate the track height with reads counts in RNA-seq. Telomere region in TelBam3.4
that was defined previously (Nergadze 2009, Usui 2015). Borderlines (vertical dotted black lines)
are shown between pre-telomere, telomeric repeat-poor, and -rich regions based on TTAGGG

repeat density.
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Figure 35. Scatter plots of read per kilobase with normalized count per million (RPKM) in ALT
cells versus that of telomerase positive cell for each RNA from two independent PI-PRICh
experiments.

RPKM of TH59-DB pull-down fraction in telomerase positive cells (HeLal.3) and ALT cells (U2-
0OS) were plotted. Left part and right part show experiment 1 and experiment 2, respectively.
Experiment 1 and 2 of PI-PRICh were performed independently. RNA that is transcribed from the

subtelomeric region of TelBam3.4 are highlighted in red. The line y=x is shown as a black line.
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Figure 36. Comparison of telomeric RNA between telomerase positive cells and ALT cells.
Percentage of telomere sequence reads including TERRA/ARRET in the input and TH59-DB pull-
down fraction of telomerase positive cells (HeLal.3) and ALT cells (U2-0S). Upper part and lower
part show experiment 1 and experiment 2, respectively. Experiment 1 and 2 of PI-PRICh were
performed independently. Total read number, read number containing >(TTAGGG)s/(CCCTAA)s and
the ratio of the telomere sequence containing read to total reads are shown in a table. Pie chart shows
TERRA/ARRET fraction in yellow and the other fractions in gray. Counted read numbers are shown
in the table below the graph.
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To search novel ncRNAs enriched in the pull-down chromatin from ALT cells, | used
three filtering criteria: (1) the fragments per kilobase of per million mapped reads
(FPKM) value. (2) the fold-enrichment over total RNA of input sample before the
telomeric purification. (3) the relative ratio of ncCRNAs between U2-OS cells and
HeLal.3 cells. Then I identified some intronic ncRNAs (SPOCK3 and USP16 gene),
which had more than 100 FPKM, were enriched more than 25-fold, and were detected
in U2-0S cells 50 times more than HeLal.3 cells (Figure 37, 38, and Supplementary
Table S2-S6). On the other hand, no ncRNAs except TERC were enriched in HeLal.3

cell by this criteria.

FPKM in telomere fraction | FPKM in telomere fraction
Cell RNAs length in experiment1 in experiment2
(HelLal.3/U2-0S) (HelLal.3/U2-0S)
Helal.3 Terc 462 bp 4709/53 4125/69
U2-0S SPOCKS3 intron|434 bp 0/827 1/179
U2-0S USP16 intron [3299 bp 0/280 1/120

Figure 37. ncRNAs specifically enriched in TH59-DB pull-down fraction of ALT cells (U2-OS) or
telomerase positive cells (HeLal.3) in two independent experiments.

Filtering criteria to search novel ncRNAs are shown in text.
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Figure 38. Telomeric chromatin-associated ncRNAs mapped to the intron of SPOCK3 and USP16 gene in

ALT cells.
These ncRNAs were highly enriched in TH59-DB fraction from ALT cells (U2-0S), not in that of

telomerase positive cells (HeLal.3).
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Telomere repeat insertion into the intron regions coding ncRNAs associated with
ALT telomere

As described above, it is known that telomere elongation by ALT involves homologous
recombination not only between the telomeres but also between a non-telomeric regions
and telomeres. The latter case can induce the telomeric repeat insertions over the
genome (Marzec et al. 2015; Sieverling et al. 2018). Therefore, | hypothesized that the
identified intronic RNAs in ALT cells might be generated by transcription from around
the inserted telomeric repeats in the intron regions. To test if the intron regions in ALT
cells have flanking telomeric repeats insertions, | used genomic polymerase chain
reaction (PCR) with a primer set: one primer annealing to the intron regions and the
other to (CCCTAA)4 or (TTAGGG)4 (Primer sets (1) (2) in Figure 39). If the telomeric
repeats locate close enough to the intron regions, PCR reaction can generate longer
amplification products than the control ones by primer sets to amplify the target intron
regions (Primer sets (3) in Figure 39). Genomic PCR in U2-OS cells provided the
smeared and long PCR products with the primer set (1) and (2) annealing to the introns
of SPOCKS3 and the telomeric repeats (lane 5 & 6 in Figure 40) while such products
were not amplified with genomic PCR in HeLal.3 cells (lane 1 & 2 in Figure 40). In the
case of USP16 intron, the smear and intense PCR products was amplified by genomic
PCR only with primer set (2) in U2-OS cells, but not in HeLal.3 cells (lane 9 & 13 in
Figure 40). I also confirmed that the telomeric repeats were inserted near the intron
regions by Sanger sequencing after cloning the smeared PCR products into a plasmid
vector. Furthermore, | investigated five intron sequences of CKS1B, NRDC, PAM,
RBBP8, and KIAA1671 genes, which correspond to the other intronic NcCRNAS

identified only in the experiment 1(Figure 41, Supplementary Table S2), to test if they
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also have the flanking telomeric repeats (Figure 42). | obtained similar results to

SPOCKS3 and USP16 introns (Figure 43).

