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Abstract

TERRA, TElomeric Repeat-containing RNA, is a long non-coding RNA transcribed from telomeres.
Emerging evidence indicates that TERRA regulates telomere maintenance and chromosome end
protection in normal and cancerous cells. However, the mechanism of how TERRA contributes to
telomere functions is still unclear, partially owing to the shortage of approaches to track and
manipulate endogenous TERRA molecules in live cells. Here, we developed a method to visualize
TERRA in live cells via a combination of CRISPR Cas13 RNA labeling and Suntag technology.
Single-patrticle tracking reveals that TERRA foci undergo anomalous diffusion in a manner that
depends on the timescale and telomeric localization. Furthermore, we used a chemically-induced
protein dimerization system to manipulate TERRA subcellular localization in live cells. Overall,
our approaches to monitor and control TERRA locations in live cells provide powerful tools to

better understand its roles in telomere maintenance and genomic integrity.

Introduction

Telomeres, the repetitive DNA sequences at chromosome ends, are coated by the Shelterin
protein complex to protect them from incorrect fusion and recombination as DNA double-strand
breaks (Maciejowski & De Lange, 2017; O’Sullivan & Karlseder, 2010; Palm & de Lange, 2008).
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In addition to Shelterin, TElomeric Repeat-containing RNAs (TERRAS) also play important roles
in telomere integrity. TERRAs are transcribed from the subtelomeric regions towards
chromosome ends by RNA polymerase Il and are highly heterogeneous transcripts with sizes
ranging from 100 nt to 9 kb in mammalian cells (Azzalin et al., 2007; Bettin et al., 2019; Schoeftner
& Blasco, 2008). A growing body of studies indicates that TERRA actively regulates telomere
function and maintenance (Azzalin et al., 2007; Chu et al., 2017; Deng et al., 2009; Feretzaki et
al., 2020; Wang et al., 2015). Of note, TERRA has a multifaceted role for telomere maintenance,
including facilitating telomere replication (Beishline et al., 2017; Petti et al., 2019; Silva et al., 2021)

and heterochromatin formation at telomeres (Deng et al., 2009; Montero et al., 2018).

TERRA is also involved in telomere maintenance of cancer cells (Bettin et al., 2019; Chu et al.,
2017; De Silanes et al., 2014). Actively maintaining telomere length is required for cancer cells to
counteract the replicative barrier induced by telomere shortening in cell division for their
immortality (Bonnell et al., 2021; Hanahan & Weinberg, 2011). While most human cancers acquire
unlimited replication via reactivating the reverse transcriptase telomerase, 10%-15% of cancers
use mechanism so-called alternative lengthening of telomeres (ALT) pathway where cancer cells
hijack the homologous recombination-based DNA repair to extend telomeres (Claude &
Decottignies, 2020; Dilley & Greenberg, 2015; Recagni et al., 2020). TERRA contributes to
telomere maintenance in both types of cancer cells. In telomerase-positive cancer cells, TERRA
directly regulates telomerase activity (Azzalin & Lingner, 2015; Lalonde & Chartrand, 2020). In
ALT cancer cells, TERRA is uniquely upregulated and forms R-loops to promote the ALT telomere
maintenance (Arora & Azzalin, 2015; Yeager et al., 1999; J. M. Zhang et al., 2019).