-0 Target—-——— Primer set

. Telomeric repeat
: (1) =» 4= Foward primer vs. TTAGGG x4

5 (2) 9> € Foward primer vs.CCCTAA x4
Telomere PCRi 7 bp e .

(3) Foward primer vs. Reverse primer

SPOCKS3: 433 bp
Control  (5p16: 3153 bp

Figure 39. A scheme of genomic PCR to test telomeric repeat insertion into the flanking regions of
SPOCK3 and USP16 introns.

Primer sets and expected PCR products are shown. Primer set (1), an oligonucleotide annealing to
the target intron and (TTAGGG)a; primer set (2), the same oligonucleotide annealing to the target

intron and (CCCTAA)4; primer set (3), two oligonucleotides both of which anneals to the target
intron were used as primers for PCR.
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Primer set (1) (2) (3) M (1) (2)(3)

123 4567 8 9 10111213 14

Figure 40. Genomic PCR to test telomere repeat insertion into SPOCK3 and USP16 intron.
PCR products of SPOCK3 intron amplified by each primer set with telomerase positive
(HeLal.3) and ALT (U2-OS) genomic DNA are shown in lane 1-3 and lane 5-7 in the left
panel, respectively. PCR products of USP16 intron amplified by each three primer set with
HelLal.3 and U2-OS genomic DNA are shown in lane 8-10 and lane 12-14 in the right panel,
respectively. 100 bp and 1 kb ladder were loaded in lane 4 and lane 11 as size maker (M),
respectively.
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Figure 41. Telomeric chromatin-associated ncRNAs mapped to intron regions of CKS1B, NRDC,
PAM, RBBPS8, and KIAA1671 gene in ALT cells.
These ncRNAs were highly enriched in TH59-DB pull-down fraction of ALT cells (U2-OS), not in that

of telomerase positive cells (HeLal.3).
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Figure 42. A scheme of genomic PCR to test telomeric repeat insertion into the flanking regions of
CKS1B, NRDC, PAM, RBBPS, and KIAA1671 introns.

Primer sets and expected PCR products are shown. Primer set (1), an oligonucleotide annealing to
the target intron and (TTAGGG)a; primer set (2), the same oligonucleotide annealing to the target
intron and (CCCTAA)4; primer set (3), two oligonucleotides both of which anneals to the target
intron were used as primers for PCR.
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Figure 43. Genomic PCR to test telomeric repeat insertion into the flanking regions of the CKS1B,
NRDC, PAM, RBBP8, and KIAA1671 introns.

PCR products of CKS1B intron amplified by each primer set with telomerase positive (HeLal.3)
and ALT (U2-OS) genomic DNA are shown in lane 1-3 and lane 5-7 in the left panel, respectively.
PCR products of NRDC intron amplified by each three primer set with HeLal.3 and U2-OS
genomic DNA are shown in lane 8-10 and lane 12-14 in the right panel, respectively. PCR
products of PAM intron amplified by each three primer set with HeLal.3 and U2-OS genomic
DNA are shown in lane 8-10 and lane 12-14 in the right panel, respectively. PCR products of
RBBP8 intron amplified by each three primer set with HeLal.3 and U2-OS genomic DNA are
shown in lane 8-10 and lane 12-14 in the right panel, respectively. PCR products of KIAA1671
intron amplified by each three primer set with HeLal.3 and U2-OS genomic DNA are shown in

lane 8-10 and lane 12-14 in the right panel, respectively.
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To confirm the existence of telomere repeat insertion into the intron regions by a
different methodology, | analyzed the DNA regions captured by PI-PRICh, herein called
DNA-Seq, because the TH59-DB can bind to the telomeric repeats in the intron regions
and enrich those region from genomic DNA. DNA was extracted from TH59-DB pull-
down fraction in HeLal.3 and U2-OS and subject to NGS analysis. Figure 44 shows
that intron regions were enriched in TH59-DB pull-down fraction in U2-OS compared
to HeLal.3. | found the chimeric sequence reads of the intron DNA sequence with
(TTAGGG)n repeats, indicating that telomeric repeats were inserted into the intron

regions (Figure 45).
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Figure 44. Genomic regions coding the introns of SPOCK3, USP16, CKS1B, NRDC, PAM,
RBBP8, and KIAA1671 were specifically enriched in TH59-DB pull-down fraction of ALT cells
(U2-0S).

These intron regions were enriched in TH59-DB fraction from ALT cells (U2-0OS), not in that of
telomerase positive cells (HeLal.3).
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SPOCE3 Intron Telomere repeat

=@ 00453 54°000000000-CETPE1-1101-111 7515491 202
GAAAGTAMACCCTGCTGAATATCCCCCTAATGCAAAGCCAGACTGTTTTCTATCCTGCTC
TACGCTGTAAGTTAGGGTTAGGGT TAGGGT TAGGGTTAGGGT TAGGGGOTACAGTTAATT
ACTAACTTAGCTITCATGACACCAGCCCAGATCGGAAGAGCGTCGTGTAGGAAAGAGTGT
GCCTCTATGTGTAGATCTCCGOGGTCGOCCTATCATTAAAAAAAAAAAAAAAAGAACCAC
CCCAACAGAC

=@ 00453 547 000000000-CETPE-1-1101-1161 7-24152 2 IN-0°2

TGGGCCTTTGTATGT TTCCCACGT GGAGAAATGGGCTAGAGAAAGGACAAGAT TACACAT
GOTGGGEAGAAAAGAAAGT AAACCCTGCTGAATATCCCCCTAATGCAAAMGCCAGACTGTT
ATCTATCCTGCTCTACGCTGTAAGTTAGGGTTAGGGT TAGGGT TAGGGTTAGCC

=@ 00453:54°000000000-CETPG-1-1101:18305° 24383 ZTIN-02
TCCTGCTGAATATCCCCOTAATGCAAAGC CAGACTGTTTTCTATCCTGCTCTACGCTGTA
AGTTAGGGTTAGGGTTAGGGCTAGGGT TAGGGTTAGGGGCTACAGTTAATTACTAACTTA
GCTTTCATGACACCAGTGGTGACTTTAACAGCCGTAGTTCTTTGATGAGTTATTTTTCCCC
CTTTTTCTCTGCTTCTGTACT TAAAGAGCAATGGTGGCCG

=@ N00453:54:000000000-CETPE-1-1102:251 T2 16164 2102
AGAAAGGACAAGATTAGACATGOGGEGEGEGAGAAAAGAAAGTAAACCCTGATGAATATCCC
CATAATGCAAAGCCAGACTGTTTTCTATCCTGCTCTACGCTGTAAGT TAGGGT TAGGGTT
AGGGTTAGGGTTAGGGTTAGGGGCTACAGTTAATTCCTAACTTAGCTTTCATGACACCAG
TGGGEGACTTTAACACCCGTAGTCCCCCAATCGGAAGAACGACGTCAAGGAAAAAAGGGG
GCCTCTATGTGT

=@ N00453:54:000000000-CETPE- 1-1104-110058: 7524 2:N-0:2
CCTGCTGAATGTCCCCCTAATGCAAAGCCAGACTGTTTTCTATCCTGCTCTACGCTGTAA
GTTAGGGTTAGGGTTAGGGTTAGGGT TAGGGTTAGGGGCTACAGGCC

See legend on page 65.
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USPi6intron  telomere repeat

=Eh00453:54:000000000-CETPE 1:1101:6138- 14030 2°N-0:2

o

GGG

=ah00453:54:000000000-CETPE 1:1103-16887T-22996 2-W0:2

-TTA.GGGHT.HGG GTTAGGGTTAGGGTTAGGGTTAGGGT TAGGGGTAGGGGTAGGTGT
AGGGATAGGTGGAGGGT TGHEGGCACGETCGCAGATACGGATACGGGTAGGGGGAAGGT

TTAGGGTTAGGGT TAGGGT TAGGGT TCGGGATAGGGTTGTGGTTAGGGTT
AGGGTTAGGGTTAGTGTGGE

=aM00453 54 000000000-CETPE 1- 110713604 10641 202

Figure 45. Representative sequence reads containing both telomeric repeats and SPOCK3 or
USP16 intron region in TH59-DB pull-down fraction from U2-OS cells.
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Localization of ncRNAs at telomere

To examine localizations of the four intronic ncRNAs (SPOCK3, USP16, CKS1B, NRDC
genes), we performed their RNA-FISH analysis. | simultaneously stained the telomeres in
U2-0S cell line using the fluorescent TH59 (Maeshima, Janssen, and Laemmli 2001;
Kawamoto et al. 2013). As a positive control of RNA-FISH and telomere labeling, |
confirmed the colocalization of TERRA signals with telomere signals (Figure 46).
Using this method, foci of SPOCK3 and USP16 intronic RNA were detected. Some of
them were co-localized with telomere signals in 50% of SPOCK3 positive cells and
25% of USP16 positive cells, respectively. (Figure 47-49). The RNA-FISH for CKS1B
and NRDC intronic RNA also co-localized with telomeres in 10% of cells that RNA
signals were detected. (Figure 49-51). The other RNA (KIAA1671, PAM, and RBBP8)
signals were not detected probably because of their low amounts. These results

indicated that the intronic RNAs often localize near telomeres in the cell nuclei.
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Figure 46. RNA-FISH for TERRA and the simultaneous labeling with fluorescent Pl

polyamide probe.