Although the critical role of TERRA for telomere integrity is well-established, the mechanism of
how TERRA acts at the subcellular level is still unclear. In this regard, a better understanding of
the spatiotemporal dynamics of TERRA can help define the functions of TERRA. So far, two
methods have been reported to monitor endogenous TERRA in live cells. The first is integrating
MS2 repeats into a telomere that transcribes TERRA so the transcribed TERRA can be visualized
by a fluorescently tagged MS2 binding protein (Avogaro et al., 2018). However, this method can
only be used to image TERRA transcribed from the engineered telomere, as opposed to all
TERRA since TERRA is transcribed from multiple telomeres. Another live-cell method uses an
engineered TERRA binding protein called mPUMt, the mutant of the Pumilio homology domain.
(Yamada et al., 2016). By fusing mPUMt to split GFPs and imaging with a special microscopy
technique called total internal reflection fluorescence microscopy, TERRA interaction with
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69 telomeres at the single-molecule level can be monitored. However, imaging with common
70  microscopy techniques, such as epifluorescence and confocal microscopy, is not feasible with
71  this method. Thus, better tools to track TERRA localization and dynamics in live cells are
72  imperative.
73
74  Inaddition, TERRA also binds to other regions of the chromosome, and only a fraction of TERRA
75 localizes to telomeres (Biffi et al., 2012; Chu et al., 2017; Diman & Decottignies, 2018; Mei et al.,
76  2021; Yang et al., 2019). TERRA telomeric localization is tightly regulated: too much or too little
77  results in telomere dysfunction, based on results obtained by manipulating TERRA-interacting
78 proteins (De Silanes et al., 2010). Since those TERRA binding proteins are known to affect
79 telomere integrity (Petti et al., 2019; Porreca et al., 2020), it is therefore not clear the direct
80 contribution of telomere-bound TERRA in telomere function. Therefore, tools to manipulate
81 TERRA localization are desirable for assessing the functional importance of TERRA localization.
82
83  Here, we developed a system to visualize endogenous TERRA in live cells based on CRISPR-
84  dPspCasl3b technology. Furthermore, to increase imaging efficiency, we amplified the signals
85 via combination with the repeating peptide array (SunTag). Importantly, relying on this system,
86  we monitored the dynamics of TERRA foci with single-particle tracking. Lastly, we combine the
87  dCas13b-SunTag tool with a chemically induced protein dimerization system to control TERRA
88 localization on telomeres.
89
90 Results
91 Design of guide RNA to image TERRA with CRISPR-cas13
92  To probe the endogenous TERRA, we utilized RNA-guided catalytically inactive Cas13b system
93  (Figure 1A), which was reported to detect RNA in live cells (Yang et al., 2019). Given that TERRA
94 s variable with tandem (UUAGGG), repeats sequence, there is no sequence specificity for guide
95 RNA recognition. Therefore, we designed three guide RNAs with different lengths ranging from
96 22 to 30 nucleotides (nt) (Figure 1B). With the addition of guide RNA, EGFP-fused dPspCas13b
97 indeed forms visible foci in the nucleoplasm in addition to obvious nucleolar signals in live cells
98 (Figure 1B). Significantly, the length of guide RNA determines the RNA-labeling efficiency. We
99 found that the shortest guide RNA with 22 nt induces more visible foci than the longer ones (Figure
100 1C). To verify that those are TERRA foci, we employed RNA fluorescent in situ hybridization
101  (FISH) with TERRA probe in fixed cells (Figure 1D). As expected, the dPspCas13b foci are all
102 labeled by the TERRA FISH probe. In addition, the TERRA signal is decreased after treatment
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103  with Ribonuclease, indicating the RNA-binding specificity of the TERRA probe. This suggests that
104 the CRISPR-dCas13 system labels TERRA properly.

105

106 Increase labeling efficiency with SunTag

107

108  Although EGFP-fused dCas13b detects TERRA, the signal is weak compared to the non-specific
109 signals in nucleoli, restricting its utility for dynamic imaging of TERRA in live cells. We expect that
110 those nucleolar signals are caused y protein aggregation in nucleoli. To improve TERRA imaging
111  efficiency, we combined the SunTag technology with the CRISPR-dcas13 system to amplify the
112 TERRA signal. The synthetic SunTag scaffold, including five tandem GCN4, is fused to dCas13b
113  torecruit up to five GFP copies via scFV (Figure 2A). Additionally, we replaced EGFP with sfGFP,
114  aform of superfolder GFP, to increase its solubility (Pédelacq et al., 2006). As visualized in Figure
115 2B with FISH, those visible foci indicated by dCas13b-SunTag are all TERRA positive as well
116  (Figure 2B). Notably, the non-specific fluorescent signal in nucleoli is largely decreased with the
117 dCasl13-SunTag system. Significantly, in contrast to the original dCasl3b strategy, the
118 combination with SunTag largely increases the TERRA detection rate from around 5% to 38%
119  (Figure 2C). Also, TERRA foci detected by dCas13b-SunTag-sfGFP are bigger and brighter than
120 dCasl13b-EGFP dots, owing to five GFP copies binding to SunTag via scFV. To demonstrate that
121  the dCasl13b signal is indeed from TERRA RNA, we analyzed the percentage of dCas13 proteins
122  detected by the TERRA probe. The data shows that 77% of dCas13-GFP and 89% of dCas13-
123 SunTag-sfGFP are TERRA positive (Figure 2D). The results indicate that the SunTag technology
124 with sfGFP improves TERRA labeling efficiency.

125

126 Timescale and location-dependent TERRA foci movement revealed with single-particle
127  tracking

128  The capacity of dCas13b-SunTag-sfGFP to detect TERRA foci in live cells prompted us to monitor
129 TERRA foci movement with single-particle tracking. The movement of many structures in the
130 human cell nucleus, such as nanoparticles, PML nuclear bodies, and telomeres, are shown to
131 depend on timescale, owning to particle confinement within the chromatin cages at small
132 timescales and particle hopping between cages at large timescales (Tseng et al., 2004, Jegou
133  etal., 2009). To determine whether TERRA foci movement differs with timescales, we generated
134 TERRA foci trajectories at two timescales: 0-1 second and 10-100 seconds (Figure 3A).
135  Furthermore, since a subset of TERRA foci co-localizes with telomeres (Biffi et al., 2012; Mei et

136  al.,, 2021; Yang et al., 2019), we aimed to determine whether telomeric localization affects TERRA
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137  foci dynamics by imaging telomeres through mCherry fused to Shelterin component TRF1 while
138 tracking TERRA foci (Figure 3B).

139

140  Overall, TERRA foci move heterogeneously, with some diffusing within a small area while others
141  explore a region several times larger (Figure 3A). To quantify whether and how the heterogeneity
142  of TERRA foci movement depends on the timescale and telomeric localization, we generated the
143  mean-squared displacement (MSD) curves over the lag time 7 for telomeric and non-telomeric
144  TERRA foci at the two timescales (Figure 3C, Figure S1A, B). To assess the mode of motion, i.e.,
145  whether it deviates from normal diffusion as seen for other molecules/structures in the nucleus
146  (Woringer & Darzacq, 2018), we fitted the MSD curves of TERRA foci to the equation for
147  anomalous diffusion, MSD=Kt¢, where Kis the generalized diffusion coefficient, 7 is the lag time,
148 and a is the anomalous exponent (a =1 for normal diffusion, a <1 for anomalous diffusion, and
149  «a>1 for active diffusion). Average a for telomeric and non-telomeric TERRA foci at the 0-1 s and
150 10-100 s timescales are 0.34, 0.52, 0.64, and 0.7, respectively, indicative of overall anomalous
151  diffusion (Figure 3D, Table S1). Lower o for telomeric and non-telomeric TERRA foci at the 0-1 s
152 timescale than their counterparts at the 10-100 s timescale agrees with reported caging of
153  particles in the chromatin network at small timescales (Tseng et al., 2004). Lower « of telomeric
154 TERRA foci than non-telomeric foci at the 0-1s timescale, but not at the 10-100s timescale. This
155  suggests that the local telomere environment confines TERRA foci more than other regions at
156 small timescales, but attachment to telomeres does not alter TERRA foci hopping between
157  different chromatin cages at large timescales.