First column, DAPI signal; second column, ncRNA signal of TERRA, third column,
fluorescent P1 polyamide, fluorescent TH59 signal (telomere); fourth column, merged image
of DAPI (blue), ncRNA (green) and telomere (red).
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Figure 47. RNA-FISH for SPOCK3 intron and the simultaneous labeling with fluorescent Pl

polyamide probe.
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First column, DAPI signal; second column, ncRNA signal of TERRA, third column, fluorescent Pl

polyamide, fluorescent TH59 signal (telomere); fourth column, merged image of DAPI (blue),
ncRNA (green) and telomere (red). Enlarged images of the boxed region in the upper panel are
shown in the lower panel. Line plot illustrates the signal of SPOCK3-intronic RNA and the

telomeric signal on the white dotted line in the left merged image.
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Figure 48. RNA-FISH for USP16 intron and the simultaneous labeling with fluorescent P1
polyamide probe.

First column, DAPI signal; second column, ncRNA signal of TERRA,; third column, fluorescent Pl
polyamide, fluorescent TH59 signal (telomere); fourth column, merged image of DAPI (blue),
NCcRNA (green) and telomere (red). Enlarged images of the boxed region in the upper panel are
shown in the lower panel. Line plot illustrates the signal of USP16-intronic RNA and the telomeric

signal on the white dotted line in the left merged image.
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Figure 49. Bar graph of percentages of cells in which SPOCK3, USP16, CKS1B, and NRDC intronic
RNA signals were colocalized with telomere signal.
Three independent experiments are performed and the numbers of ncRNA signals measured for U2-

OS cells are from 100 cells in each experiment. Error bars show standard deviation.
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Figure 50. RNA-FISH for CKS1B intron and the simultaneous labeling with fluorescent Pl
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polyamide probe.

First column, DAPI signal; second column, ncRNA signal of TERRA, third column, fluorescent
Pl polyamide, fluorescent TH59 signal (telomere); fourth column, merged image of DAPI (blue),
ncRNA (green) and telomere (red). Enlarged images of the boxed region in the upper panel are
shown in the lower panel. Line plot illustrates the signal of USP16-intronic RNA and the

telomeric signal on the white dotted line in the left merged image.
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DAPI NRDC Telomere Merge

Figure 51. RNA-FISH for NRDC intron and the simultaneous labeling with fluorescent Pl
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polyamide probe.

First column, DAPI signal; second column, ncRNA signal of TERRA,; third column, fluorescent Pl
polyamide, fluorescent TH59 signal (telomere); fourth column, merged image of DAPI (blue),
NCcRNA (green) and telomere (red). Enlarged images of the boxed region in the upper panel are
shown in the lower panel. Line plot illustrates the signal of NRDC-intronic RNA and the telomeric

signal on the white dotted line in the left merged image.
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Finally, I wondered if the ncRNAs associated with telomeres were common among
other ALT cell lines, I performed RNA-FISH and simultaneous telomere labeling in Sa-
OS, GM847, VA13 cell lines and U2-OS cell lines obtained from other laboratories.
While | was able to observe the colocalization of SPOCK3 foci with telomere in U2-OS
cell line from another laboratory (Figure 52), SPOCK3 intronic RNA foci in the other
three ALT cell lines were not colocalized with telomere (Figure 53). These results
showed that the intronic ncRNAs associated with telomeres are unique in the U2-OS

cell line.
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Figure 52. Localization of SPOCK3 intron RNA at telomeres in U2-OS cell lines.

RNA-FISH for ncRNAs and the simultaneous telomere labeling with fluorescent PI polyamide
probe in two U2-0S cell lines from our laboratory and another laboratory, respectively. First
column, DAPI signal; second column, ncRNA signal (SPOCKS3 intron); third column, fluorescent
Pl polyamide, SiR-TDi59B signal (telomere); fourth column, merged image of DAPI (blue),
ncRNA (green) and PI polyamide (red). Upper panel shows the result of our U2-OS cells. Middle
and lower panels show the result of another U2-0OS cell.



DAPI SPOCK3 Telomere

Figure 53. Localization of SPOCK3 intron RNA at telomeres in other ALT cell lines.
RNA-FISH for ncRNAs and the simultaneous telomere labeling with fluorescent TH59 in other
ALT cell lines (Sa-OS, GM847, and VA13). First column, DAPI signal; second column, ncRNA

signal (SPOK3 intron); third column, fluorescent Pl polyamide, fluorescent TH59 signal (telomere);

U2-0S

Sa-0S

GM847

A
7. S

fourth column, merged image of DAPI (blue), ncRNA (green) and telomere (red). Cells were
hybridized with the RNA probes (green), and then stained with telomere (red) and DAPI (blue).
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2.3. Discussion

I demonstrated that PI-PRICh was able to be used for purification of both proteins and
RNAs associating with the telomeric chromatin, whereas the previous methods could
identify only protein composition (Dejardin and Kingston 2009; Grolimund et al. 2013;
Liu et al. 2017). By using PI-PRICh, I succeeded in identification of the known three
classes of ncRNAs associated with telomeric chromatin with >100 fold enrichment from
mouse MEL cells: First class is a trans-acting ncRNA bound as a part of a
ribonucleoprotein such as TERC of the telomerase complex. Second is a cis-acting
ncRNA such as TERRA that acts as a major modulator of telomere maintenance. Third
Is NcRNAs associated as nascent transcripts from subtelomeric regions and interstitial
telomeric sequences (ITS). This accomplishment of the comprehensive identification of
ncRNAs with high enrichment relies on a unique binding mode of PI polyamide to the
target sequences of double-stranded DNA through minor groove so that Pl polyamide
has no affinity to single-stranded RNA. This property reduces contamination of
abundant messenger RNAs and ribosomal RNAs during telomeric chromatin isolation
by PI-PRICh, whereas the chromatin isolation with nucleic acid probes can potentially
have abundant contaminant RNAs, because the nucleic acid probes often hybridizes

RNAs nonspecifically by mismatch pairing.