158

159 To compare the difference in mobilities of TERRA foci with different anomalous exponents, we
160 calculated the mean MSD at each 7 and converted it to a time-dependent diffusion coefficient, D,
161  following MSD=4Dt (Figure 3EF). Interestingly, TERRA foci diffusion coefficients decay quickly in
162  the timescale of 0-1s but seem to plateau at 10-100s, similar to the behavior of other structures
163 in the nucleus (Tseng et al., 2004). In addition, at the 0-1 s timescale, diffusion coefficients of
164  telomeric TERRA foci are smaller than non-telomeric TERRA foci (mean 0.013 vs. 0.037 pm?/s),
165 which suggests that the local telomere environment not only makes TERRA foci move more
166  anomalously but also slower. However, at the 10-100 s timescale, no significant difference in
167  diffusion coefficients for telomeric and non-telomeric foci is observed (mean 0.0033 vs. 0.0029
168  pm?/s, Figure S1, Table S1), indicating attachment to telomeres affects neither the mode nor

169  magnitude of TERRA movement. Taken together, the dCas13b-SunTag-sfGFP system enabled
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170  usto monitor TERRA foci movement with single-particle tracking and revealed its dependence on
171  timescale and telomeric localization.

172

173  Control TERRA telomeric localization with chemical dimerization tools

174  In addition to monitoring TERRA localization and motion, we exploit our dCas13b-SunTag tool to
175  control TERRA localization by combining it with a small molecule-mediated protein dimerization
176  system we developed (Ballister et al., 2014; H. Zhang et al., 2017, 2020). This system is based
177  on two linked ligands, TMP (Trimethylolpropane) and Halo, that can interact with the protein
178 eDHFR and Haloenzyme, respectively (Figure 4A). We fused Haloenzyme to the telomere binding
179  protein TRF1 to localize the dimerizers to telomeres and eDHFR to SunTag. Adding the chemical
180 dimerizer, TMP-NVOC (6-nitroveratryl oxycarbonyl)-Halo, would recruit dCas13b protein, and
181 thus TERRA, to telomeres (Figure 4A). By using an antibody against telomere binding protein
182 TRF2 to label telomeres and TERRA FISH to confirm TERRA localization, we observe a basal
183 level of TERRA localization on telomere without dimerizers, consistent with other studies (Figure
184  4B)(Azzalin et al., 2007; Chu et al., 2017). After adding dimerizers, the colocalization of TERRA
185 on telomere increased two-fold (Figure 4C), whose effect on telomere function awaits to be
186  determined. Meanwhile, the colocalization of dCas13b proteins on telomere is up to 80% from 6%
187  with the dimerizer (Figure 4D), suggesting the dimerization efficiency is high. Overall, the
188 dCasl3b-SunTag is compatible with the protein dimerization system for spatiotemporal

189 enrichment of TERRA on telomere for functional studies.

190

191 Discussion

192

193  There is a growing consensus that characteristic distributions and dynamics of TERRA correlate
194  with its function. Indeed, apart from the transient localization of TERRA on telomeres, TERRA
195 molecules have been reported to bind chromatin throughout the genome (Chu et al., 2017; Marion
196 etal., 2019). Thus, robust tools to track and manipulate the spatiotemporal dynamics of TERRA
197 are vital to understanding TERRA functions. In this study, we developed a live-cell imaging
198 method to visualize endogenous TERRA localization and dynamics by using CRISPR-Cas13
199 techniques combined with the SunTag system. In addition, we successfully integrated the Cas13
200 TERRA labeling with a protein dimerization system to control TERRA localization.

201
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202  Compared with currently published tools, our methods have a few advantages. First, compared
203 to MS2 integrated into one telomere, dCasl3b can detect endogenous TERRA molecules
204 universally (Avogaro et al., 2018). Secondly, compared with the assay based on the TERRA-
205 recognizing domain mPUMt that relies on a highly specialized TIRF microscope system which
206  restricts its broad utility (Yamada et al., 2016), the dCas13b-SunTag system can visualize TERRA
207  with regular confocal microscope easily. Thirdly, the SunTag system vastly amplified the TERRA
208  signal (Tanenbaum et al., 2014), offering better photobleaching resistance to enable long-term
209 imaging of TERRA in live cells, such as the single-particle tracking of TERRA foci demonstrated
210  here.

211 The timescale and location dependence of TERRA foci movement suggest that TERRA foci
212  mobility can be used to reflect its local physical-chemical environment to provide insights into its
213  biological functions. Finally, the dCas13b-SunTag system enabled us to manipulate TERRA
214  localization with our chemical dimerization system, which can be used to dissect location-specific
215 TERRA functions.

216  Since long non-coding RNAs are particularly effective at nucleating condensates by interacting
217  with RNA-binding proteins in the nucleus (Frank & Rippe, 2020; Jain & Vale, 2017; H. Zhang et
218 al, 2015), it is possible that TERRA phase separates with TERRA binding proteins to form
219  condensates for telomere maintenance in normal or cancerous cancer cells. In addition, recent
220  studies reported phase separation plays an essential role in telomere elongation in the ALT
221  cancer cells (Min et al., 2019; H. Zhang et al., 2020). Telomere binding protein TRF2, the critical
222  protein in protecting telomere integrity, was also shown to phase separate with TERRA (Soranno
223  etal., 2021). The tools developed here to monitor and manipulate TERRA localization in live cells

224  can be readily used to assess TERRA phase behavior and its functional significance.

225 Materials and Methods

226  Plasmids

227  The plasmids of expression dPspCas13b, guide RNA and GCN4-scFv-sfGFP (SunTag) were all
228 purchased from addgene (#132397, #103854, #60906). To construct the dCasl13b-SunTag-
229  sfGFP, GCN4-scFv-sfGFP were amplified from addgene plasmid #60906 and introduced into
230  plasmid#132397 through in-fusion cloning (Takara Bio). All other plasmids in this study are
231  derived from a plasmid that contains a CAG promoter for constitutive expression, obtained from
232 E.V.Makeyev (Khandelia et al., 2011).

233

234  Cell culture
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235  All experiments were performed with U20S acceptor cells, originally obtained from E.V. Makayev
236  (Khandelia et al., 2011). Cells were cultured in growth medium (Dulbecco’s Modified Eagle’s
237  medium with 10% FBS and 1% penicillin—streptomycin) at 37 °C in a humidified atmosphere with
238 5% CO2. The constructs used in this manuscript, including mCherry-TRF1, dCas13-EGFP,
239 dCasl13-SunTag-sfGFP and Halo-TRF1, were transiently expressed by transfection with
240  Lipofectamine 3000 (Invitrogen) 24 hours prior to imaging, following the manufacturer’s protocol.
241

242  TERRA fluorescence in situ hybridization (FISH)

243  TERRA FISH assay was performed as previously described (Flynn et al., 2011). Briefly, cells
244  were washed twice with cold PBS and treated with cytobuffer (100 mM NaCl, 300 mM sucrose,
245 3 mM MgCI2, 10 mM PIPES pH 7, 0.1% Triton X-100, 10 mM vanadyl ribonucleoside complex)
246  for 7 min on ice. Cells were rinsed with cytobuffer (100 mM NaCl, 300 mM sucrose, 3 mM MgCI2,
247 10 mM PIPES pH 7, 0.1% Triton X-100, 10 mM vanadyl ribonucleoside complex) for 7 min at 4 °C,
248  fixed in 4% formaldehyde for 10 min at room temperature, followed by permeabilization in 0.5%
249  Triton X-100 for 10 min. For the control group, cells were then digested with RNaseA 200 mg/ml
250 in PBS for 30 min at 37°C and were washed twice with PBS for 5 min. After incubation with
251  blocking solution containing 1% BSA for 1 h, cells were then dehydrated in a series of ethanol
252  washes 70%, 85%, 100% for 5 min each at room temperature, and the coverslips were dried at
253 room temperature. 20 nM Telo Miniprobe SCy3 short probe in hybridization buffer (50%
254  formamide, 2x SSC, 2mg/ml BSA, 10% dextran sulfate) was added to coverslips and then placed
255 in a humidified chamber at 39°C overnight. The following day, the coverslips were washed in 2x
256  SSC +50% formamide three times at 39°C for 5 min each, three times in 2xSSC at 39°C for 5 min
257 each, and finally one time in 2x SSC at room temperature for 10 min. The coverslips were
258 mounted on glass microscope slides with Vectashield mounting medium containing DAPI and
259  analyzed with microscopy.