PI-PRICh is distinct from recently published methods for studying a genome-wide
RNA-DNA contact, including MARGI, GRID-seq, and ChAR-seq (Sridhar et al. 2017;
Lietal. 2017; Bell et al. 2018). With these techniques joint chromatin-associated RNAs
are immobilized to DNA by proximity ligation after restriction digestion, forming RNA-

DNA chimeric sequences for sequencing. The obtained global RNA-chromatin

76



interactomes, however, have to exclude the repetitive sequence regions due to lack of
the restriction recognition site. PI-PRICh is thus an excellent approach for the
comprehensive identification of the chromatin-associated ncRNAs on the repetitive
sequence occupying approximately 45% of the human genome (Lander et al. 2001). PI-
PRICh can also be applied to other repetitive sequences such as centromere for

identification of new chromatin-associated RNAs.

I used PI-PRICh to compare telomeric repeats associated ncRNAs between ALT cells
with highly recombinogenic telomeres and telomerase-active cells. PI-PRICh detected
TERRA on the telomere and telomeric repeats chromatin in both ALT and telomerase-
positive cells at a comparable amount. Although it was reported that TERRA is
expressed in ALT cells more than telomerase-positive cells and supposed to trigger
recombination through the hybridization with telomeric DNA (Arora and Azzalin 2015;
Graf et al. 2017), our results imply that not all of the TERRA might bind to telomeric

repeats in ALT cells.

| also identified novel ncRNAs derived from the introns of genic locus in the ALT cells.
The intron regions (SPOCK3, USP16, CKS1B, NRDC, KIAA1671, PAM, and RBBP8)
commonly included insertion of short telomeric repeats. As DNA-seq shows that the
intronic DNA regions were also enriched in the pull-down fraction from U2-OS cells,
TH59-DB may bind to the inserted telomeric repeats in the PI-PRICh experiment, and
pull-down those ncRNAs nascently transcribed by RNA polymerase I1. Interestingly,
some of them were associated with telomeres in nucleus. One possible mechanism by

which the intronic RNAs localize at telomere is that the telomeric binding proteins such
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as orphan nuclear receptors might tether the inserted telomeric repeats to telomeres
(Marzec et al. 2015, Figure 54). This clustering of the intron regions and telomeres
might be facilitated by ncRNA. The ncRNAs might make the unique chromatin state in

ALT cells and involve their high recombinogenic property.

ALT cell

~ Genome
- Telomeric sequence

Telomere binding

0 g rotein
Telomeric chromatin P!

"% Interaction
RNA ynteract

RNA
Intron polymerase Il

Figure 54. Model of how to associate de novo intronic RNAs with telomeric chromatin in ALT
cells.
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2.4. Material and Methods

Synthesis

Telomere PI polyamide probe (TH59-DB), which is tandem dimer TH59 labeled with a
long spacer arm (24 PEG) and a biotin analogue (desthiobiotin), for chromatin affinity
purification was synthesized as described in ref (Maeshima, Janssen, and Laemmli
2001; Kawamoto et al. 2013). Fluorescent TH59, silicon rhodamine (SiR)-TDi59B,
(tandem dimer connected by a longer hinge) for telomere visualization was synthesized

as described in ref (Hirata et al. 2014).

Telomere staining with TH59-DB

HelLal.3 cells were maintained at 37°C (5% CO) in DMEM containing 10% FBS. For
polyamide staining, cells were grown on coverslips coated with poly-lysine. The cell
coverslips were washed in phosphate-buffered saline (PBS) twice and fixed with 1.85%
formaldehyde in PBS for 15 min at room temperature. For blocking, the cells were
treated with 10% normal goat serum (NGS) (Millipore) in TE buffer (10 mM Tris-HCI
pH 7.5, 1 mM EDTA) for 30 min at room temperature. After a brief rinse with TE
buffer, the cells were incubated with 10% NGS, 100 nM TH59-DB in DMF, mouse
anti-TRF2 (abcam) and 0.5 pg/mL DAPI in TE buffer at 37°C for 1 hr. After washing
with TEN200 buffer, cells were incubated with 10% NGS, streptavidin Alexa488
(Invitrogen) and anti-mouse Alexa594 (Invitrogen) in TE for 1 hr at room temperature.
Slips were washed with TEN200 buffer (five times for 3 min), then mounted. Cell
images were recorded with a DeltaVision microscope and deconvolved to eliminate out-
of-focus blur to obtain clearer pictures. The deconvolved images were projected (‘Quick