260

261 Image acquisition

262  For live imaging, cells were seeded on 22x22mm glass coverslips (no. 1.5; Fisher Scientific)

263  coated with poly-D-lysine (Sigma-Aldrich) in single wells of a 6-well plate. When ready for

264  imaging, coverslips were mounted in magnetic chambers (Chamlide CM-S22-1, LCI) with cells
265 maintained in L-15 medium without phenol red (Invitrogen) supplemented with 10% FBS and
266 1% penicillin/streptomycin at 37 °C on a heated stage in an environmental chamber (TOKAI HIT
267 Co., Ltd.). Images were acquired with a microscope (ECLIPSE Ti2) with a 100x 1.4 NA

268  objective, an 16 XY Piezo-Z stage (Nikon instruments Inc.), a spinning disk (Yokogawa), an
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269  electron multiplier charge-coupled device camera (IXON-L-897) and a laser merge module

270  equipped with 488nm, 561nm, 594 nm, and 630nm lasers controlled by NIS-Elements

271  Advanced Research. For fixed cells, images were taken with 0.5 uM spacing between Z slices,
272  for a total of 8 uM. For single-particle tracking, GFP images were taken at two time intervals,
273 30ms and 5s, to generate tracks for 0-1s timescale and 10-100 s timescale. For 5 s time

274  interval, both GFP and mCherry images were taken during the time course to accurately identify
275 TERRA telomeric localization. For 30 ms interval, taking a mCherry image before and after

276  tracking the GFP channel was sufficient to determine co-localization between TERRA foci and
277  telomeres.

278

279  Chemical dimerization

280 Dimerization on telomeres was performed as previously described (Zhao et al., 2021). Briefly,
281  dimerizers were added to growth medium to a final working concentration of 100 nM in a dark
282  room with a dim red-light lamp. Cells were incubated with the dimerizers-containing medium for
283 2 h, followed by immunofluorescence (IF) or fluorescence in situ hybridization (FISH).

284

285 Image processing

286  Images were processed and analyzed using NIS Elements Software. Maximum projections

287  were created from z stacks, and thresholds were applied to the resulting 2D images to segment
288 and identify TERRA foci as binaries. For colocalization quantification of two fluorescent labels,
289 fixed images were analyzed by NIS-Elements AR to determine if the different labels were

290 located in the same area of the cell.

291

292  Single-particle tracking

293  NIS Elements tracking module was used to generate tracks for the TERRA binaries and Mean
294  Square Displacements (MSDs) were calculated as:

295  MSD(T)=<(Xes1-X)*+=<(Yts1-Y1)?)>

296  Where x; and y; are the foci coordinates at time t while xw: and y+ are the foci coordinates after a
297 lag time of 7. MATLAB was used for plotting and curve-fitting MSD vs. Lag Time log-log plots to
298  evaluate the anomalous exponent o from the anomalous diffusion model:

299  MSD=Kr®

300 Where K is the generalized diffusion coefficients, 7 is the lag time, and «a is the anomalous
301 exponent. The time-dependent diffusion coefficient, D, is calculated from mean MSD at each t
302  from MSD=4Dr.
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303

304  Statistical analyses

305  All p values were generated with a two-sample t-test in MATLAB with function ttest2.

306
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490 Figurel. CRISPR-dCas13 enables visualization of TERRA in live cells. (A) Overview of
491 CRISPR-dCasl13-mediated TERRA labeling. (B) Representative images of dCas13b-EGFP with
492  three different guide RNAs for TERRA and guide for non-target control RNA. Arrows indicate
493 dCasl13b-EGFP labeled TERRA. (C) Quantification of total foci per cell indicated by dCas13 with
494  different guide RNAs (mean + SEM, unpaired t-test). N=>100 for each group. ***, p<0.001. (D) RNA
495  FISH shows colocalization of dCas13b-EGFP with TERRA foci (red). DAPI detects nuclear DNA.
496  Arrow indicates colocalization of TERRA FISH and dCas13b-EGFP.
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500 Figure 2. SunTag increases TERRA labeling efficiency. (A) Plasmid map of dCas13b tagged
501 with SunTag, including five repeats of GCN4, single-chain variable fragment antibody (scFV)
502 followed by superfolded GFP (sfGFP). (B) TERRA RNA FISH shows co-localization of dCas13b-
503 SunTag-sfGFP with TERRA probe (red). (C) Quantification for percentage of TERRA FISH foci
504 labeled by dCas13b-EGFP and dCas13b-SunTag-sfGFP (mean + SEM, unpaired t-test). N=80
505 for each group. ***, p<0.001. (D) Quantification for percentage of dCas13b-EGFP and dCas13b-
506  SunTag-sfGFP labeled by TERRA FISH (mean + SEM). N>30 for each group.
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508