Projection’ tool) to obtain the maximum intensity of telomere signals.
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Plasmid pull-down assay

This assay was based on ref (Ide and Dejardin 2015). For each assay, 200 ng linearlized
plasmids (telomeric repeats containing-plasmid and empty vector) were resuspended in
LB3JD buffer (10 mM HEPES-NaOH, pH 7.7, 100 mM NaCl, 2 mM EDTA, 1 mM
EGTA, 0.2% SDS, 0.1% SLS) containing 0.5 uM TH59-DB. The mixture was
incubated at 37°C for 30 min. During incubation, 15 pl of MyOne C1 beads
(Invitrogen) was added. After incubation at room temperature for 30 min with shaking,
beads were immobilized on a magnetic stand. The supernatant was collected as flow-
through. Beads were washed five times with 1 mL of LB3JD at room temperature,
resuspended in LB3JD containing 12.5 mM D-biotin (Invitrogen, #B-20656), and
incubated at 65°C for 15 min for elution. One-tenth volumes of the input, flow-through
and elution fraction were analyzed by agarose gel electrophoresis, followed by ethidium
bromide staining. Band intensities were quantified relative to input by ImageJ in three
independent experiments. As a negative control, we incubated TH59-DB with a double
strand DNA oligonucleotide (TTAGGG/CCCTAA)4 for 30 min and 60 min at 37°C
prior to the addition to linearized plasmids and chromatin solution, respectively. The
telomeric oligo-premixed TH59-DB was used for telomeric chromatin isolation and was

named “masked” TH59-DB.

Chromatin preparation of mouse (MEL) cells by TH59-DB

MEL cells were grown in DMEM with 10% FBS and 2 mM L-glutamine. 2 L of MEL
cells (~2-4x10° cells/ mL) grown in a roller bottle were crosslinked with 3.7%
formaldehyde in PBS for 30 min at room temperature. After washing four times with

PBS, cells were transfered in sucrose buffer (0.3 M sucrose, 10 mM HEPES-NaOH, pH
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7.7, 1% Triton X-100, 2 mM MgOAc) lysed with 20 strokes of a Dounce homogenizer
with a tight pestle. Chromatin was pelleted by centrifugation at 3,200g for 10 min at
4°C. The pellet was resuspended in the same volume of glycerol buffer (25% glycerol,
10 mM HEPES-NaOH, pH 7.9, 0.1 mM EDTA, 0.1 mM EGTA, 5 mM MgOAc), and
then frozen in liquid nitrogen and stored at —80°C or used immediately for telomeric-
chromatin-isolation. The chromatin pellet was washed with PBS for five times and with
LB3JD containing 1mM phenylmethylsulphonyl fluoride (LB3JD-PMSF). After
centrifugation at 3,000g for 8 min, the pellet was resuspended in a 1.5 x volume of
LB3JD-PMSF buffer and then passed three times through a French press at 25,000 p.s.i.
at room temperature. The solubilized chromatin sample was collected at 20,0009 for

15 min at 4°C and was heated at 58°C for 5 min. LB3JD-PMSF-pre-equilibrated
streptavidin agarose beads (Thermo) were added and the sample was incubated at 4°C
overnight. The mixture was applied to Sephacryl S-400-HR spin columns (Roche).
Sample was centrifuged at 20,000g for 15 min, and SDS was added to the supernatant to
a final concentration of 0.2 %. About 30 mg chromatin was incubated with 600 pmol of
TH59-DB or masked TH59-DB for 2 hr at 37°C. The sample was then centrifuged at
20,000g for 15 min, and the supernatant was added to FG beads-streptavidin beads
(Tamagawa-seiki) pre-equilibrated with LB3JD. The sample was incubated at room
temperatue for 2 hr on nutator. Beads were washed with 10 mL of LB3JD for five times
at room temperature. Beads were collected in 1.5 mL tube and additionally washed with
shaking in LB3JD containing 30 mM NaCl at 42°C for 10 min and then in LB3JD
containing 10 mM NaCl at 42°C for 10 min. Beads were resuspended in LB3JD
containing 12.5 mM D-biotin, and incubated at 37°C for 1 hr for elution with shaking.

Cleared supernatant was collected and kept at -80°C until use.
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Chromatin sample preparation of adherent cells by TH59-DB

HelLal.3 and U2-0S cells (~10° cells) were grown in DMEM with 10% FBS. The cells
were washed with PBS and crosslinked with 3.7% formaldehyde in PBS for 30 min at
room temperature. After washed with cold PBS twice, cells were scraped with scraping
buffer (0.05% Tween20 in PBS). The following procedures are same as chromatin

preparation of MEL cells described above.