509  Figure 3. Single-particle tracking of TERRA foci mobility in live cells

510 (A)Left, U20S cells expressing dCas13b-SunTag-sfGFP with an overlay of representative

511 TERRA foci tracks. Right, trajectories of the TERRA foci highlighting the areas explored by the
512  two selected TERRA foci in the left image. (B) Time-series images showing a representative
513 TERRA focus (a) that is not localized to telomeres (called non-telomeric) and a TERRA focus
514  (b) whose motions are in tandem with the neighboring telomere foci (c) and so is taken to be
515 colocalized with the telomere (called telomeric). (C) Representative Mean Square Displacement

516 (MSD) trajectories plotted versus lag time (1) on log-log coordinates for TERRA foci. Each line
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517 represents one TERRA track. (D) The anomalous exponents evaluated from the MSD plots on
518  two timescales 0-1s and 10-100s for telomeric and non-telomeric TERRA foci, each dot

519 represents one TERRA track. *, p<0.05, **, p<0.01, and ***, p<0.001. (E) MSDs averaged at
520 each 7 for telomeric and non-telomeric TERRA foci. (F) Time-dependent diffusion coefficients
521  evaluated from the average MSD plots for telomeric and non-telomeric TERRA foci over lag
522  time .
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542  Figure 4. Protein dimerization system recruited TERRA to telomeres through Cas13b. (A)
543  Dimerization schematic: SunTag-sfGFP is fused to eDHFR, and TRF1 is fused to Halo. The
544  dimerizer is TNH: TMP-NVOC (6-nitroveratryl oxycarbonyl)-Halo (left panel), with TMP binds
545  eDHFR, and Halo ligand binds to haloenzyme. Schematic diagram of recruitment of TERRA on
546  telomere via dimerization system (right panel). (B) Representative images of TERRA localization
547  on telomere verified by TERRA FISH. Arrow indicates colocalization of TERRA-Cy3 and TRF2-
548  Cy5. (C) Quantification of the percentage of TERRA localized on telomere (mean + SEM, unpaired
549  t-test). N=60 for each group. ***, p<0.001. N.S., not significant.

550 (D) Quantification of the percentage of dCas13b-SunTag-sfGFP localized on telomere indicated
551 by TRF2-Cy5 (mean + SEM, unpaired t-test). N>30 for each group. ***, p<0.001.
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555  Supplemental figure S1. TERRA anomalous diffusion exponents and effective diffusion
556  coefficients. (A) MSDs for non-telomeric and telomeric TERRA foci at timescale 0-1 s. (B) MSDs
557  for non-telomeric and telomeric TERRA foci at timescale 10-100 s. (C) Average diffusion
558  coefficients of non-telomeric and telomeric foci at timescale 0-1 s and 10-100 s. *** indicates
559  p<0.001. N.S., not significant.
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564  Supplemental Table 1. Anomalous exponent and mean diffusion coefficient in Figure 3D
565 and Figure S1C.

566
Time scale: 0-1s Time scale: 10-100 s

Non-Telomeric Telomeric Non-Telomeric Telomeric

Mean Anomalous 0.52 £0.04 0.34 £0.19 0.70 £0.33 0.64 £0.33
Exponent (a)
0.037 £ 0.020 0.013 +0.011 0.0033 + 0.0029 + 0.001
Mean Diffusion ' - ' - 0.0007 ’ -

Coefficient (um?/s)
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