RNA extraction and preparation of cDNA libraries for Next-Generation
Sequencing

To extract total RNA, >2.5 mg isolated chromatins were incubated in de-crosslinking
buffer (32 mM Tris-HCI pH 8.0, 320 pg/mL Protease K, 0.8% SDS) for 6 hr at 65°C.
An equal volume of acidic phenol was added, then vortexed, and incubated for 5 min at
room temperature. After adding an equal volume of chloroform:isoamylalcohol (24:1,
v/v) and centrifuging at 16,000 g for 5 min at 4°C, upper aqueous phase was transferred
to new tube. This step was repeated again. One-tenth volume of 3 M sodium acetate,
glycogen, and double volume of ethanol were added and incubated overnight at -80°C.
After centrifugation at 20,000 g for 30 min at 4°C, then pellet were retained, washed
with 70% ethanol, dried up and dissolved in diethylpyrocarbonate (DEPC)-treated water
and kept at -80°C until use. Total RNA content of each sample was measured by using
Qubit (Thermo Fisher Scientific Inc.), and the quality of RNA samples was assessed by
Agilent 2100 Bioanalyzer using Agilent RNA 6000 pico kit. cDNA libraries were
synthesized by the SMARTer Stranded Total RNA-Seq Kit v2 (Takara). The size

distribution of the libraries were checked by an Agilent 2100 Bioanalyzer using Agilent
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High Sensitivity DNA kit. Pooled amplicon library was sequenced with paired-end 2 x

150 bp reads on the Illumina MiSeq platform.

Detection of TERRA/ARRET in the RNA-Seq data

To estimate the number of putative TERRAS, reads containing (TTAGGG)s or
(CCCTAA)s repeats were extracted from each fastq file using the grep command in the

UNIX system.

Data processing and software for RNA-seq

First, adapter sequences were removed and the reads were trimmed for low quality with
CUTADAPT and PRINSEQ, using a composite set of Illumina adapters, minimum
quality score of 20, and a minimum length of 25 (Martin 2011; Schmieder and Edwards
2011). Filtered mouse and human sequence data were aligned to the mouse mm10
genome and human hg38 genome, respectively using HISAT2 (Kim, Langmead, and
Salzberg 2015). To find telomere-enriched ncRNAs, the mapped fragments in TH59-
DB pull-down fractions were assembled into RNA transcripts and annotated using
Cufflinks software (Trapnell et al. 2010). The amounts of RNA transcripts were
compared based on fragments per kilobase of per million mapped reads (FPKM)
between samples using featureCounts and R (Liao, Smyth, and Shi 2014; R Core Team
2016). RNA-seq data was also visualized by igvtools (Robinson et al., 2011;

Thorvaldsdottir, Robinson, and Mesirov 2013).
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Mapping of telomere-enriched RNAs in MEL cells to a TERRA locus

For mapping to a mouse TERRA locus, we focused on a 30-kb region adjacent to the
telomere repeat of each long (q) arm of chromosome (ref.Maria Blasco 2014
NatureCom). Centromere-adjacent telomeres on short (p) arm were not analyzed
because they were not sequenced. Using featureCounts, FPKM values of subtelomeric
region (supplementary Table S7) were compared between input and TH59-DB pull-

down fraction.

Mapping of telomere-enriched RNAs in HeLal.3 and U2-OS to a TERRA locus

For mapping to a human TERRA locus on X/Y chromosome, custom gene annotation
that contains the sequence of TelBam3.4 (Nergadze et al. 2009; Negishi et al. 2015) was
generated for quantification of telomere-associated TERRA. Individual reads of RNA-
Seq data were mapped to the custom gene and human genome hg38 by Bowtie2 with
default setting except an extraction of uniquely mapped reads, respectively (Langmead
and Salzberg 2012). Mapped reads were assembled into transcripts and annotated by
Cufflinks. The number of reads overlapped to region downstream of the transcription
start site in TelBam3.4 (Negishi et al. 2015) were counted by featureCounts and
normalized as reads per kilobase of exon model per million mapped reads (RPKM) on

TelBam3.4 and human genome hg38.

DNA extraction and preparation of cDNA libraries for Next-Generation
Sequencing

To extract DNA, the pull down chromatin fractions were incubated in de-crosslinking
buffer (50 mM Tris-HCI pH 8.0, 200 pg/mL Protease K, 2% SDS) for overnight at
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65°C. An equal volume of phenol:chloroform:isoamylalcohol (25:24:1,v/v) was added
and voltexed, and centrifuge at 16,000 g for 5 min at room temperature. The upper
aqueous phase was transferred to new tube. This step was repeated again. One-tenth
volume of 3 M sodium acetate, glycogen, and the double volume of ethanol were added
and incubated for 2 hr at -80°C. After centrifugation at 20,000 g for 30 min at 4°C, then
pellet were retained, washed with 70% ethanol, dried up and dissolved in 10 pg/mL
RNaseA in DNA dilution buffer attached to DNA SMART ChlIP-Seq Kit (Takara).
After incubation for 1 hr at 37°C, DNA was purified by the phenorl-chloroform
extraction and ethanol precipitation to remove RNaseA. DNA samples were kept at -
30°C until use. DNA concentration of each sample was measured by Qubit (Thermo
Fisher Scientific Inc.). cDNA libraries were synthesized by DNA SMART ChIP Seq
Kit. The size distribution of the libraries were checked by an Agilent 2100 Bioanalyzer
using Agilent High Sensitivity DNA kit. Pooled amplicon library was sequenced with

paired-end 2 x 250 bp reads on the lllumina MiSeq platform.

Detection of chimeric sequences of ncRNA with telomeric repeats in the DNA-seq

To confirm telomere repeats were inserted in near the genomic region of ncCRNA,
sequence reads containing ncRNA sequences were extracted from each fastq file using
the grep command in the UNIX system. The sequences for grep command were shown

in Supplementary Table S8.

Data processing and software for DNA-seq

First, adapter sequences were removed and the reads were trimmed for low quality with
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CUTADAPT and PRINSEQ, using a composite set of Illumina adapters, minimum
quality score of 20, and a minimum length of 25. Filtered human sequence data was
aligned to human hg38 genome using Bowtie2. DNA-seq data was also visualized by

igvtools.

Probes for RNA-FISH

For construction of RNA-FISH probes, DNA fragments were amplified by PCR from
U2-0S genomic DNA or HeLal.3 genomic DNA and inserted into pGEM-Teasy
plasmid (Promega) for in vitro transcription using In-Fusion HD Cloning Kit (Takara).
The primers were shown in Supplementary Table S9. After linearization of each
template plasmid with the appropriate restriction enzyme or amplification of DNA
fragments containing the T7 promoter and intron region by PCR, digoxigenin (DIG)-
labeled RNA probes were generated using DIG RNA Labeling Kit (Sigma). The quality
of transcripts were checked by agarose gel electrophoresis. RNA probes were then
purified with illustra MicroSpin G-25 Columns (GE Healthcare) to remove extra NTPs,
and were then added into an equal volume of formamide (Sigma) and kept at -30°C
until use. For RNA probe to visualize endogenous TERRA, the plasmid containing a
750-bp telomere fragment was used as a template for in vitro transcription using DIG

RNA Labeling Kit.

RNA fluorescence in situ hybridization

Immnofluorescence combined with RNA-FISH was performed as described in ref

(Kawaguchi et al. 2015). Briefly, cells were seeded on poly-lysine coated coverslips and
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incubated overnight at 37°C in 5% CO». Coverslips were washed with PBS and fixed
with 3.7% formaldehyde in PBS at room temperature for 10 min. After 5 min-washing
with PBS, cells were permeabilized with 0.1% Triton X-100 in PBS for 10 min and then
washed with PBS for 5 min. The coverslips were incubated with prehybridization
solution [2xSSC, 1x Denhards solution, 50% (v/v) formamide, 10 mM EDTA pH 8.0,
100 pg/mL yeast tRNA, and 0.01% Tween-20] at 55°C for 1 hr. The prehybridized
coverslips were then incubated with hybridization solution [2xSSC, 1x Denhards
solution, 50% (v/v) formamide, 10 mM EDTA pH 8.0, 100 pg/mL yeast tRNA, and
0.01% Tween-20, 5% (w/v) dextran sulfate and DIG-labeled RNA probe] at 55°C for
overnight. After hybridization, the coverslips were washed twice with wash buffer [2 x
SSC, 50% (v/v) formamide and 0.01% Tween-20] at 55°C for 30 min twice. To remove
non-specific binding of RNA probe, cell were incubated in RNaseA buffer [1 pg/mL
RNaseA, 0.5 M NaCl, 10 mM Tris-HCI pH 8.0, 1 mM EDTA] for 1 hr at 37°C. After
RNaseA treatment, cells were washed with wash buffer2 (2 x SSC, 0.01% Tween-20)
and wash buffer3 (0.2 x SSC, 0.01% Tween-20) for 30 min at 55°C. For detection,
coverslips were washed in TBST (Tris-buffered saline solution containing 0.01%
Tween-20) for 5 min at room temperature, incubated with blocking solution [1x
Blocking reagent (Sigma) in TBST] for 5 min at room temperature, and then incubated
with anti-DIG Rhodamine (Sigma) and 15 nM SiR-TDi59B for 90 min at room
temperature. After staining with 0.5 pg/mL DAPI in TBST for 5 min at room
temperature, unbound antibodies were removed by washing three times with TBST for
5 min. Coverslips were then mounted and image acquisition was performed as described
in Chapter 1. Signal intensities were measured by Plot Profile tools in Fiji and line plots

were created using R software (Schindelin et al. 2012).
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Genomic PCR to test telomeric sequence insertion

To extract genomic DNA, cells grown on @10 cm dish were collected and incubated in
lysis buffer (10 mM Tris-HCI pH 8.0, 0.1M EDTA, 0.5% SDS, 20 pg/mL RNaseA) for
1hr at 37°C. After adding 100 ug/mL Proteinase K and the cell lysate was incubated for
3 hr at 50 °C. DNA was isolated using phenol-chloroform extraction and ethanol
precipitation. To test if telomere sequence locates in the flanking region of the introns,
the genomic DNA of HeLal.3 and U2-OS were used for PCR reaction using primer sets
shown in Supplementary Table S10. PCR products were analyzed by agarose

electrophoresis, followed by ethidium bromide staining.
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